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Abstract: The cold start of a robot implies a heating period in which the positioning error of the robot is
greatly influenced by the thermal variations of the structural elements that suffer thermal deformations
and expansions. Due to this continuous variation of the positioning deviation caused by thermal
deformations, the compensation of these errors is very difficult to do because the parameters used as
compensation factors should vary continuously considering several factors such as robot temperature,
operating time from start or working speed of the robot. Unfortunately, the thermal behavior of robots
differs from model to model, differs depending on environmental conditions and working conditions, and
there can be no common general mathematical model to solve this problem. Thus, based on real
measurements, a heating pattern of a robot can be identified and may be used for correction of thermal
deformation errors. As a first step in finding a compensation method of these errors, the anticipation of
heating curves of an articulated arm robot is presented in this paper. Regression analysis is applied on
experimental temperature recordings and the equation parameters are identified for function

approximation of the heating curves.
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1. INTRODUCTION

Accuracy of industrial robots is influenced by
temperature and deformations caused by heating
especially for articulated arm types where the serial
configuration of the mechanical structure causes the
errors to cumulate from the base to the end point of the
robot. There may be multiple heat sources internal to the
robot or from the environment as analyzed in [1, 2] but
regardless of the heat source the most important
condition is that it is somewhat constant. As already
identified in [3], the heat generated by the internal
components of IRB 140 robot, although it does not
follow a linear curve, is still relatively constant,
constantly increasing until a level of thermal stability is
reached (after about three hours of continuous operation).
The problem that remains is regarding the environment
temperature of the robot. If this fluctuates to much or is
completely random, it will induce a random thermal
behavior of the robot structure that will be hard or
impossible to predict. From this point of view, the first
condition that we must meet is to ensure that the robot
operates in an environment thermally stable so that the
approximation of the heating behavior to be possible.
This fact is in most of the cases true because industrial
robots are usually used in factories/facilities with
climate-controlled environment. Derived from this first
condition comes a second that requires that experimental
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measurements be made in ambient temperature

conditions very similar to those in which the robot will

operate. If these two conditions are met, there are two

stages of the robot thermal behavior and thermal induced

errors evolution:

e period of thermal transition (warm-up cycle);

e period after warm-up after robot reaches thermal
stabilization.

Now, having in mind the final goal of developing a

software compensation method for thermal induced

errors, for each of these two stages, the following main

objectives and necessary research activities must be

done:

O1) Identifying a software compensation method for
thermal induced error of the robot during warm-up cycle
(the error varies continuously).
al) Identification of a method for integrating a thermally

deformed virtual model of IR studied, within an

offline programming and simulation software
application, for the evaluation by simulation of
positioning errors in the entire RI workspace or
identification of a method of correction of
programmed paths/points by applying continuous
coordinates corrections based on estimated thermal
deformations and errors, or by altering the
programmed targets online or offline. For the
transient thermal state of the robot during the worm-
up.

a2) Measurements of robot temperature evolution during
warm-up cycle.

a3) Quantitative evaluation/determination of positioning
errors during the warm-up cycle.
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a4) Find correlation between temperature induced errors
and actual temperature.

a5) Temperature prediction and estimation as a function
of time.

02) Identifying a software compensation method for
thermal induced error after the robot reaches the thermal
Stabilization (the error remains constant).
bl) Identification of a method for integrating a thermally

deformed virtual model of industrial robot (IR)

studied, within an offline programming and
simulation software application, for the evaluation by
simulation of positioning errors in the entire IRI
workspace or identification of a method of correction
of programmed paths/points by applying coordinates
corrections based on determined measured error, or
by altering the programmed targets online or offline.

For the steady thermal state of the robot (after

thermal stabilization is reached).

b2) Measurements of robot temperature after warm-
up.

b3) Quantitative evaluation/determination of the
positioning error after warm-up.

To achieve final objectives O2 and Ol, their
subsequent research activities must be done in reverse
order as they were mentioned. Regarding the robot model
ABB IRB 140, steps b2 and b3 were studied previously
in [3, 4, 5]. Among the major objectives and research
activities previously described, this paper aims to check
step a5 by identifying numerical values of an equation
parameters that can predict/approximate heating curves
of the robot (predict temperature as a function of time).

2. MATHEMATICAL APPROACH

Thermal behavior of the robot can be monitored with
temperature sensors or with an infrared video camera.
The best way to record temperatures of internal heat
sources is by placing the temperature sensors directly or
as close as possible to the elements that are heating up in
the robot structure [6]. Still, local temperature values are
not enough, because as shown in [7] very important is the
heat distribution which is not the same in the robot
structure. Due to the serial structure and configuration of
the robot, thermal drift can’t be considered as simple
linear displacements of the elements because they also
twist in ways that affect the orientation of the robot's
endpoint.  So, for determination of both linear and
angular displacements, a finite element model (FEM) and
analysis is needed. For this analysis, beside the location
and values of the heat sources, the real heat map is also
needed for calibration of the FEM model. The start of the
journey of thermal compensation of industrial robots is
represented by the experimental determination of
temperature values and is further presented.

During experimental investigation of the thermal field
distribution and temperature evolution of the robot,
temperature readings were recorded every 5 seconds for
each of the robot axes by placing temperature sensors on
the motors. The positions of the motors in the robot
structure are presented in Fig. 1.

The locations of the temperature sensors can be
observed in Fig 2.

Motor Axis 6

Motor Axis &

Fig. 2. Temperature sensors placement on and in the robot [4].

During the experiments, it was identified that in the
given environmental conditions ( approximately 7 °C at
the start of the robot) the warm-up time is about 3 hours.

There have been many measurements for different
working speeds of the robot but the values for this paper
were only the data recorded for the 60% of the maximum
speed. During that cycle, there were 2017 records for
each of the robot segments. The temperature recordings
were saved in csv format and then processed in an excel
spreadsheet.

By plotting the data of the recorded values, the
heating curves were obtained. The curves are presented
in Fig. 3.
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Fig. 3. Heating curves of robot axis during warm-up.

By looking at the curves we can observe that the
temperature of each axis is gradually increasing with a
steeper slope of the axis 4, 5 and 6 (there motors are
enclosed in the upper arm of the robot). Regardless that
the curves are not close to linear, the first method tried to
fit the curves was linear regression, just as a starting
point. For the linear regression, the equation form is the
following:

¥=ax+ b, (H)

where coefficients a and b are:
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The coefficient of determination R? is:

R =13, (5)

and the error of regression can be calculated by:
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n

The linear regression was applied only for one axis
recordings (for axis 1). The equation calculated was:

y = 0.0522x + 11.9655. (7)

The linear correlation coefficient was ry, = 0.8734,
the coefficient of determination R?> = 0.7628 and the
average relative error 4 = 8.4031%. Because the
temperature values are relatively slowly growing and

& &

Fig. 3. Linear regression approximation over real heating curve
of Istrobot axis.

there are no sudden big abrupt changes, the coefficients
of correlation and determinations are quite high although
due to the big number of recordings and the slope of the
heating graph a straight graph (line) as approximated by
the calculated equation cannot fit to the real curve and
can only intersect and be relatively close enough to real
values only in two points as shown in Fig. 3.

The second attempt was with quadratic regression
where the general equation is:

J=ax?+bx+c, ®)

and the system of equations with the unknowns a, b and ¢
is:

aYx24+bYy,+ne= Yy

aYx}+bYxt+cXr = Lxy;. ©)
aXxi +bIxi+cXxi= Exiy
The correlation coefficient R is:
(10)
where:
_ 1
y= Xy (11)

The coefficient of determination is R*> and the
standard error is calculated the same as for linear
regression. The same real temperature recordings (from
axis 1) were used as input for the quadratic regression
and the calculated equation is:

y = —0.0006x2 + 0.1570x + 9.0328.  (12)

In this case the correlation coefficient was R =
0.9838, the coefficient of determination R = 0.9679 and
the average relative error 4 = 3.0125%. The graph of the
approximation equation is plotted over the real
measurements curve as shown in Fig. 4.

By analyzing the graph, it can be see that the
approximation function tends to fit the real heating curve
(unlike the linear regression graph). It is clearly that by
rising the polynomial order of the function the similarity
between the approximation function and the real curve
will be closer.



72 C. Cristoiu and M. Ivan / Proceedings in Manufacturing Systems, Vol. 16, Iss. 2, 2021/ 6974

Fig. 4. Quadratic regression approximation over real heating
curve of Istrobot axis.

The third try of computing the approximation
function was made with cubic regression where the
general equation is:

F=ax®+ bx?+cx+d, (13)

and the system of equations with the unknowns a, b and ¢
is:

afo-i—be[-z +crx;+nd= Yy

aYxt+bYxi+eXxi+dYx = Xxy (14)
ayYx; +bYxi+crx} +dXxl= Xxty
aXxl bt teXaxt+dYxl = Yxaldy

The  correlation  coefficient,  coefficient  of
determination and standard error of the regressions are
the same as in case of quadratic regression. The
calculated equation is:

¥ = 0.000005x% — 0.001969x> + 0.247369x + 7.769163. (15)

In this case the correlation coefficient was R =
0.9975, the coefficient of determination R?= 0.99520 and
the average relative error A = 1.1737%. The graph of the
approximation equation is plotted over the real
measurements curve as shown in Fig. 5.

The approximation function is in this case very close
to the real heating curve. A very important aspect is that
the number of decimals needed to calculate the
parameters of the function increases. As can be observed,

Temperature[°C] Real measurements / Aproximated function - only axis 1

a1 Axis1

Estimated 1

Cubic ragression

y = 0.0000053378z% — 0.0019689034x> + 0.2473702482z + 7.7691332727

Correlation coefficient

0.9975988000

Coefficient of determination

0.9952033658

Average relative error, %

1.1737583590 %
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Fig. 5. Cubic regression approximation results over real heating
curve of Istrobot axis.

for parameter a of the cubic regression at least 6
decimals are needed. In the hope of reaching a better
mean error, higher order polynomial regression curve
fitting methods were tried but it seems that over the 4th
order, the error could not be improved under 0.38% no
matter the order, but the number of decimals needed to
display the coefficients went over 9. So unable to foresee
the final compensation method or the computing
limitation of the software/hardware equipment that will
be used to develop a compensation solution for the
thermal induced errors of the robot accuracy, the cubic
regression was chosen to further compute the curve
fitting equations for the other 5 axis of the robot
structure. Complete results are presented in the following
chapter.

3. RESULTS

The cubic regression was applied to compute all
curve fitting equations for all 6 of the robot axes. The
equations, parameters values, coefficients and error are
presented further, individually for each for each axis
(compared to real measured values/heating curves).
Heating anticipation of second, third and fourth segments
of the robot arm are presented in Figs. 6, 7 and 8.

Temperature[C]

Real measurements / Aproximated function - only axis 2

s

Ectimated 2

Cubic regression

y — 0.0000052683z° — 0.0019055673> + 0.2500385296x + 8.7937019231

Corelation coefficient

0.9982925694

Coefficient of determination

0.9965880541

Average relative error, %

1.0082084944 %

Fig. 6. Cubic regression approximation results over real heating
curve of 2nd robot axis.

Temperature[*Cl  Real measurements / Aproximated function - only axis 3

Axis 3 Estimated 3

Cubic regression

y = 0.0000033724z° — 0.0012994090z> + 0.1913340708z -+ 75398461071

Correlation coefficient

0.9989306892

Coefficient of determination

0.9978625219

Average refative error, %

0.8596566287 %
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Fig. 7. Cubic regression approximation results over real heating

curve of 3rdrobot axis.
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Temperature[°C]
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y = 0.0000064340z* — 0.0022638304z> + 02764272268z + 9.0502345715

Correlation coefficient

0.9945476172

Coefficient of determination
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Average relative error, %
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Fig. 8. Cubic regression approximation results over real heating
curve of 4throbot axis.
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Cutic regression

y= 0.0000091871z" — 0.0032752873z + 0.4043504044z + 9.0982660360

Correlation coeficient

0.9969407331

Coefficient of determination Average relative error, %

0.9938908252 1.6269127684 %
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Fig. 9. Cubic regression approximation results over real heating
curve of Sthrobot axis.

1 Real ements / Aproximated function - only axis 6

Axis6

Estimated 6

Cubic regression

y = 0.0000119278z" — 0.004130890822 + 0.4861993377z + 9.8216536679

Correlation coefficient Coefficient of determination Average relative error, %

0.9953105435 0.9906430780 2.0295184211 %
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Fig. 10. Cubic regression approximation results over real
heating curve of 6throbot axis.

At this moment, it can be observed an increase of the
relative error of approximation caused by a steeper slope.
The rise in temperature of the motors is a little higher for
axis 4, 5 and 6 because they are encapsulated inside the
upper arm of the robot making the heat to accumulate.
Heating anticipation of the last two segments of the robot
arm be observed in Figs. 9 and 10.

Temperature[°C] Real measurements / Aproximated function - all axis

E Axis1
Axis 2

31 axis 3

eaxsa

Fig. 11. Cubic regression approximation results for all 6
segments of the robot.

All 6 approximation functions and real heating curves
of the robot are presented in Fig. 11.

The maximum average relative error is about 2.03%
for the 6th axis of the robot which has the steepest slope
of them all and the one for which the maximum
temperature reached is the highest (about 31 °C). Even
that the temperatures are not high, in the given
environmental conditions of the robot working space at
the time of experiments (about 7 °C) in [5] it was shown
that even for these small temperature values the thermal
deformation of the robot induces a drift of the endpoint
(characteristic point) of about 0.097 mm that represents
about 62% of the repeatability error and 12% of the
precision error of this robot model meaning that thermal
drift is inducing significant errors to even for relatively
low temperatures of the robot or working environment.

7. CONCLUSIONS

Recalling the final objectives specified in the first
chapter for developing a compensation solution for the
errors caused by the thermal deformations of the robot,
both for the warm-up period of the robot as well as for
the steady thermal state, the results presented in this
paper (as a result of research performed for postdoctoral
project of the first author) solve the a5 sub-step of
prediction and estimation of the temperature of the robot
segments as a function of time (during warm-up). In the
calculated equations all the parameters are known, and
the temperature can be successfully predicted by
replacing x with the time elapsed from the start of the
robot. In future research, one expects the finding of the
correlation between individual temperatures of each
robot segments and thermal deformations measured at
the end flange of the robot. If so, a compensation
solution may be developed in order to increase the
precision of the robot during the warm-up period and
after the thermal stabilization. Two very important
aspects must be considered:

a) Every robot model has a unique thermal behavior and
for each robot model, the experimental procedures of
temperature recordings and thermal drift must be
performed.

b) The measurements and then the computing of the
heating curves equations must be performed in a
thermal stable environment like that in which the
robot is planned to operate.

The measurements on IRB 140 robot model were
performed in a quite cold environment in which the robot
works (about 7 °C at the cold start of the robot, the
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temperature of the room from the laboratory at that time)
would not fit if the robot needs to be moved and operate,
such as in a 40 °C environment. The working conditions
of the robot are mandatory to be known.

The predictions of the robot temperatures axes,
performed by regression analysis provided results with a
mean error of about 2.03% that represents less than 1 °C
error. It should not be forgotten that higher polynomial
order equations can provide much accurate predictions
but with the downside of the bigger number of decimals
needed to be computed for equations parameters and
possible bigger computing capabilities of
software/hardware  equipment that the thermal
compensation calculations will be performed.

The work presented and the results are closely related
to [3, 4, 5] (and still needs a lot of future work to achieve
the final objectives) represents a general template of
theoretical and experimental procedures that can be
replicated for any articulated robot arm and for different
temperature conditions of the working environment of
the robot. Of course, after the development of the thermal
compensation solution, there are things that can be added
and improved. For example, in [8, 9] friction between
some of the robot components was considered as heat
source and the results showed significant temperatures
(up to 60 °C) caused by friction. But returning to the
actual stage, presented in this paper, the plan for the near
future research is to use calculated equations in the
following step of finding a correlation between the
thermal drift of the characteristic point of the robot as a
function of time in the warm-up period of the robot.
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