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manipulator, experimental validation. the manipulator dynamic behavior for the validation of the de-
veloped friction model. Finally, the results are compared with
Abstract those obtained by estimating the manipulator inertial param-

eters, together with the parameters of a simplified third order
Control algorithms for precise motion control require a conpolynomial friction model. Experiments confirm the validity of
plete robot dynamic compensation, including also nonlinetre available, nominal, inertial values, and show that, at least in
friction phenomena occurring at very low velocities. Severaur case, similar results are obtained by the two friction mod-
models, including botlistatic anddynamicfriction, have been els.

progols Edd'r? the lads.;. feV.V yearlsJ, tfhe most lused be|3g th.e Lu_% outline of the paper is as follows. Section 2 is devoted to
modet an |ts.mo. ! |.cat|ons. n ortu'nate Y, 2 goo e,sf“mat'cfﬂction modelling and identification, while in Section 3 a brief
of the dynamic friction parameters is often quite difficult t escription of the manipulator experimental setup is given.

be z_ichleved np ragtlge. In this paper, _the parameters of &ction 4 describes the dynamic and friction model identifica-
static part of this friction model are estimated for a double-

) . ) : " fion procedure, reports the experimental results for validation
arm direct-drive planar mampulator,. and the |Qent|f|ed mod ﬁd draws the conclusions.

is used for torque reconstruction during an assigned motion, by

considering the nominal values of the robot inertial parameters. L )

The results are compared with those obtained by estimating the Friction modelling

manlpulatp_r mertllal parameters, tqgether_ with the parametﬁqsthis section, the main characteristics of the friction phenom-
of a simplified third order polynomial friction model. Exper-

. . - . . "~ ena and the various friction models proposed in literature are
iments confirm the validity of the available, nominal, inertial . . . . ;

) - riefly reviewed, before discussing the experimental results ob-
values, and show that, at least in our case, similar result

sarg 7. o N
obtained by the two friction models. %_uned in the friction identification tests, performed on the con-
sidered robot.

Different models have been proposed in literature, see e.g.
[3, 11, 4, 12, 13, 20, 15, 9] to describe in a more or less ac-
Friction torques are among the principal phenomena affecti@igrate way all the friction components. A basic classification
the performances of motion control algorithms at low velocif the friction models is relative to thestaticor dynamicchar-
ties, as they can lead to significant tracking errors, stick-ar@teristics [18].

slip motion and limit cycles [14, 3, 5, 12].

1 Introduction

The classicabtatic models describe friction as a function of
The nonlinear nature of friction torques makes simple Plthe relative velocity of the bodies in contact, taking into ac-
controllers questionable, especially when the control algoritrgaunt some of the various aspects of the friction force, such as
must cope with both low velocity stiction torques and high vé=oulomb friction, viscous friction, stiction, and the so-called
locity coupling torques between links [11, 5, 16, 17, 2, 19]. Stribeck effect, which is relative to the low-velocities region, in
which friction decreases as velocity increases. Different non-

ths .]Eap(_ar presen_ts and dISfCUSSej the rcjgsults dqf pzramﬁgﬁr functions have been proposed to describe such aspects,
dentification experiments performed on a direct-drive dou Sking into account only theurrentvelocity value (thus defin-

arm planar manipulator, having noticeable nonlinear fricticm static friction models). The simplest choice is given by a
torques on both joints. The friction is assumed to be describ éynomial function of a sufficiently high order

by the so-called LuGre model, one of the most accepted friction
models available in literature [11, 4, 12, 10]. The model proposed in [4] can be considered as an interme-

A DSP-based i hi imol , , iate step towards dynamic models; it introduces temporal de-
-based real-ime architecture, implementing SIMRR,,jencies for stiction and the Stribeck effect, but it does not

joint-independent PD control laws, is used to collect the daﬁﬁndle presliding displacement, which is addressed by a proper



dynamicfriction model dealing with the behavior of the microomode. The basic mode is tiH®erque Modeand it will be the
scopical contact points between the surfaces. only one used in this work to control the manipulator.

The well-knownLuGremodel [12, 18] takes into account bothThe control architecture, call€@dpenDSRPhas been developed
the steady-state friction curve and the presliding phase by the Mechatronics Laboratory of the Politecnico di Torino
means of flexible bristles, representing the contact points lmfth in its software and hardware parts, and represents the en-
the moving surfaces. According to such a model, the behavimnced, industrial evolution of an older, educational version,
of the friction torquery; on thei-th joint of a manipulator can illustrated in [1]. OpenDSRonsists of a DSP board and a pro-
be described by the following equations: grammable input/output board. The system is linked via en-
hanced parallel port (EPP) protocol to a host PC, and by some
B Goi: ) C(_)nngctions to each axes interface. A Mqtlab envirpnment with
9i(Gi) Simulink runs on the host PC and can interact with the DSP
Tro o= 00izi + o+ fi(d) (2) board. The architecture of the complete experimental setup is
sketched in Figure 2.

|

Z = g

whgrgqi is the.angular' velocity of the join( being t.he joint The OpenDSP system includes a new toolbox for Matlab called
position poordlnate);_«i ISa s_ta_tg variable representing the aW\'/IatDSF} which allows the Matlab-code interaction with the
erage bristle deflection for joint oo; andoy; are model pa- pgp |y this way it is possible to read or change any variable
rameters assumed to be constant, a#d;) and f;(¢;) model grocessed by the DSP, in synchronous or asynchronous mode,

the Stribeck effect and the viscous friction, respectively. F hd the control algorithms written in C can be compiled, down-
constant velocity, the steady-state friction torque is then givﬁféded and started/paused on DSP.

by:
o (s - (5 More details about the OpenDSP architecture and real-time

i = 9i(0i) SONG) + £i(d) 3) software, which belongs to the so-callemind-robin with in-
Different parameterizations are possible for functigngj;) terruptsarchitecture group, can be found in [6, 7].
andf;(¢;): the first one is a nonlinear function of velocity, gen-
erally expressed by means of exponential terms, while the sgc-
ond one can be given by a simple linear viscous function or by
a higher order polynomial function, when required for a bettgthe model of the manipulator under study can be described by
fitting with the collected experimental data. the following second-order nonlinear differential equation in

R2:

3 The Experimental Setup M(q)q+C(q.9)q+ 75(q,q) = Tc (4)

wheregq, q, andq are the vectors of joint angles, angular ve-

;I'h? cogsl;delrlacli rﬁg(: Isa gIaEatr tr\]N(:j-errllS_ manfuﬁor' MmanyGities and angular acceleratior®f (q) is the configuration-
actured by ( ). and sketched in Figure 1. The maX'dependent inertia matrix, including both links and motors in-

mum extension of the link{ +£,) is about 0.7 m, the angularertia’ C(q, q)q is the term containing Coriolis and centrifugal

limits being=2.15 rad for both joints. torquesr ¢ is the friction torque vector, and. is the command
torque vector. The gravitation effects are considered to be neg-

‘ q2 ligible, due to the physical placement of the manipulator arms

moving in the horizontal plane. Each command torque can be

expressed as a function of the command input voltageof

the corresponding actuator according to equation

Dynamic and Friction Model Identification

Te = Km—vm (5)

whereK,, is the voltage to torque gain.

Figure 1: The geometrical scheme of the IMI planar manipula-

IMI robot
tor. S

s

The arms are driven by a couple of brushless NSK Megatorque ” 4 Ii
direct drives. Two control modes are available, ffarque
Modeand theVelocity Mode on the basis of the resolver sig-
nals, a current loop is closed to regulate the torque in the first
case, whereas a further velocity loop is added in the second Figure 2: The experimental setup.

OpenDSP rack Drivers



In a previous paper [8], friction has been characterized takidgrived from the manipulator dynamic equation (4), has been
into account only two main aspects of that phenomenon, icansidered:

Coulomb friction and viscous friction, obtaining only partially
satisfying results. This paper investigates the possibility of ob-
taining a more accurate reconstruction of the real behavior of
the friction torques. Only static friction is considered at this
moment. wherer.,.. is a torque vector that contains all neglected mod-
elling errors including dynamic friction phenomenon. The
nominal inertial parameters values (see the next subsection for

Ti(q) + Terr =Tc— M(q)§g — C(q,q) 9)

Two models are considered to represent the friction torgges

h joint: ;
on each join more details) have been used to compute matriegs;) and
C(q,q).
a) the static part of the LuGre model; (@.4)
_ _ _ The parameter values to be identified in (3), wtfig;) and
b) a third-order polynomial function af;. fi(d;) defined as in (6) and (7), should be seven for each joint

(the fivea’s together withw,, ; andwss ;). By the observation
Besides, while the available, nominal values of the robot inesf the acquired data, tentative values between 0.1 and 0.3 rad/s
tial parameters are used in the experiments performed to elstive been considered for the exponential parametgrsand
mate the parameters of the LuGre model, as described in Suby;, and a least square algorithm has been applied to a lin-
section 4.1, a complete robot dynamic identification is carriegrized expression of (3)-(7) to estimate tfie parameters for
out when the friction polynomial model is considered, as deach joint. By some iterations, the values reported in Table 1

scribed in Subsection 4.2. have been obtained.
) o ] o Joint 1 Joint 1 Joint2 | Joint 2
4.1 Parameter identification of the static LuGre friction w>0 w<0 w>0 w<0
model ao | 40.854 | —46.473 | 17.837 | 3.408

o1 | —32.454 | 53.873 | —14.837 | —0.408
oo | —31.233 | 55.738 | —14.998 | —0.635

Only the static part of the LuGre model in (1) and (2) is used
to represent the friction torques by considering= 0,7 = 1,2

(thus obtainingy; = 7¢;,,), and the following expressions for az | —0.760 | —0.293 | —0.156 | —0.104
the Stribeck curvey;(¢;) and the viscous frictiory;(;), for ag | —0.262 | 0.177 | —0.050 | 0.036
i=1,2: Ws1 0.19 0.14 0.2 0.3
A W2 0.17 0.15 0.19 0.1
9i(Gi) = i + apge” a0 | - : icti
T v Li N Table 1: Estimated static parameters of the LuGre friction
Fani(1—e Z2:%9My () model.
f(d) = asigi + 0uid? (7

Figures 3 and 4 show the resulting steady-state friction torque
together with the experimental data for the first joint (for posi-

The choice of expression (6) proposed in [11], instead of the, 54 hegative velocity values, respectively). Similar results
more usual Stribeck function given in [12, 18], is motivated beave been obtained for the second joint.

the possibility to achieve a better data fitting in our case, when
used together with the second order viscous friction function
7). .
The estimation of the resulting steady-state friction curve (3) is
performed by tests at different constant joint velocity values. A .
PD control law (with 1 ms sampling time and the actuators in
Torque Modg with high gains to avoid stick-slip phenomena, g
has been used in the experimental tests to move each joint a P
low velocity values. Acquisition at high velocity has been per- " Y
formed letting the joint rotate freely without the links, untila Toel
dynamic equilibrium situation at constant velocity is achieved. +

4
£
&

The friction torque data have been indirectly derived in the *
open loop tests by considering: f

Tck = Tfk (8)

o 05 1 L5 2 25 3 35 4 45 )

wherer.;, and Ty are thek-th samples of the applied mo- o - _
tor torques and of the joint friction torques, respectively. Ihigure 3: Friction torque (Nm) vs. positive velocity (rad/s) on

the closed loop tests at low velocities the following relatiodQint 1.
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4.2 Dynamic Model Identification with Polynomial Fric- Figure 5: Joint reference trajectory for identification
tion Torques

Let the friction torque on thé-th joint be described by the fol- @32 = 0.8656, wyy = 1.3705 (where thew; ; terms are ex-
lowing third-order polynomial function: pressed in rad/s).

o ) T 3 The same PD control law, used in the tests described in the
Tfi = aoiSigN(¢s) + a1idi + a2iSigN(¢i)¢; + azidi- (10)  previous subsection, has been applied to repeat the trajectory
n times, in order to investigate the repeatability of the system
d the measurement noise. Joint position and torque data have
been collected, whereas velocities and accelerations have been
computed via software (with the insertion of a proper filtering
) action).

. . . . . t
It is then possible to rewrite the manipulator dynamic modg
(4) in the following form:

7 =D(q,q.9)9, (11

which is linear with respect to the veci@ycontaining the iden- The Least-Squares algorithm described in [8] has been used for
tifiable dynamic parameters of the robot, and the friction pghe off-line parameter estimation, collecting more than 2500
rameters that define the friction torques (10), @@y, g, q) is  equally spaced samples for each trajectory repetition. The final

properly defined. In particula#, is given by: obtained estimates are collected in:
0 = [[1. +mal? mass. massy Ta. 0 — [3.6457 0.9836 — 0.0012 0.2857 6.8406 2.6236
Qo1 G11 Go1 G31 G41 Qo2 Q12 Q99 Q39 a42]T (12) —1.1580 0.4680 2.3512 0.3069 — 0.3374 0.1252}T (14)

i.e., the identifiable dynamic parameters are the inertia mphe comparison with the values obtained from the manufac-
ments of the links with respect to thg-axis (i.e. the axis per- turer data for the first four parameters, given by:
pendicular to the motion plane) and the first order moments

MaSas, Mass, Of the second link. Onom,1 = 3.689 kg - m?, Onom,2 = 0.97 kg - m,

Onom,3 =0 kg -m, O0pom 4 =0.275 kg - 1n2, (15)
According to the method developed in [8], parameter identifi-

cation has been performed by collecting data on an “optimalonfirm the validity of the results relative to the inertial param-
trajectory (i.e. a trajectory that optimally excites the robot dyster estimates. The estimated parameters have been used to

namics described by model (11)) of the following type: reconstruct the torques by the robot dynamic model (11) with
e 6 instead ofg, and to compare them with the measured ones,

ai(t) = Z o sin(w; it), (13) as shown by Figure 6, with reference to the first part of one of

= the trajectory repetitions; torque errors are also reported in the

same figure. The relative estimation errors, defined as the ratio
for thei-th joint. In particular, the considered reference trajebetween the rms estimation error and the rms value of the mea-
tory (reported in Figure 5) is a four-harmonics function, havinsured torques, result to ke ; = 31.8%, ande, » = 31.7%
duration timeT = 15 s, a;; = —0.4355, as; = —0.4032, for the two joints. It must be noted that local peaks of torque
az; = —0.5, agy = —0.371, a2 = 0.371, ane = 0.2097, error correspond to changes of the velocity sign, i.e., when the
sy = 0.4677, ayo = 0.3387, w1y = 0.7213, wo; = 0.8656, used friction model is probably not adequate to well describe
w31 = 1.082, wy; = 1.8754, wio = 1.8754, wey = 2.0918, the present phenomena.
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Figure 6: Torque reconstruction for the four-harmonics trajeEigure 8: Torque reconstruction for the circular trajectory with
tory. the polynomial friction model.

of the torque reconstruction is comparable in the two cases:
taking into account also the error peaks when velocity changes
sign, the reconstruction performed in the second case seems to

The results obtained by using the two different friction mod2€ @ little better.

els have been compared by letting the manipulator executg 8eems then that the use of the more accurate static LuGre
cartesian circular trajectory. The measured torques have ba@itiel gives no particular advantage in our case, if the dynamic
compared with the ones reconstructed by using the robot gijction component is not taken into account. Current work is
namic model, considering)(the nominal values of the inertial gevoted to the identification of this component, even if practical
parameters together with the friction static LuGre model identiifficulties arise, since more accurate position measurements

fied in Subsection 4.1, and)the parameter vectérestimated are required, and to the application of the identified friction
in Subsection 4.2. Figures 7 and 8 show the obtained resultgnodels to control purposes.

4.3 Torque Reconstruction: Comparisons and Conclu-
sions

tau,: acquired (thin—-dashed), reconstructed (bold-solid) tau,: acquired (thin-dashed), reconstructed (bold-solid)
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