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Abstract 1 Description of the robot

In this paper, various approaches of the energyAccording to ISO an industrial robot is an
efficient use of the industrial robots are analysedautomatically controlled, reprogrammable, multi-
and the potential energy savings are estimatedpurpose, manipulator programmable in three or more
There has been evaluated an influence on energyxes, which may be either fixed in place or mobile
consumption of implementation-close methods likefor use in industrial automation applications [The
robot's speed, acceleration and process poinmost typical industry robot has 6 degrees of
approximation variation. The novice brake freedom, from which the axis 1 to 3 are used for
management and robot “Energy team” principle is position of tool centre point (TCP), but axis 46te-
presented. for the orientation as shown is Fig. 1.
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Introduction

Over the last decade the electricity prices in many
industrial countries have been increasing, in some
countries like Germany the wholesale prices have
fluctuated with a factor 2.3 since year 2000 [2].
Similar trend can be observed in the crude oilepric
evolution [2]. Most of the European countries withi
the frame of Kyoto protocol have committed to
reduce the C® emission of 8% until 2012 in Fig. 1. Sketch of typical industrial robot
reference to 2008 [3]. These are the basic reasons

that have led to a series of energy efficient messsu | N€ original equipment manufacturers (OEM) of the
in many manufacturing companies. robotics in the last decade have done a significant

research increasing the precision, repeatability,
Automotive industry is a large energy consumer; gpeed of the robots; there have been developed
significant part of total volume takes the ele@lic various modelling tools [8]. The energy efficieriny
energy consumed by robotics. Dependent oautomation industry and robotics has become in
manufacturer, during the vehicle’s lifecycle 15-28%ocus only in the recent years [1].
percent of its required energy is being consumed§§

production phase. Electrical energy consumed part from many.other machines, indugtrial robot’s
robotic applications in production in average i ower consumption fcan bel chgractergggk ash very
about 8% [4]; therefore an energy efficient use O(#ynamw_— a power ot a reguiar 6 axes g heavy
robotics has a high impact on the production cos ayload industrial robot has a range from 0.5kW in

and total CQ@ emission of the whole vehicle’s stand-by mode up to 20kW at peak. It is_hig_hly
lifecycle. dependent from particular robot type, application,

tool, work piece, movement trajectory, usage
In further chapters there will be analysed some dftrategy and many other factors, altogether bugldin
the most substantial approaches towards the ener@ygomplex set of influence variables.

efficient use of industrial robots, like usage &gy, .

technical modifications anddd-onpossibilities and 2 Planning and usage strategy

cost-effective trajectory planning; their energyBecause of the largest market share, among all, the
savings potential will is estimated either as as50kg-250kg payload range heavy load 6axes
proportion of the total consumption or in energyndustrial robots today are the most low-pricedsone
units. The research is being done at Mercedes—Be[ggJ, which is a reason why they are often chosen al
plant in Sindelfingen, Germany. for applications that do require far lighter load.
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A recent measurement of energy consumption AN
between Kuka KR16 and KR210 evaluating
identical process points with the 16kg load and
identical cycle time showed that the KR210 required _
in average 2.2 times more energy. Because the 8 #| ()
proportion of the own weight of the larger robot is —
much higher, accordingly the consumption results
higher. However, because there are no explicit 6| =
software tools available that might evaluate such ik f'_@
comparison, it is hard to examine the proper choice
of robot type in the plant planning stage, based on
energy consumption of the actual work. Knowingrig. 3. Use of balancmg resistors during robot’s
the precise consumption of the particular robot ancuperative braking
its task, the relation between initial investment a
actual work costs would be easier to determine. THehe exact proportion of the dissipated energy & th
exact energy savings are determinable only knowirrgsistors was obtained by simultaneously measuring
the specific application, but, according to seés the DC-bus voltage, voltage on balancing resistors
comparisons, the optimal robot choice may result iand total power consumption of KR210 at dynamic
energy savings in extreme examples of about 5@rogram with 204 kg load. At maximum override
65%. (maximum speed and acceleration) the proportion is
) o (i o . .
The Mercedes-Benz plant in Sindelfingen is the firg?vshglnghgsnf A)r((eFlIJ%ir?g);, V\i?llgh Irsegggg?;gﬁteesrggg

one worldwide to implement the automatic ShUtHowever it is always hardly dependent from the
down and start-up of the robots during theSpeclflc robot program.

production-free time. At the SIEMENS AG
developed protocdPROFlenergytoday enables the AT
shutdown, leaving only the power supply necessary +& . = 1 1 __ g
only for the machine’s network communication.
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Fig. 2. A single facility's power consumption oger Fig. 4. Power dissipation in balancing resistors in

week reference to total robot's consumption

If it is assumed that the actual production over th1© ca:]ch up otherwise wasted energy, there are at
year takes 250 working days and 18 hours per d!ﬁf"srt ree ways.

(also used in further calculations), the savingthin e share the DC-bus among several robots,
rest of the time by shutting down the KR210-2000, creating a robot “Energy team” (Fig. 5).
which in stand-by mode normally requires 275 W, e increase the capacitance of dc-bus,

would save 1,17 MWh a year. e use of reversible rectifier ,

3 Potential of the recuperated energy

Industrial robots are dynamic machines, whose ‘@ :@_(D ‘

motors require quick starts, stops and rapid doact

changes in the time frames often less than a second

Most of the robot manufacturers in their robot

controllers allow recuperative motor braking, what , @_@
R

allows reusing théufferedenergy in the capacitors
of DC-Bus, thus, when one axis is braking, others
that accelerate can use that energy.

accelerate in the same time, and due to the limited
capacitance not all potential energy may be buffere

In this case, either more power from the network is
provided or the energy is dissipated in balancing
resistors of DC-Bus to reduce the overvoltage as
shown in Fig. 3. Fig. 5 Principle of robot "Energy team"

However, often is a case, when several axes bnake o
Ao
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The sharing of DC-bus among the several robots is 100% aoceleraton redced spesd
promising alternative when coupling many robots o 100% speed, recuced acceeration
Here the same braking/acceleration energy exchan , T s e ecsamin
principle in the robot controller is being set into | ."1..o
larger scale. The DC bus of thaergy teantan also R N - 8 - 90% speed, reduced acceleration [rer cyck]
be supplied by a single, more powerful rectifier_g **
instead of several separate ones. The estimatz: .
energy savings is approximate to the amourzy oe-
dissipated in balancing resistors. However, thk ris

of simultaneous acceleration of many robots sucg
creating a power peaks exists.

100% acceleration, reduced speed [per cycle]

- -»- - 100% speed, reduced acceleration [per cycle]

70% -

ergy co
(% of max speed & max accel.)

65% -
60% -
55%

50% -

The use of capacitdiuffersfor industrial robotics is 5% -

another alternative, which can save a large part O e 1o ek s SR
. . % 5% %  15% 20% % 30% 35% % % 50% 55%

bl’aklng energy- At maX|ma-| |Oad and Speed th Additional cycle time (% of cycle time at max speed & max accel.)

amount of energy to be saved for ranges from 1-5kJ. )

As the DC-bus voltage fluctuation at the upper eddeid. 6. Trade-off curve, energy savings per extende
is about 150V the pure capacitance should be st legycle time

80mF. Using the whole available_ DC voltage 6501he  cost-effective presumption would be, if
range and discharging the capacitors to at ledét SQecreasing robot's speed or acceleration the energy
level, already 4-5mF capacitance would bpconsumption reduces faster than the cycle time
applicable. Taking into account the pauses du””iglcreases, it is worth to implement such changes. |
the operational hours, the savings with appropriatge Fig. 6 the line being in the marked triangle
capacitors would be around 6%. The KR200 tesigeans it is cost-effective, being outside, meaes th
with 18mF additional ~capacitance for voltageycie time at these points has increased higher tha
fluctuations using only the 150V the upper edge fog,yings benefit. Since running the robot fastememo
some programs with high amount of short proces§cles may be done, each cycle costs less, whigh is
pauses delivered as much as 19% of energy savinggason, why the consumption savings per increased

4 Movement profile optimization cycle ti_me_ (dotted line) is lower than measuringmov
a certain time.

There are many literatures [5-6] describing th?: . . . . .

complex path planning algorithms, unfortunately rom _th's |IIustra_t|on may derive concIuS|o_n _thfat :

due to complexity, many of them are hard t&here is a spare time to d_o_the task slower \itdgh

implement. In this chapter only the pathto do_so. For example, if it takes 10 seconds to do

optimization possibilities are analysed, that aréhe pick the component and place somewhere else,

available by OEM'’s provided robot controllers. and just after that the robot_ is waiting ?“Other o
seconds for some external signal, there is actually

In the vehicle’s body shop majority of welding or50% extra time to complete this movement, and by
pick and place tasks are implemented by point-tanoving slower it may be saved 20% of energy per
point (PTP) commands. At PTP command all axegis cycle time.

starts moving in the same time and also sto
simultaneously after a time frame that is necessa
by the axis that requires the most time to reaeh t
target angle. Since most pick and place tas
prerequisite a specific trajectory only in a mattet
any collisions are avoided, there is an open sface
trajectory implementation.

axis shows, that there are many cases, whensrobot
fter a rapid movement at their dynamical edges
ach their target positions and then are in stdhds
he method is promising, but the complexity begins
by trying to implement a predictive controlling ket
waiting times must be known in advance.
4.1 Speed and acceleration variation 4.2 Point approximation

The very first notion of movement profile MOSt robot controllers allow ~tofly-by the

modification is to evaluate it in correlation betwe progra;_mngjed procesg pft);]ntst OI TCP mthm 1'[_?].6
tasks cycle time and the potential energy savinggre elined range and without stopping there. This

The measurements show a logical trend — runni ect is calledpoint approximation which creates
the robot at lower speed, the total consumptio e movement smoother, often shorter and therefore

decreases, running a robot at constant speed jcker. An example of approximation between two

decreasing the acceleration, the consumptic P linear movements (LIN) is shown in Fig. 7.
decreases as well. Here, evaluated was the relati b e
of the energy savings and cycle time loss. Th % d
overall gain is expressed as a trade-off curvéhén t
Fig. 6 — to the reference of maximal speed an ., LIN_2 LIN_1
maximal acceleration at which the minimal cycle \
time is required. It is plotted there a proportiona
energy consumption against a proportional cycl °
time extension. Fig. 7. Principle of approximation (LIN) [5]

LIN_2
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Results of the measurement on KUKA Quante Robot axis movement L=ty =,
Series robot with KRC4 controller of approximation **°
distance impact on energy consumption in Fig.
shows a positive trend towards lower consumption
higher PTP approximation. The reason for this is  ®
logical premise that the consumption is lower, whe
the TCP trajectory is shorter and there are le:=
acceleration/deceleration phases in the path aiZ o
these phases around process points are smoott
The trend remains similar at different override.

50

deg]

-50

-100~

An example program of 300mm approximatior
distance results in 15% energy consumption i l l i
reference to same program not using fheby ’ ! L e ° ¢

points. Fig. 9. Brake management, current state
~105% -

For standard KUKA controllers this time delay is
t=20s.According to measurements on KUKA series
Quantec KRC4, the standby states are accordingly
510W, when drives are active, and 210W when they
are off and brakes are released, which is a diffaxe
of 300W. Evaluating a range of statistical valués,
the time delay were decreased to t=2s, according to
data from real body-shop robot programs, it would
70% 1 result in extra ~3.5 hours/day spent in stand-by
mode with released brakes and consuming 300W
less during this time or ~289kWh per robot per year
However, this would result in additional 9.5 mitio
Fig. 8. PTP approximation distance impact on switching cycles in 15 years instead of otherwise
energy consumption only 1.7 million. Releasing the brakes after 4
seconds it would result in saved 207kWh per year
The actual optimization possibilities are dependerngter robot with total switching cycles below 5
on initial robot’'s program. The disadvantage agéar million. Since the movement profiles of the robots
approximation distance is the deviation from thetrongly differ, the actual limit is to be adjusted
original path. However, 1000mm approximationindividually.
does not mean that the TCP will always be going tg
fly-by the programmed point in the 1000mm™
distance [5]; as far as the deviation does not tead Considering the novice braking methods, a new type
any collisions it is a practical approach to sape uof process point commands are necessary. In a
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2 Asynchronous Braking

20% of movement costs. regular PTP command the other 5 axes are actually
) rarely running at maximal speed/acceleration
5 Intelligent brake management because the speed is adjusted so that all axel reac

éhe target point at the same time period
(synchronous PTP), what it takes to move the axis,
hich the most time. This one axis usually hasdo d
e largest axial movement. This means that in an
xample in Fig. 9, where one axis is turning ofwgbo
20° (Fig. 10 Al), but others of about 10°-20°

; - ; A3,A5,A6) the last ones are spinning with lesstha
normally equipped with mechanical normal-closé . ; .
brakes. According to measurement, the 6 axi%O% of their maximal speeds. This effect may have

medium and heavy duty industrial robot’s motoP" advantgge as described in 0, but if an altamati
brakes require 100-130W to keep them opene"(‘fas a quick turn and a brake release for those

during the movement. What kind of options are hertgmtois’ whtc_)se accordhlng axes Fhavelgeac(;\;? theiw
is discussed further. arget positions as shown in Fig. , additional

energy savings might be achieved. The energy is
5.1 Release time saved based on both, the earlier brake release and
I%ss energy required overcoming a rotational
?nction, when spinning the axis faster.

Articulated robots require motors with accurat
response characteristics and dynamic behaviour
fast starts, stops and reversals. To fit thes
requirements, the permanent magnet (P
synchronous machines today de-facto industry

: o 1
standard for robotics applicationEhey are usually

The 6 axes articulated robot by reaching its targ
position is being kept in a still state by it mator
stator currents. If there is no movement commanih the example shown in Fig. 10 during the whole
continuing after a certain amount of time (differamovement brakes of 4 axes could be released
from one manufacturer to another) the motor driveasynchronously, which would result in a gain of an
are turned off and mechanical brakes are releasedhdditional 2 seconds stand-by mode time per shown
the robot is in a type of stand-by mode. particular movement.
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Robot axis movement

Angle [deg]

of their systems may result in significant energg a
CO2 emission reduction in whole production.

While analysing a whole robotic system, the energy
savings potential is found as in the optimization o

advancement of robot's hardware, as also in the
strategic use and production planning phases.
Combining all the described strategic usage
approaches like appropriate robot choice, robot
shutdown, stand-by mode active usage, trajectory
optimization methods, the technical advancements
like asynchronous brake management, brake power
adjustment, more reusing the recuperated energy, th
total energy savings can exceed 40% according to

Tmels) reference programs without these modifications. The
_ implementation complexity, however, must be taken
Fig. 10. Asynchronous brake release into consideration. Because of the fact that theac

savings are hardly application dependent and one
According measurements, the return time requireshethod may as rise as decrease the influence of
activating the brakes and switching on the drivges iothers, so only the statistic averages are estimate
50-100ms depending on robot generation, which has
to be considered when significantly reducing itdX€ferences
release periods. As described before, more acti\ie Messe Miinchen GmbH, Green Automation -
usage of mechanical brakes requires a significantly Engineering Sustainability. [Online] [Cited:

higher number of open/close cycles that can not 01.11.2010]http://www.automatica-munich.com
exceed manufacturers determined limits. Th . .
. VIK Verband der Industriellen Energie und

implementation complexity and potential savings o . s
b prexity P 9 Kraftwirtscheft e.V. VIK-Strompreisindex.

thi thod is yet unk . : .
1S METOT IS yet Unknown [Online] [Cited: 02. 11. 2010]
5.3 Power adjustment http://www.vik.de/index.php?id=13

The power required to open the brakes and to keép The secretariat of the United Nations Framework
them opened significantly differs. Universal timer- Convention on Climate Change, The Kyoto
based power reducers are available on the market Protocolhttp://unfccc.int/kyoto_protocol/

that after the power peak of switching-on decrease [Online] [Cited: 01.11.2010.]

the voltage on PWM basis, which are often used fat. J.Engelmann, Methoden und Werkzeuge zur
types of valves. Planung und Gestaltung energieeffizienter

According to measurement, to keep the brakes of Fabriken TU Chemnitz, 2008.

motors of KR210 open after they're switched on, ib- Kuka Roboter GmbH. KUKA System 5.6

is satisfactory with just 30% of currently used Software. Reference Manual, 05.2010.
amount. The approach of variable voltage supplg. T.Schneider, Energieeffizienz in der Robotik.
and therefore the power of brakes are so far Reutlingen University. 09.2010.

unknown in industrial robotics. This can deliver; ytemational Organization for Standartization,
60-80 W (or 10-15% of standstill power of KR210) ISO8373, Manipulating industrial robots.

power savings over the whole time, when robot is in [Online] [Cited: 01 11,2010 ttp:/www.iso.org

the movement. Assuming there are 250 workin - .
v uming workd gr IFR Statistical Department, World Robotics 2009.

days a year, the brake power reduce could deliv i L
maximum savings of 270-360 KWh a year. ;(r)acl)rékfurt/Germany. IFR Statistical Department,

Conclusion 9 Kuka Roboter GmbH. Simulation | Planning |

In the automobile industry more than 95% work in Opt|m|zat|qn.http://www.kuka-robotlcs.com/
the body shop is done by robotics-related LONline] [Cited: 15.10.2010]

applications. Because of the high degree of0 IFR Statistical Department, World Robotics
automatisation and cyclically reparative behaviour 2009. Frankfurt/Germany: IFR Statistical
of robots, even little improvements in the effiagn Department, 2009.
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