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Abstract Reducing the energy consumption of industrial
robots (IR) that are used in manufacturing systems has
become a main focus in the development of green pro-
duction systems. This is due to the reality that almost all
automated manufacturing processes are using IR as the
main component. Thus, reducing the energy consumption
of IR will automatically reduce operating costs and CO;
emissions. Therefore, a method for reducing the energy con-
sumption of IR in manufacturing systems is desired. Firstly,
this paper presents a literature survey of the research in
energy consumption analysis of IR that is used in manu-
facturing processes. The survey found that current research
in this field is focused on the development of simula-
tion models of IR that are able to be used to predict its
energy consumption. Secondly, a modular model to analyze
power consumption and dynamic behavior of IR is devel-
oped. Afterward, an experimental investigation is carried
out to validate and estimate the accuracy of the model devel-
oped. The investigation shows that the developed modular
model can be conveniently used to optimize the industrial
robot’s operating parameters, which are commonly needed
for production planning and at the process optimization
stage. In addition, the investigation shows that the process
constraints, environment layout, productivity requirement,
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as well as the robot payload and operating speed are the
key factors that must be considered for optimizing the
productivity and efficiency of IR.
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consumption - Manufacturing systems - Production
planning - Operating parameters

1 Introduction

Mechatronic industries often use IR as the main compo-
nent in their automated manufacturing systems, especially
for handling and material processing. The robot’s repeata-
bility, accuracy, speed, and efficiency are the main reasons
for that decision [1]. By utilizing IR in manufacturing sys-
tems, an industry is able to reduce operating costs and to
increase the productivity. However, due to the current strict
policy guideline concerning CO; emissions and due to ris-
ing energy costs, reducing the energy consumption of IR is
desired [2—4]. This is because the energy consumption of
IR is approximately 8 % of the total electrical energy con-
sumed in production processes [5]. Therefore, a reduction
in the energy consumption of IR is very important in order
to improve manufacturing systems’ efficiency. Furthermore,
research on energy consumption analyses of IR can help
manufacturers define a strategy for facing new challenges in
production systems, e.g., energy flexibility in energy supply,
which is caused by the extended use of renewable energy
[6].

Energy consumption reductions for IR can be achieved at
different stages of a manufacturing systems’ development:
during production planning, commissioning processes, or

@ Springer


mailto:paryanto@faps.fau.de

1316

Int J Adv Manuf Technol (2015) 78:1315-1328

at optimization stages (see Table 1). At the production
planning stage, when decisions concerning manufacturing
processes are addressed, planning engineers are more flex-
ible with optimizing the process and defining a strategy for
reducing energy consumption with several methods. Within
the context of IR, at this stage, efficiency can be improved,
for example, by optimizing the IR operating schedule and
choosing IR that have low energy consumption rates [7] or
by optimizing IR operating parameters and their operating
conditions. Meanwhile, at the commissioning stage, reduc-
ing energy consumption can be conducted by eliminating
waiting time and reducing the idle time of IR. At this stage,
reducing the energy consumption of IR is not as flexible
as in the production planning stage; many constraints such
as manufacturing productivity must be considered. Methods
for reducing the energy consumption of IR in the process
optimization phase have stricter constraints; at this stage,
the engineer cannot change the hardware apparatus of the
IR or the production rate of the manufacturing systems.
For instance, the energy reduction method can be initiated
by releasing the actuator brake earlier and implementing
optimal trajectories using time-scaling methods [8].

The aim of our research is to develop a modular model for
IR that is able to be used for analyzing power consumption
and its dynamic behavior. Thus, it can be used in the devel-
opment of an automated manufacturing system, especially
at the process planning and process optimization stage. This
is because only limited energy data are available at the early
development stage, and at the process optimization stage,
the optimization method using experimental investigation
on the existing manufacturing system requires great effort
and time. Furthermore, this paper also has the aim to sum-
marize existing methods from the past 20 years of research
that have the purpose of reducing the energy consumption
of IR used in manufacturing systems. The remainder of
this paper is structured as follows: Section 2 reviews the
current methods that have been developed by researchers

Table 1 Methods for reducing the energy consumption of IR at
different development stages

Development stages Example methods Flexibility
Production Defining IR operating High
planning schedules; choosing a
low-energy-consumption IR
Commissioning Eliminating waiting time Medium
process and reducing idle time
Process Optimizing IR trajectory; Low
optimizations adjusting IR braking time
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and industry for reducing the energy consumption of IR.
Moreover, a discussion of these methods and the research
potential in the field of IR energy consumption will also be
presented. Section 3 describes modeling methods for devel-
oping a modular model of IR. In this respect, an application
of the developed model is presented with a case study for an
electronic production line. In addition, experimental valida-
tion is also provided in this section. Section 4 presents the
results of both the simulation and the experimental inves-
tigation and their discussions. Finally, Section 5 discusses
conclusions and future work.

2 Existing methods for reducing the energy
consumption of IR

Several methods that were proposed by researchers for
reducing the energy consumption of IR as part of manufac-
turing systems are presented in this section. These include
energy reduction methods based on theoretical, experimen-
tal, or modeling and simulation approaches. In addition,
energy reduction methods that are provided by industry and
which are available commercially will also be presented.
Currently, there are three major methods used to reduce
the energy consumption of IR that have been developed
by researchers: developing an energy-efficient motion plan-
ning algorithm, optimizing IR operating parameters, and
optimizing IR operation schedules (see Fig. 1).

Detailed discussions of these methods are presented in
the following sub-section.

2.1 Developing energy-efficient motion planning

Research on the development of energy-efficient motion
planning is the oldest method for reducing the energy

Reducing the energy Developing energy-efficient motion planning

consumptionjofiik = Optimizing IR dynamics

= Focusing on collision free motion planning

= Create a smooth and time-optimal motion
planning

= Optimizing IR control systems

= Electrical energy exchange via internal DC bus

Optimizing IR operating parameters
= Experimental approach
= Modeling and simulation approach

= Combination between experimental
investigations and simulation approach

Scheduling IR operations
= Optimizing IR process sequences

= Start-stop optimizations
= Optimizing IR execution time

Fig. 1 Existing methods for reducing the energy consumption of IR
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consumption of IR. In the late 1960s, an optimal energy
consumption trajectories problem was formulated by Stepa-
nenko [9]. Afterwards, this method became one of the
common methods for reducing energy consumption of IR.
Classical investigations into this method were performed
by analytical formulations while considering IR system
dynamics, as proposed in [1, 10]. But after the 2000s, an
experimental investigation became more commonly used
[11-13]. Furthermore, due to simulation capabilities, many
recent researchers use a simulation and modeling approach,
e.g., [14-16]. In addition, researchers using the simula-
tion approach commonly validate their simulation results by
comparing them with an experimental investigation.

In order to determine an optimal motion planning,
there are many constraints that must be considered. From
the literature, the most widely acknowledged optimiza-
tion constraints are environment constraints (e.g., colli-
sion), dynamic behavior (e.g., vibration, torque, speed, and
acceleration), energy consumed, and execution time. For
instance, the detailed approaches for optimizing the energy
consumption of IR based on collision constraints can be
found in [17-19], while those based on optimal time trajec-
tory can be found in [20].

The generation of a standard procedure for efficient
motion planning begins with defining a starting point, a
final point, and reference points for the gripper path [21].
Bjorkenstam et al. [19] suggested that when developing
energy-efficient motion planning, at least three steps should
be executed:

(i) develop free-collision motion planning,
(i) formulate the optimal control problem to follow a
defined path, and
(iii) solve and optimize a improved motion planning.

Meanwhile, more complex optimization criteria are pre-
sented in [20], which not only focuses on collision con-
straints but also on the minimum execution time and the
minimum jerk that is related to IR productivity and quality.
Another research that uses energy-efficient motion plan-
ning method can be found in [22, 23]. In their research, they
discovered a solution for reducing the energy consumption
of IR by optimizing their motion planning without changing
system configurations. The proposed method is conducted
with time-scaling concerning a robot’s motions from the last
processing point to the robot” home positions and by reduc-
ing the time release of the robot’s brake. Both modeling and
experimental investigations are used in their method. Robot
motor drives as the main component of IR are modeled in
detail with mechanical and electrical losses [8]. Although
these methods were successfully tested and able to reduce
the energy consumption of IR significantly, the approaches
developed are only valid for a specific IR robot model.

A simulation environment for analyzing the effect of IR
motion planning with respect to the energy consumption of
IR has been developed by RoBmann et al. [24, 25]. The
developed simulation environment is based on calculating
the energy consumption of every motor of the robot axis.
Another method that focuses on motion planning optimiza-
tions can be found in [26]. This method is performed by an
amplification of energy exchange via the internal DC bus
among IR motor drives and optimizing the common point-
to-point (PTP) trajectory. In general, for the past 20 years,
the main objective for using motion planning optimizations
has been to reduce the energy consumption of IR by devel-
oping efficient path planning and collision-free motions [27,
28].

2.2 Optimizing operating parameters of IR

Optimizing IR energy consumption by optimizing their
operating parameters was proposed by several researchers.
For instance, experimental investigations can be found in
[29-32], in which a specific IR is used in their investiga-
tions. In previous authors’ works [33, 34], both simulation
and experimental investigations are conducted. Here, a robot
model was developed in order to overcome the drawback of
an experimental investigation that is only valid for a spe-
cific robot model. Afterwards, an actual measure is utilized
to validate the IR model.

Reducing the energy consumption of IR using this
method is very powerful when used at the production plan-
ning stage since after manufacturing systems were estab-
lished, changing the operating parameters of IR alters the
production rate such that, in most cases, this method can-
not be implemented. However, by combining the simulation
method and experimental validation, this method can be
used not only at the production planning stage but also at
the optimization process stage, when changing the manu-
facturing systems’ processes is needed due to new process
sequences. From the system engineer’s point of view, this
method is very powerful since it is not necessary to change
the software or hardware of the IR systems.

2.3 Scheduling IR operations

Scheduling IR operations is another method that is also
widely used to reduce the energy consumption of manu-
facturing systems. This method is initiated by optimizing
the work schedule of IR by reducing their operating time,
idle time, and optimizing the robot sequence of IR sub-
tasks [35-37]. An example for the implementation of this
method is the automatic start-up and shutdown of the IR
during production-free time on weekends. Based on [7], the
estimated yearly saving potentials of IR energy consump-
tion in the automotive industry is around 31 % (see Fig. 2).

@ Springer



1318

Int J Adv Manuf Technol (2015) 78:1315-1328

Reference, 1 year
100%

8.000

-8.7%

-5%
7.000 - -0.6%

-2.7%

-1.8%

-10.8% 1%

3
R

5.000

Brake power downsizing 24V-

Inverters off @ pauses 3m-10h
12V

Default consumption
Shutdown @ weekends
Shutdown @ pauses 10m-3h
Brake release @ 5s
Capacitor modules

Tool weight 10%

down

4.000

Fig. 2 Energy-saving potential per activity in an automotive industry

(7]

The objective in using this method is to reduce operating
time and minimize idle time by optimizing the IR schedule.
This method is also very convenient for operating engineers,
and is the most effective solution when other methods are
impossible to implement. Using the new standard commu-
nication protocol of the automation system, PROFlenergy is
one example implementation of this method [38].

2.4 Commercial and industrial solutions

Commercial solutions that are already available are mostly
based on modeling and simulation approaches and devel-
oped by IR manufacturers, such as RobotStudio, which
was developed by ABB. In RobotStudio, there is a signal
analyzer toolbox that can be used to predict the energy con-
sumption of an ABB robot [39]. Using this tool, the energy
consumption of IR at several operating parameters can be
predicted. Furthermore, researchers from the Institute MMI,
RWTH Aachen [40] have also developed a software tool for
analyzing the energy consumption of robots that can be used
in several applications, such as for aerospace and indus-
trial automation, and has a greater focus on motion planning
analysis. Another commercial software tool, Tecnomatix,
from Siemens in the next few years will offer a solution that
utilizes an energy consumption model of IR in their manu-
facturing systems package; currently, the software is still in
the testing phase [41].

In addition to the aforementioned methods that are
mostly used in research approaches, there are several meth-
ods that are also used in industry. Based on [7, 42] common
methods that are used by industries for reducing the energy
consumption of IR are listed below:

e Choosing IR with low energy consumption for a certain
manufacturing process
Reducing the weight of IR components

e Optimizing IR trajectory
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e Optimizing IR operating time
e Implementing an intelligent mechanical brake system

From an industrial perspective, these methods are more rel-
evant and easily to be implemented without changing the
existing manufacturing systems.

2.5 Discussion and suggestion

Although many solutions for reducing the energy consump-
tion of IR have been provided, every method continues to
have its advantages and drawbacks. Optimizing the motion
planning of IR can reduce the energy consumption signif-
icantly; however, this method is only interesting from a
theoretical point of view, but less interesting for a practical
scenario, since changing the existing IR hardware system
requires a great deal of effort and costs [8]. Therefore,
this method is only effective from an IR manufacturers’
point of view, which has a capability to develop an IR con-
trol system. The operating engineer has less flexibility with
implementing this method.

Optimizing the operating parameters of an IR in order
to reduce its energy consumption is a relatively new
method after the requirement concerning energy prices and
energy policies are increasing. Therefore, there are still
few researchers that explore this method. However, this
method is only effectively used at the production planning
stage, while the productivity rate of a manufacturing sys-
tem is planned. To overcome this limitation, incorporating
a simulation model into this method is very advantageous
when optimizing the existing manufacturing process is
required.

The current commercial solutions are still limited to ana-
lyzing specific IR models and only focus on their environ-
mental conditions, which limits the simulations of IR inter-
nal components. An integrated solution for a manufacturing
system’s process planning does not yet exist. This makes the
analysis and optimization processes time-consuming and
cost-intensive. Optimizing IR operation-times can also be
used to reduce energy consumption in manufacturing sys-
tems. The implementation of this method primarily takes
place in the production planning stages since this method
requires a specific hardware and software configurations.
The industrial methods are also useful but are predomi-
nantly only appropriate for certain manufacturing process in
specific manufacturing systems.

Among these methods, modeling and simulation have
received a deep attention from researchers due to their abil-
ity to analyze IR systems easily and at reasonable costs
[33]. In addition, IR simulation model can be used in several
manufacturing systems’ development stages, in production
planning for predicting the power consumption of an IR
or in optimization stages for optimizing the manufacturing
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process without performing an experimental investigation.
The modeling and simulation approach is the best solu-
tion for IR energy optimization. Therefore, in this research,
a modular model of IR, which was developed based on a
multi-domain simulation paradigm, is proposed for analyz-
ing and optimizing the energy consumption and the dynamic
behavior of IR.

3 Modeling and simulation approach for reducing the
energy consumption of IR

In this section, simulation approaches as a solution for ana-
lyzing the energy consumption and the dynamic behavior

Fig. 3 The dynamic model of a
six-axis industrial robot
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of IR are presented. Firstly, the section presents a develop-
ment method of a modular IR model with a detailed model
of its mechanical and electrical losses. Afterwards, a valida-
tion of the IR model is presented using a comparative study
between simulated and measured results.

3.1 Development of a dynamics and energy model for IR

A dynamics model of an industrial robot was developed
using the Modelica language with Catia Systems Engi-
neering software tools (see Fig. 3) that use to analyze the
power consumption and the dynamic behavior of the IR.
The presented model is based on the extended model that
was developed in [33]. Improvements in mechanical and

Robot axes

Robot structure

Detailed robot structure
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Body
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electrical losses of its motor drive are emphasized in this
simulation model.

The components of basic IR models, e.g., the motor drive
model, motor controller, body model, or the transmission
model, are stored in the Modelica Library. Therefore, it can
be used to analyze the dynamics and power consumption
of several robot models. In this research, the initial param-
eters of the model are gained primarily from the actual
robot specifications. For example, for case study analysis,
the Motoman MHSL model was developed, which used the
input parameters from [43] and from actual measurements
of a robot platform. For other robot models, aside from
using IR specifications, an approximation is performed. For
instance, the inertia tensor of several IR models is calculated
by using CAD software tools, e.g., Solid Edge or/and Catia.
CAD software for approximating the inertial tensor of IR
is commonly used by researchers since it can reduce devel-
opment time and efforts, as presented in [44]. The detailed
approximation method of the inertial tensor of an indus-
trial robot structure can be found in [45]. In order to create
movement of the robot, the standard path planning model
(PTP and PTP2) from the Modelica Standard Library is
used.

As a case study, the universal contacting module (UCM)
cell that contains several assembly system components,
including an industrial robot, is used. The UCM cell is
used as the test platform as part of an electronic component
production facility [see Fig. 4].

Industrial

Hot test
module

Conveyor
system

Conveyor
system

Fig. 4 The configuration of the comprehensive test platform (UCM)
and the robot cycles (design by IMAK GmbH)
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3.2 Power losses in the IR model

The power losses of IR, both mechanical and electrical, are
important to consider in the development of a high-accuracy
IR model due to its significant contributions to power con-
sumption simulation results. The power (P) and energy
consumption (W) over time 0 — ¢ of IR can be formulated as
shown in Eq. 1 [30, 46]. The equation shows that the robot’s
torque (7), its angular velocity (w), and the mechanical and
electrical efficiencies (1,,, 1) of the drives highly influence
the robot’s power and energy consumption. Therefore, ana-
lyzing IR under several payloads and operations speeds and
developing an accurate power losses of IR, both mechanical
and electrical losses, are expected.

P = ZTa),

im1 ,—1 nmtrlez

t
W:/Pdr
0

The power losses occur in every component of an indus-
trial robot and can be classified in the following terms:

ey

Power losses in the IR body mechanism. The power losses
in this component are mainly caused by friction losses due
to the mechanical friction of the IR structure, e.g., friction in
the gear transmission and gear bearing, and friction in every
joint of the IR and due to the lubrication effect. The friction
losses in the IR model are modeled based on the Coulomb
and viscous friction, which depend on the speed and input
torque [47].

Power losses in the IR motor drive. The drive system of IR
is used for actuating the robot structure. Most of six-axis
IR use a permanent magnet synchronous machine (PMSM)
as the main motor drive [8], while some use an induction
motor drive. The electrical power losses in this component
also occur in common electric machines. In the motor drive,
these losses are depicted in Table 2, which in our IR motor
drive model was equipped with all of these losses, i.e., core
losses (p.), windage and friction losses (pr), stator and rotor
losses (pr), as well as stray load losses (ps). The model of
every motor 10ss (pioss), which is modeled using Modelica
is formulated in Eq. 2. All different motor drive losses are
formulated based on the equations in Table 2.

Ploss = Pc + Pt + pr+ Ps (2)

The evaluation of the motor drive losses using these
equations was performed by Modelica Associations [49],
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Table 2 Power loss model of an industrial robot motor drive [48, 49]

IR motor drive losses

Explanation

Core losses

Windage and friction
losses

Stator and rotor losses

Stray load losses

Core losses or iron losses occur due to the magnetization process of the core material (hysteresis) and
due to the eddy current effect in that process. Generally, this loss contributes about 20-25 % of the total
motor losses. As previously mentioned, the core losses consist of hysteresis and eddy current losses; thus,

core losses (p.) are expressed as follows:

W,

— . ref v 2
pe = pres (st + 1= ) (5%) 3

Uref

Equation 3 shows that core losses are modeled based on angular remagnetization velocity (w) and actual
voltage (v). Thus, p. can be modeled as a frequency-dependent conductor, which is expressed as follows:

— Prel Wref
G=13 (m+1-m) “
To calculate the core losses, the ratio of hysteresis losses (ry) with respect to the total core losses
should be defined. However, this is simplified by defining rg = 0 since the velocity of the changes in the
magnetic field cannot be easily detected in Modelica, which means that hysteresis loss is not considered.

Stator winding and friction losses are caused by the bearing friction and air resistance of the motor.
These losses contribute around 8—12 % of the motor’s total losses and do not depend on motor load.
These losses depend on speed; therefore, they are modeled based on the following equations:

For |w| > @Linear :

- (5)
. DPref | @ power,!
T = sign (w) —_— ;
Wref | Wref
For — wLinear < @ < +WLinear :
(6)

ower _
I = Pref (wLinear)p o ( w )
Wref Wref Linear

The exponent power,, is approximately 1.5 for axial ventilation and 2.0 for radial ventilation. To stabilize
the simulation model, the friction torque is approximated by a linear curve.

Stator and rotor losses occur as a result from the current (/) that flows through the stator and rotor

winding. These losses are also called / 2R losses. As a result from these losses, the rotor and stator of the
electric motor is heated. 12 R losses contribute around 55-60 % of the total motor’s losses. Different with

the core, friction and windage losses, stator and rotor losses depend on the motor load. The models of stator and
rotor losses (py) are expressed in the following equations:

-2 .
pPr=1 ROperationy

ROperation = Rref (1 + Otref (TOperation - Tref)) 5 @)

a00C
1 + azpoc (Tref — 293.15)

Oref =

where i is the current, R is the resistance of the motor, ar.r is the linear temperature coefficient of the

specific material, and Tt is the reference temperature.

Stray load losses occur when the motor is operating under its specific load as the result of leakage fluxes
through the stator winding. This loss also depends on the motor load capacity and normally contributes around
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Table 2

(continued)

4-5 % of the total losses. The stray load losses are modeled according to the standards EN 60034-2 and IEEE 112,

which are formulated in following equations:

Ps = Tw;

. 2 ower,,
= Pref < L ) ( w >p @
Wref \ Iref Wref

1

®

where w is the actual angular velocity and i is the current of the machine. The exponent power,,

represents the dependency of the stray load torque on the angular velocity.

as depicted in Fig. 5, which was conducted with an asyn-
chronous induction machine.

Power losses in IR motor control systems. This loss also
includes inverter losses in the electric motor and in its rec-
tifier. Before the electrical power can be used by the motor,
the current and voltage flow into the motor control system
component, such as the power converter, AC/DC module
(rectifier), and DC bus, first. During this process, there are
power losses [8].

In addition to all of these losses, IR also need electrical
power to operate the supporting components, such as com-
puters, monitors, and the IR controller. The electrical power
that is used for these components is relatively constant dur-
ing the robot operation. In our research, these components
are not included in the developed model.

The general power losses that occur in the IR are shown
in Fig. 6. Due to the priority task and limitation of the Mod-
elica language, only power losses in the IR body mechanism

1500
l\\
'\,. ® Measured
1490 T --- Simulated
=
.
§ 1480 T
5 LN
8 \‘(
5 1470
%) .
ae,
1460 N
u
1450
0 5000 10000 15000 20000
Pmech [W]

Fig. 5 Speed of the asynchronous induction machine, simulation
results compared with actual measurements [49]
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and power losses in the IR motor drive are modeled in the
IR simulation model.

3.3 Validation of the IR model

Experimental investigation is the best solution for validat-
ing the simulation results as long as it can be performed
at acceptable costs and times. When an actual measure-
ment is not possible or too expensive, a sensitivity analysis
is performed. In this research, an experimental investiga-
tion was conducted using a measurement unit that has the
ability to measure the electrical behavior of the IR, such
as voltage, current, and power during the robot’s opera-
tion. The measurement unit collects the electrical data every
0.0001 s, afterwhich these data are stored in the PC of
the measurement unit. The experimental setup is shown in
Fig. 7.

For a comparative study, the execution time and dynamic
characteristic of IR are used as the criteria to choose the sim-
ulation task. The power consumption of the IR is analyzed
based on the robot movement from position D to A; for the
dynamic behavior analysis, the robot movement is simulated

Power losses in IR body mechanism
= Mechanical friction

Power losses in IR motor drive
= Core losses

= Windage and friction losses
= Stator losses

= Rotor losses

= Stray load losses

Power losses in IR drive control systems
= Inverter losses
= Rectifier losses

Power losses
of an industrial

robot Losses in IR supporting components

= Losses in CPU, monitor, and control units

Fig. 6 Power losses in IR
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Six-axis IR

Power
source

Measurement unit

Computer

Fig. 7 Experimental setup to measure electrical behavior of IR

from position A to B (see Fig. 4). In both simulation and
experimental investigations, the payloads of the robot varied
from 2 to 3 kg at two robot speeds: 20 and 40 % of the max-
imum speed. These operating conditions were also used to
analyze the effect of IR operating parameters on the power
consumption and the dynamic behavior of IR. For the route
D to A, the robot movement only used axis1 and axis2 while
the other axes were on standby, using PTP motion instruc-
tion. While moving from position A to B, axis5 and axis6
have a grater range of motion than the others. The execution
time and dynamic characteristics of the robot are used as the
main criteria for defining these movements. During these
movements, electric parameters and dynamic responses of
the robot were monitored.

4 Results and discussion

In this section, both simulation and experimental results
are presented. The section begins with a discussion on the
deviations of the simulation and experimental results. Fur-
thermore, a discussion on the effect of robot operating
parameters and dynamic behavior on its energy consump-
tion is presented. In addition, strategies that are used to
reduce the energy consumption of IR based on our results
are provided at the end of this section.

4.1 Deviations from the modeling approach
To determine the accuracy of the developed IR model, a

comparison between simulation and experimental results
is used. The comparison is performed based on electrical

behavior values, such as the motor drive current and the
power consumption of the IR. Comparison data were col-
lected from the robot at the following operating conditions:
3 kg payload and 20 % of the maximum speed. A com-
parison between the measured and simulated motor drive’s
current and power consumption of the robot is depicted in
Fig. 8 and shows that there is an approximatelly 6 % power
deviation between simulated and measured result. This is
mainly caused by the IR control unit and its components
that are not included in the simulation model due to the
limitation of the simulation tool. However, the power con-
sumption trend is nearly similar. At the beginning and end
of the robot movement path, the power and current are rela-
tively low. This trend occurs due to the motor drives having
not been loaded at the beginning, and at the end, their speed
and friction is reduced.

As shown in Fig. 8, the developed models are adequately
accurate for predicting the electrical behavior of the IR. The
resulting deviation is relatively minimal since the losses of
the IR model are well modeled.

(a)
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s | | | -
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Fig. 8 Deviation of the simulated from the experimental results: a
power consumption of the robot and b motor drive’s current
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4.2 Effects of IR operating parameters on the power
consumption

In order to analyze the effect of the IR operating parameters
on the power consumption, both simulated and actual mea-
surement investigations were performed. The focus of this
investigation was to analyze the effect of IR payloads and
the operating speed. The IR power consumption at different
payloads is shown in Fig. 9. This figure shows that the pay-
load of the IR influences its power usage. Both simulation
and experimental results showed that higher payloads lead
to higher rate of power usages. This is because at higher
payloads, the torque of the IR axis is also higher. Thus, the
power consumption of IR is linear with respect to the robot’s
payload. Adding 1 kg payload contributes to an approxi-
mately 1.2 % increase in power. Moreover, Fig. 9 also shows
that the difference in robot power consumption for the sim-
ulation and actual measurements is about 50 W, which is a
result of the power consumption of the robot control unit
apparatus that is not modeled. In addition, this figure also
shows that the power usage increases at the beginning and
decreases at the end.

Similar to the payload effect, the operating speed also
has a significant effect on the power consumption of the
robot. Higher speeds lead to higher power consumption (see
Fig. 10). However, higher speeds reduce the robot operation
time that means having the potential for reducing the energy
consumption of IR. A slower operating speed will lead to
longer operating times, and thus, the robot requires more
energy consumption since the energy consumption is a func-
tion of time. Therefore, it can be said that in order to reduce
the energy consumption of IR, the operating speed should
be set to the medium range, not too slow and not too high
(see Fig. 11), which was also found in [39]. The optimal
speed is due to the balance between energy consumption
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0O 2004----------oooo__i_|——-Simulation, 3kgpayload | | 1 |
! |—— Measurement, 2 kg payload
Measurement, 3 ki
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Fig. 9 Power consumption of the robot at different payloads
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Fig. 10 Power consumption of the robot at different operating speeds

gravimetric and inertial contributions [50]. However, lay-
out constraints and productivity requirements of IR must
be considered. Without constraints to the IR path, operat-
ing at a higher speed is suggested, but when there are many
constraints, slower speeds are preferred.

4.3 Effects of the dynamic behavior on the power
consumption

The dynamic behavior plays an important role in improv-
ing the performance and efficiency of IR. The robot’s mass,
payload, speed, center of gravity, and the inertia of every IR
axis are important factors that influence IR dynamics [51].
In this sub-section, the effects of the dynamic behavior of
IR on the energy consumption is presented. The developed
model was used to analyze the dynamic behavior of IR, and
the analysis was performed around the sixth axis due to its
high vibrations. The input parameter for IR movement was
designed using PTP, which generates instructions for mov-
ing the robot from an initial position to a final position. The
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Fig. 11 Energy consumption of IR at several operating speeds [39]
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input parameters are positions, robot speed, and the defined
maximum acceleration. Based on these data, the PTP model
sends the angle, speed, and acceleration reference to every
motor drive of the robot. In every motor drive, the rotation is
controlled by the PI and PID controller, which are equipped
with an angle, speed, and acceleration sensor.

The speed response of the robot under several operat-
ing speeds and payloads is shown in Fig. 12. As shown
in Fig. 12a, the operating speed of robot has no influence
on the robot speed response. The fluctuation of the speed
response with starting motion is relatively minimal. This
shows that the robot control and the damper model of the
robot were able to reduce excessive acceleration.

Moreover, the effect of robot payload is shown in
Fig. 12b. This figure illustrates that the payload value has
a strong correlation with the speed response. During the
beginning of the motion, the speed response is affected by
the payload value; a higher payload causes a higher speed
response. In general terms, Fig. 12 shows that the operat-
ing conditions of IR have significant effects at the beginning
of IR motion. This is the reason why, at the beginning of
the IR motion, the energy consumption is relatively high
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(as shown in Fig. 13). During that time, the IR needs more
power to actuate the motor drive. Therefore, it can also be
concluded that in order to reduce the energy consumption of
IR, smoothing the IR motion is suggested (see Fig. 14). This
figure shows that smooth motion planning is more energy
efficient than rough/extreme motion.

4.4 Strategies for reducing the energy consumption of IR
Using the robot simulation model that was developed in this
research, the power consumption and the dynamic behav-

ior of the robot can be predicted. Therefore, it can be used
to optimize the operating parameters and its motion. The

|
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End / —
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(a)
5 Path planning
0%

Fluctuated speed
response: higher energy
required

- Energy consumption:

(© (a) > (b) > (c)

Fig. 14 Smoothing IR motions to avoid excessive energy consump-
tion during beginning of the motion
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relation between the IR simulation model, the energy con-
sumption, and the dynamic behavior are shown in Fig. 15.
The productivity requirement, e.g., speed, payload, and
environmental conditions (layout constraints) are used as
the initial input for optimizing the IR operating parameters.
These initial data are used as the initial parameter for the IR
model that was developed based on the multi-domain mod-
eling paradigm. The simulation results from the developed
model will provide the dynamics and electrical behavior of
the IR. The IR performance and the power consumption
were analyzed in detail using these data. Finally, an itera-
tive simulation was performed for optimizing the operating
parameters of IR.

Based on investigation results, which were obtained from
actual measurements and modeling methods, it was shown
that the following methods can be employed in order to
improve the efficiency of IR used in manufacturing systems:

e The payload has a significant impact on the power
consumption of the IR since it changes the torque
of the IR axis. Therefore, to reduce the energy con-
sumption of IR, reducing the weight tools of systems
that are used by IR is suggested. The method can be
implemented by using light-weight material for tooling
system components.

e Smoothing the IR motion planning will reduce energy
consumption. This is because starting robot motions
need more power to accelerate the IR motor drive
systems.

e Operating speeds have a significant impact on the
energy consumption of IR. Thus, operating the IR
at medium speeds, not too fast and not too slow, is
suggested.

The investigation also shows that in order to reduce the
energy consumption of IR, the productivity requirements
and environmental conditions of the manufacturing systems
must be considered. Combining several reduction methods
that adhere to the system requirements is suggested in order
to optimize the energy consumption of IR.

Multi-domain Improve IR
modeling accuracy and
] productivity

Requirement on

productivity F
L Parameters

Dynamic behavior 'J

F optimization analysis
EnV|roqmentaI L Power_ j Reduce energy
conditions consumption — consumption
(layout constraints) analysis P

Fig. 15 Multi-domain simulation approach for reducing the energy
consumption of IR
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5 Conclusion

In this paper, a comprehensive review of the research and
practical methods for reducing the energy consumption of
IR used in a manufacturing system is presented. Many meth-
ods have been developed; however, current methods are
commonly difficult to be implemented due to many techni-
cal problems, such as changing existing IR control systems.
Moreover, existing methods are still lacking in the inter-
action analysis of IR internal components. In addition, the
methods that can be used in the early production planning
stage are limited. The simulation approach as a new trend
in this field is a promising method due to its use in several
manufacturing systems’ development stages, from produc-
tion planning to process optimization stages. Therefore, in
this research, a modular model of IR for analyzing their
power consumption and dynamic behavior are proposed.
An actual measurement on a specific IR is also performed
in this paper, which is used to determine deviations from
simulation results and to evaluate the IR model accuracy.

Using the developed model, the power consumption of
the IR under several operating parameters can be predicted.
Therefore, the model proves very useful in the early pro-
duction planning phase, in which limited data are available.
Based on the validation results, the developed models are
adequately accurate for predicting the electrical behavior
of the IR. Thus, it can be used to analyze the electrical
and dynamic behavior of IR. The simulation and mea-
surement results show that the operating parameters, i.e.,
speed and payload, strongly influence the power consump-
tion and dynamic behavior of IR. A higher operating speed
and payload will increase the power consumption of IR.
Therefore, reducing the power consumption of IR can be
performed by optimizing the IR operating speed, reducing
the weight of tooling systems, and smoothing the IR motion.
Further work should address the implementation and evalu-
ation of the developed simulation model for more complex
manufacturing systems, such as an automotive assembly
system.
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