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Abstract. The present paper describes an algorithm for the identification of the
dynamic parameters of an industrial robot. This approach is based on the possi-
bility to write robot dynamics in a linear form with respect to a specific set of
dynamic parameters. To properly detect them, the coefficients of a 5 order Fast
Fourier Series (FFS) trajectory have been optimized using a genetic algorithm.
Such identification trajectory has been then commanded to a URS collaborative
robot from Universal Robots and experimental joints torques have been recorded
at a frequency of 125 Hz. Base dynamic parameters were identified using least
square errors optimization reaching low standard deviations. The algorithm has
been validated with a second persistent trajectory with good results. Temperature
effects on friction coefficients have been analyzed by running two identification
processes: one just after the first power up of the robot and the other one after a
half an hour warm up.

Keywords: Industrial Robots, Collaborative Robotics, Dynamic Modeling, Pa-
rameter Identification, High-Fidelity Modeling.

1 Introduction

High-fidelity (HF) models of industrial robots can be used to predict the behavior of a
manipulator for different tasks and operating conditions. Moreover, recent researches,
like [1], [2], and [3], highlighted how mathematical models might have a key role for
failure detection and prediction in several mechanical and electrical systems. In this
framework, a deep knowledge of the robot under analysis is needed to carry out reliable
simulations based on a model customized on a specific machine. Nevertheless, as it
often happens in industry, while the kinematic parameters of a manipulator are usually
provided by the manufacturer, the same does not apply to the dynamic ones. As an
example, Universal Robots provides, for UR cobots, only 4 out of 13 dynamic param-
eters for each joint/link: mass and position of the center of mass. Even URSim, the
official offline simulator developed by Universal Robots, does not take into account all
of them. As a consequence, under the same input trajectories, torques predicted by any
model of the manipulator could be very different from the ones measured from the robot
itself. This could lead to a wrong evaluation of the power used by the robot during a



specific application or to a not reliable assessment of the risks related to a collaborative
robotics application such as a collision between the cobot and the human operator, that
could cause severe accidents in those cases in which anticollision algorithms are used
to modify the trajectory in real time to react to the motion of the operator, as reported
in [4-6].

To overcome these limitations, the present research provides an algorithm able to
identify the dynamic parameters of an industrial manipulator. The proposed approach
has been validated with a URS5 collaborative robot.

2 Mathematical Model of the UR5 Collaborative Robot

For an industrial robot, the inverse dynamics formulation can be derived using Euler’s
equations or a Lagrangian-based approach [7]. So, for a n-dof (degrees of freedom)
manipulator, at a given instant £, it is possible to write:

M(@)q+C(qq)q+F(@+6(g =1 (M

where M(q) € R™ " is the symmetric positive definite mass matrix, C(q, q) € R™™" is
the Coriolis and centripetal coupling matrix, F(q) € R" is the friction force vector,
G(q) € R" is the gravitational force vector, T € R" is the joints torques vector while
q, q, 4 € R™ are, respectively, the joints angular positions, velocities, and accelerations.

However, for the purpose of this research, it is necessary to rewrite Eq. (1) in a linear
form with respect to a set of properly defined dynamic parameters p € R13" as:

Yp=r< 2

where ¥ € R™13" is the regression matrix or regressor. More in detail, for a generic
trajectory point &, Eq. (2) has the structure reported in Eq. (3):
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where Y,-d(k) € R™ 107 ig the regressor block built from the Lagrange motion equations

according to [8]. In addition, for a complete model of the manipulator, Coulomb and
viscous friction phenomena are described, for each joint i, by, respectively:

Yc(k) = diag (tanh (ﬁ)) € R™" and Y,,(k) = diag(q;) € R™". The effects of

motors inertia have been implemented in Y,,m(k) = diag(q;) € R™". Similarly, p is

composed by Pia = [Pia,1) Pia,2 Pia3 Pida Pias Pias) € R'O™ where, for the single
body i, Pida,i = [m,mx, my, mzl]xxl]yyl]zzr]yz = ]zyr]xz = ]le]xy =]yx]i € Rlo:
which contains the information about its mass, the position of the center of mass ac-
cording to the x;, y; and z; axes and its moments of inertia. The Coulomb and viscous
coefficients have been grouped inside P, = [fe1, fezs fe3 foar foso fr6] € RS and



Py = [forr fozr fozr foar foss fre]l € RS, while the motor inertia of each joint are stored in
Prm = G* [Im1, Iz Im3» Imas Ims» Ime ] € R respectively, where G is the gear ratio.

2.1  Regressor Reduction

Since not all the manipulator dynamic parameters are linearly independent, it is neces-
sary to remove from the regressor Y all the null columns to create a reduced matrix ¥
with mutually independent columns, so that ¥ -pg = T, where pjy is the base dynamic
parameter vector. To do this, two numerical approaches are commonly used: QR de-
composition and Singular Value Decomposition (SVD). As in [9], the symbolic regres-
sor Y € R™13" s evaluated using 25 random values of angular positions, velocities,
and accelerations. Each single regressor is stacked to form Y, € R25nx13n By apply-
ing the SVD reduction, Y,. is written as Y,5=UZVT, where
T = diag(o;) € R1¥™*13% 5 3 diagonal matrix whose elements are the singular values
o; of ¥, reported in Fig. 1(a).
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Fig. 1. (a) Singular values of the 1725 matrix as a function of the number of the dynamic param-
eters p; (b) Cumulative energy of the 17'25 matrix.

This analysis highlights how, in order to describe the 100% of the cumulative energy
of the system [10], shown in Fig. 1(b), it is necessary to choose 52 base dynamic pa-
rameters. This information is used to check the quality of the QR decomposition
adopted to reduce the system from ¥ € R®*78 to ¥, € R®*5?and from p € R”® to
P € R52. As a result, among all the aforementioned 78 dynamic parameters of the
URS (13 for each joint), only 30 are totally identifiable, 39 are identifiable with linear
dependency, while the remaining 9 do not contribute to the dynamics of the manipula-
tor, so they cannot be identified.



2.2 Excitation Trajectory

For a proper identification of pg, the UR5 has been commanded with a trajectory built
using a 5 order Finite Fourier Series (FFS) as suggested by [11-13]. Alternatives to
FFS could be found in [14] and [15], where a 5" order polynomial is used, or in [16] in
which a B-splines have been selected. Angular positions, for each joint i, are calculated
according to Eq. (4):

qi(t) = qio + Xi=q aiy sin(wplt) — by cos(wylt) 4)
where:

— wyis the fundamental frequency, equal for each joint in order to guarantee the peri-
odicity of the robot movements. It is defined as w/=2zT, where T is the identification
trajectory period set to 10 s;

— ¢io is the joint position offset. According to the robot mounting configuration
adopted during the experimental campaign, it is equal to [0, -7/2, 0, 0, 0, 0] rad;

— aj; and b;; are the coefficients of the FFS that have to be found by optimization in
order to define a persistent identification trajectory able to continuously excite all
the identifiable dynamic parameters.

Since the URS must be able to execute the identification trajectory, physical constraints
of the manipulator and of the test bench, on which the robot is mounted, have been
implemented by adapting the non-linear constraints described in [17]. These limits have
been chosen both according to the mechanical constraints of the robot (g,q, and
(max are equal to m rad/s and 5.5m rad/s? respectively) and to avoid any self-collision
of the robot or with the environment by setting ;4. = [27, 7T, 7T, 27, 27, 27] rad.

Moreover, to prevent high vibrations or unexpected behaviors at the start and end
points of the commanded trajectory, the initial and final values of angular velocities
and accelerations of each joint have been imposed to be 0.

The FFS coefficients a;; and b;; have been identified using the MATLAB Global
Optimization Toolbox. In particular, due to the large dimension of the problem, a ge-
netic algorithm (GA) has been used as proposed by [18] and [19]. According to [20],
several cost functions could be used as the objective function to be minimized by GA,
such as the one in Eq. (5) used in the present work:

min cond(Y5(q,4,9)) (5)
a.4.4q
— YB'l .
where Y = € ROXNAIDXS2 iq the observation matrix built by piling up the
Ypnia

single regressors Y for each single trajectory point k of the identification trajectory.
To solve the constrained non-linear optimization problem, a population of 300 individ-
uals has been used in the GA and, after five generations, the algorithm converged to a
solution returning a condition number of 153. The resulting angular positions com-
manded to the URS are reported in Fig. 2.
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Fig. 2. Angular positions of the URS5 joints during one period of the identification trajectory.

To prevent an ill-conditioning of the observation matrix ¥, the identification trajectory
has been repeated three times. To execute both the identification and the validation
trajectories, the servoj function, developed by Universal Robots, has been adopted us-
ing a lookahead time and a gain of 0.03 and 500 respectively to avoid any vibration of
the robot arm.

3 Results

Since the URS5 provides only the angular positions and velocities of the joints at each
trajectory point k, while the regressor also needs the values of the angular accelerations
to estimate the joints torques, it has been necessary to calculate them by numerical der-
ivation. This operation, however, could amplify the noise of the data, so a filter has
been adopted as suggested by [9] and [11].

Moreover, the robot used in the experimental campaign is not provided with torque
sensors on its joints, so these values have been calculated by multiplying motor cur-
rents, gear ratio, and torque constants K. For the robot used in the experimental cam-
paign, the gear ratio is 101, while the values of K, equal to [0.1350 0.1361 0.1355
0.0957 0.0865 0.0893] Nm/A, are provided by the manufacturer.

The base dynamic parameters are obtained through the URS5 torques

Tipa
Tp = : measured during the identification trajectory, by using the least
Tip,N_id
square errors optimization:

Ps = (71T3' }_,B)_l'}_lg “Tip (6)



An alternative method to Eq. (6), which takes into account the different joint sizes of
the manipulator joints, is proposed in [9].

3.1 Algorithm Validation

To validate the proposed algorithm, a second persistent trajectory has been commanded
to the URS and the predicted torques have been calculated using the reduced regressor
and the identified base dynamic parameters. An example of the results obtained with
the validation trajectory for the URS elbow (joint 3) is reported in Fig. 3.
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Fig. 3. Measured and predicted torques of the URS elbow for the validation trajectory.

Since the described model does not take into account the static friction of the robot,
there could be higher errors among the predicted torques and the measured ones when
the manipulator does not move.

To better evaluate the goodness of the proposed algorithm, the normalized error,

1 5 — .
defined as: ey = voal eT.e can be calculated, where e =Ygpy —Typs with

Yp, Tyrs1
Yy = : and Typs = : being the measured torques for each point
YB,N,val TURS,N_val
k of the validation trajectory. In the proposed example, the normalized errors ey is equal
to 0.0550.

3.2 Effect of Temperature on Dynamic Parameters

In order to understand the effect of friction on the results, the impact of joints temper-
ature on the estimate of the base dynamic parameters pg has been considered. To do
so, the identification trajectory reported in Fig. 2 has been commanded to the URS, first
just after its power up (cold robot) and then, after 30 minutes of high dynamic



movements (warm robot). The temperature of the URS joints in the two working con-
ditions have been registered to be:

— Cold robot: T =[24.0, 24.0, 21.1, 24.7, 21.5, 22.5] °C;
— Warm robot: T = [33.8, 31.6, 29.8, 35.1, 36.8, 37.2] °C.

The results are reported in Fig. 4, where it can be noticed that all the base dynamic
parameters whose values should not be affected by temperature (pg (1) — pg(36) and
P(49) — pp(52)) are nearly the same in both working conditions. On the other hand,
there are differences in the friction parameters (pg(37) — p(48)), in particular in the
ones related to viscous friction (pz(43) — p5(48)), where it has been registered a re-
duction of up to 35%. This test highlights how temperature affects the viscosity of the
grease used to lubricate the joints and proves the stability of the proposed identification
algorithm.

UR5 base dynamic parameters cold vs warm robot
T T T

o cold robot [P, warm robot

= -
o o
T T

Dynamic parameter values
[3,]

0 | . -

L L L
0 5 10 15 20 25 30 35 40 45 50
Index in the base vector Pg

Fig. 4. Values of the dynamic parameters of the URS5 collaborative robot just after its power up
(cold robot) and after a half an hour warm up (warm robot).

4 Conclusions

In this paper, a method for dynamic parameters identification of an industrial robot has
been described and tests have been run using a URS collaborative robot with good re-
sults. During the experimental campaign, temperature dependency of friction coeffi-
cients of the robot has been highlighted and quantified.

The results of this work will be used to build a high-fidelity model which can be
customized on a specific machine. Such virtual environment could be used both for a
more reliable safety assessment of a specific robot application and for a better repre-
sentation of the behavior of the machine both in nominal and degraded working condi-
tions.
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