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Abstract—Friction modeling is essential for joint dyjnamic An experimental validation is carried out on a bsdrew
identification and control. Joint friction is composed of a drive prismatic joint.

viscous and a dry friction force. According to Coubmb law, dry

friction depends linearly on the load in the transnission.
However, in robotics field, a constant dry frictionis frequently

used to simplify modeling, identification and contol. That is not
accurate enough for joints with large payload or iertial and

gravity variations and actuated with transmissionsas speed
reducer, screw-nut or worm gear. A new joint friction model
taking dynamic and external forces into account iproposed in
this paper. A new identification process is proposk merging all

the joint data collected while the mechanism is treking exciting

trajectories and with different payloads, to get aglobal LS

estimation in one step. An experimental validations carried out
with a prismatic joint composed of a Star high pretsion ball

screw drive positioning unit.

I. INTRODUCTION

Il. EXPERIMENTAL SETUP AND DYNAMIC MODEL

The EMPS is a high-precision linear Electro-Mechahi
Positioning System. Its main components are a MdGn
motor which is current controlled by a four quadrBiVM
amplifier, a Star high-precision low-friction batrew drive
positioning unit, and an incremental encoder. Theklash
free ball screw drive is the gear converting thampmotion
of the motor to the linear carriage joint displaestn The
EMPS is a standard configuration of a drive system
prismatic joint of robots, machine tools, haptizide... It is
connected to a dSPACE digital control system fosyea
control and data acquisition using Matlab and Sinkul
software [20], [21].

HE usual identification method, based on the irwers

dynamic model (IDM) and least squares (LS) metho

has been successfully applied to identify inewiad friction
parameters of a lot of prototypes and industridiote [1]-
[10]. The kinematic Coulomb friction at non zerdogity ¢

is widely approximated byF.sign(g, where F. is a

constant parameter. The identification consistaaving the
robot without any load (or external force) or withnstant
given payloads [9].

However, according to the Coulomb laW, is a linear
function of the contact reaction in the mechanikrdepends
on the dynamic and the external forces appliedutincthe
joint drive chain. Thus, the usual identified IDBIio more
accurate for joints with varying load, particularlyith
transmissions as industrial speed reducer, scréwmnuorm
gear because their efficiency significantly variggh the
transmitted force. This dependence on load has béen
observed in transmission elements [15]-[19] throdgiect
measurement procedures. Moreover, the
efficiency often depends on the sense of powerstean
leading to two distinct sets of friction parameters

This paper presents a new method
automatically the dry friction model wherE. is a linear

function of the applied force, with an asymmetricahavior.

to identify:

Fig. 1. EMPS prototyp to be identified.

In order to make easy variation of the gravity lodte
EMPS can be fixed in vertical position alternatjveiith the
zjoint positive linear displacement in the grawdiyection or
in its opposite.

The inverse dynamic model is given by:

r= (la +m)q_ mg+ FC S'g'(”)i"' E'q-roff

B . . 1)
=Tou + FCSIQr(@ + Fv q+ T o

where:
g, g and ¢§ are respectively the generalized joint

mechanism position, velocity and acceleration,

7 is the drive force,
7, is the output force (the load force) of the dribain,

I is the inertia moment of all rotary elements ie trive
chain (rotor of motor and encoder, ball, couplimits),
m is the mass of all translation moving elementse{sc
carriage, payload),

Fy is the viscous friction coefficient,



Fc is the Coulomb friction force,

T,; takes into account the amplifier offset and &

dissymmetric Coulomb friction force,

g is the projection of the gravity acceleration twe

prismatic joint axis.

g = 9.81, where axis stays in vertical position, oriented

positive to the earth,

7=(wWw) Wy =w'y 4)
It is calculated using the QR factorization\Wf. Standard

deviations o;, are estimated using classical and simple

results from statistics. The matriw/ is supposed to be
deterministic, andp, a zero-mean additive independent

g = -9.81, wherr axis stays in vertical position, orientednoise, with a standard deviation such as:

positive to the sky.

All variables and parameters are given in Sl uaitsthe
joint linear displacement side (carriage side).

Ill. USUAL IDENTIFICATION MODEL AND IDENTIFICATION
METHOD

A. Modeling

The choice of the modified Denavit and Hartenbeagke
attached to the link allows to obtain a dynamic eidihear
in relation to a set of standard dynamic paramejerf6],

[11]. Most of the methods to identify the joint @dmic
parameters use an identification model linear iati@n to
the parameters, and solve the system using leastres)
techniques (LS) [1]-[13]. With the usual frictioroghel, F¢ is
a constant (Fig. 2.a) and the inverse dynamic m¢bels

linear in relation to the dynamic parameters:

r=[4 -g sigiq q }

where D(q,0) =[4 —g sigt'd ‘g [lis the regressor of

[,+m

m
Fe
K

Toh‘

=D( gy

@)

: . T
the linear relation, and(=[la+m m K F roﬁ] is

the (bx1) vector of theb base dynamic parameters.

B. Identification

C, =E@")=0l, (5)

where E is the expectation operator ahd, the (rxr)
identity matrix. An unbiased estimation of, is:

52 = | ~W /(r -b) (6)

The covariance matrix of the standard deviation is
calculated as follows:

Cy =E[(-2)-2)" |= 2 W'W)* (7)

_ . h . ']
o7 =Cy, is the I diagonal coefficient ofC;,. The

relative standard deviatiobo;, is given by:
%o;, =1000; / X (8)

However, experimental data are corrupted by noisk a
error modeling andW is not deterministic. This problem
can be solved by filtering the measurement ve¥toand the
columns of the observation matN¥ as in [7], [8].

IV. NEW FRICTION MODELING AND IDENTIFICATION
In this section, we introduce a friction model degent on
the load and the sign of the power.
A. Load-Dependent Friction Model
The Coulomb friction is still writtenF.sign(g) but F.
depends linearly on the absolute value of the [Gégl 2.b),

We consider off-line identification of the dynamic[15]-[19].

parameterg, given measured or estimated off-line datarfor
d, g, q, collected while the mechanism is tracking some

planned trajectories: the inverse dynamic model &)

Then the inverse dynamic model becomes:

T = 7o + (]| + B) sign(d + K o+ 7 9)

sampled to get an over-determined linear systerh f@t \where the parametersr and B are constants to be

(3). The velocities and accelerations are calcdlaising
well tuned band pass filtering of the joint pogiti®].

Y(7) =W (q,9,9x +p

®3)

identified. These new parameters depend on the anéd
structure of the reducers used to actuate the joint

The inverse dynamic model can be written as follows

with Y (7) the measurements vectdwy the observation T:Tout+a|rout|5igr(.cp+ﬁ3igm.q+ BGrT (10)

matrix and p the vector of errors.

The LS solutiony minimizes the 2-norm of the vector of
errors p. W is a (rxb) full rank and well conditioned
matrix wherer = N_x n, with N, the number of samples on

the trajectories. The LS solutign is given by:

And with |7,

out

r= Z-out +arout5igdrout) Slgr( q+ﬂ 5'9(‘)]+ E q Toﬁ (11)

Thus, the IDM depends on the signsmyf, and ¢. With

| = 7,,8igN(7 ) , One obtains:



sign(7,,) sigrf 9 = sig(r,, B, one defines 4 quadrantsr=r,, +F,q+arsign(P )+ 5 sigh §+7

which can be grouped two by two (Fig. 3.a), depegdin
the sign of the output power denotd®), =7,,4. In the

(14)

Each modeling takes the load-dependency of friciino
account. Starting from the (4x1Q) models, a singaifon

quadrants 1 and 3R, is positive and the actuator has argcedure based on the identification results Ie@dshe

motor behavior. In the quadrants 2 andR, is negative
and the actuator has a generator behavior whichsanes the

simplest model.

amplifier.
This model is valid for symmetrical friction. Geaéy,
the friction is asymmetrical and and S can take different

values depending on the quadrant where the jons.ru

a) Friction A b) Friction A
TOUI
Fe / P %increases
:q - > q
=

Fig. 2. a) Usual friction model with constdrd.
b) Parametric effect of the load on friction model

B. Power Sign-Dependent Friction Model
We present here 3 ways of modeling.

4 modelg4x1Q)for 4 different quadrants
In the general case, the friction parameters 8, and

T, depend on the signs @f, andq in the frame §,7,,).

Fig. 3.a. That means that there are four diffexatties for
a, B and 1, (one for each quadrantyr,, 5, a,, 5,.

a,, B, and a,, B, (the offsetsr regroup with the

friction model should be more complex because afl@ub
friction resulting from internal preload and hystsis. Then,
one cannot use the quadrants. To simplify and azinthe
guadrants models, a relevant approximation congists
extending them in this area which can be considered
uncertain for the experimental identification. This
simplification is illustrated in ax(,7,,) graph (Fig. 3.b). It
should be noticed that within this area, the meigmaris no

longer transmitting power which is totally dissigdt in
friction losses.

A
a) r b) Tout 1
t N S
o Simplified o 1
@ @ and uncertain
o 1+an
Pout <0 Pout> 0 [y
<
Generator | Motor g oo
Pou>0 | Pou<0 r
Motor | Generator
Q|®@ Lo
Friction
Q.
1
o

Fig. 3. a) Four quadrants framé§ (7_ ) for motor or generator behavior.

out

b) Asymmetrical friction for a given velocityj, and definition of the

parametersf ), which defines four different models named-ncertain area.

(4x1Q).

>0& q>0=>7=(1+a)r,,+ Kot 5,
>0& q<0=>71=(1-a,)r,,+ KO 5,
<0& q<O0=>7=(l+ayr,,+ Ko 5,
<0&¢>0=r=(1-a,)r,,,+ KO+ 5,

12)

TOUt
TOUt
TOUt
TOUt out

2 modelq2x2Q)for quadrants identical two by two

In some cases, the friction is symmetrical withpeed to
the velocity and the 4 models can be simplifie@ tmodels.
The parametersr, S and r, have only two different

C. Friction identification method
The friction models depend on the sign if, which is

unknown. To overcome this problem, the samplesrof
measurements are selected outside of the uncartén(Fig.
3.b) in order to get the same sign iQy, and r . This allows

to get the sign oP,, with:

out

sign(R,) = sigrir,, 9= siglr ‘p= sign} (15)
The (1x4Q) modeling can be written:
r= Z-out + qu +aToutSigr( F) +ﬁ S'Q'QQI"‘ Toff (16)

values, a,,, B, T, for the motor quadrants 1 and 3 and

ay, B, Ty, for the generator quadrants 2 and 4.

F:aut >0:>T:(1+am)rout+ qu+ﬂm8igm.q+roffm (13)
Put <0=7=(1-a )T+ RO+ S Sigh §+7 o

out

1 model(1x4Q)for 4 identical quadrants
In the case of symmetrical friction with respectrig and

g, the models simplify to 1 model for 4 quadrants.

For the (2x2Q) modeling, 2 variables are introdyced
and P~ defined by:

pr=120D pso - proy Peo - =0 (1)

p = 1—sizgr( P =p (18)



Then (13) can be written in one model:
T=P" (1+a, )T+ P (l-a )T+ ...
P+ wm Slgr‘(q+ Toff m)+ P (Bg Slglﬁ QT‘L Toff g)+ E

For the (4x1Q) modeling, 4 similar variables hawebe
defined to obtain one model only.

(19)

As 1, is linear in relation to parameters, soris Thus,

for each friction model, one can write the IDM lamein
relation to parameters and use the LS technique.

V. EXPERIMENTAL IDENTIFICATION
The identification process has been performedtferfour
different cases: first with the usual model wheffg is
constant, then with the 3 friction models dependimgthe

load. We have observed that the modeling with fdentical
quadrants (1x4Q) was insufficient because the idiicts

asymmetrical here. Moreover, the modeling with four At a first step, we proceed separately for each (k)

different quadrants (4x1Q) was not indispensablethes
parameters are very close for the two motor quadstamone
hand and for the two generator quadrants on ther dtand.
That is the reason why only the modeling with qaats
identical two by two (2x2Q) is detailed here ananpared
with the usual model. The methods for the othees\ery
similar.

A. Data Acquisition

The identification of dynamic parameters is carrima
with and without payloads: five different additidmaasses
can be fixed on the carriage. To excite properdy ftiction
parameters to be identified, trapezoidal
trajectories were used. The sample acquisitionufeaqy for
joint position and current reference (drive forse) KHz.

The estimation of] and § are carried out with pass band

B. Identification
To identify the load-dependent friction, measuretmen

with known payloads must be used and one needs the

relation:
m=m+ m

where:

(21)

m, is the unknown mass of the translational elements,

with the carriage free of additional mass,

m, is one of the 6 additional masses, fixed on the

carriage, with accurate weighed values: 0 kg, k85
3.0266 kg, 4.7882 kg, 9.9162 kg, and 14.704 kg.

Hence for the sampleg,, with the additional masm,, ,
(1) becomes:

Ly =(,tm)d-—mag+ m, (o ¥+ Esidi)r Fary (22)

experiment to get 6 different usual identificatiok®eping
only the samples at average constant velocitieshiowit
acceleration, the load corresponds to the gra¥fgce One
uses usual LS method as described in IIl.B. Thetian of
F. as a function of the 6 payload values is giveifim 6
(see the asterisk*), in order to show the linegrethelency on
load.

At a second step, to identify the usual model vath
samples, one distinguishes the weighed mags and the

mass m,, estimated by the identification. Thus, the usual

model is written:

velocities

Ty = (1, +mp)d—m, g+ (23)

o FoSiON Q) G 7,y

filtering of q consisting of a low pass Butterworth filter and

a central derivative algorithm. The Matlab functibitfilt
can be used. This is a zero-phase forward andgse\hgital
filtering. We calculate the drive force using tledation:

T=G,v, (20)

where v, is the current reference of the amplifier currenf”
loop, and G, is the gain of the joint drive chain, which is
taken as a constant in the frequency range of totr Yusua|=T=[rT(1) TT(G)T

because of the large bandwidth (700 Hz) of theeturloop
[14].

In order to cancel high frequency ripple ¥n (and 7) ,
the vectorY and the columns of the observation maifix

are both low pass filtered and decimated. This llghra

filtering procedure is carried out with the Matldbecimate
function [2], [10].

Then, the sampled measurements,kfdrom 1 to 6, are
concatenated using them, corresponding to each

experimentK), to get the linear system:
Yusual :Wusuax usuaﬂ- p usu (24)

ith the measurements vector, the observation rand
the vector of base parameters below:

(25)
Wew=[d -9 m,(@G-9) sign® q 1] (26)
XusuaI: |a+m0 rn:) rnae FC FV Toﬂ:| (27)

At a third step, the proposed model is identifiathw

Ynew :Wnewx new+ p nev (28)



with the measurements vector, the observation maand EMPS, a,, and a,, are very close whereg§, and 5, are

the vector of base parameters defined as follows: significantly different.

Y _Yusual (29)
W, =[P4 -P'g P'm,(G-0) P'sign@ P .. o)
P4 -Pg P'm,G-g) Psigng) P ¢
Ze=| (14, (1t m) (Tra)m (¥a) B, 7 1) Lok
T =2 s
(1—09)(|a+m)) (1—ag)ng (].—ag) By Toig FVJ : Omm%wrm i WWWWW“W%MW%
= ool | M M N L i .
Here P* and P~ are diagonal matrices, with: AR L 1 1
N e BT T B e
+_ 1+ signP) _ _ 1- sigR) O I N IR e S
Ris— Ris—— (32) .300,,1@% ,‘W, ,‘M w Measurement
| | | ! | | | | Error
‘ ‘ ‘ ‘ Z‘l. l.‘2 1‘.4 1‘6 ‘ :

The two models are compared using exactly the same “®; 02 0z o5 os s 2
identification method with the same measurements. Samples x 10*

Fig. 4. Direct validation performed with usual IDM
C. Results

The values identified with usual IDM and OLS regiess
are given in Table | and those with the new IDMable II.
For each model, Fig. 4 and Fig. 5 present a diralidation
comparing the actuat with its predicted valuéVy . In Fig.

6, it can be seen that the variation of the ushalis the

mean between motor and generator values, excephdo?
first masses because the load is to low and the jeorks
only in motor mode (see the uncertain area Fig). Ihat

explains also why the parametét-a,)m, is not excited l l l
| | |
200 - r oo

i |
M ey, L |
| |

Input T (N)
=
£

=
=
"
-
=
%
E
S
S
1
=

| | |
| | | |
| | | |
enough and not well identified. waad wd T L
M “|‘WW , i ! ! ! ! Measurement
800 — - —em S L H
TABLE | : I : | : : : : : Esnmatlon
rror
IDENTIFIED VALUES WITH USUAL IDM -400 : : : : ‘ : : : : :
— " 0 0.2 04 06 038 1 12 14 16 18 2
Identified Standard Relative Samples 4
Parameters PN L x 10
Values deviation * 2 deviation ) . o .
lat Mo 64.799 0477 04 % Fig. 5. Direct validation performed with new IDM.
Mo 1.047 0.012 0.6 %
maJmaW 1.025 0.002 0.1% Evolution of Friction
Fc 38.277 0.237 0.3% 60 ; ;
R 396.550 2.894 0.4% sl ___ L L o |
Toff -7.935 0.078 0.5% I I
| | *
,,,,,,,,,,, S A
TABLE Il %0 | o|
IDENTIFIED VALUES WITH NEWIDM P L Lo o |
Identified Standard Relative = | *
Parameters - . £ | |
Values deviation * 2 deviation S b __ R ]
(L+am)(I+mo) 65.850 0.375 0.3% 3 D; o!
(L+om)mo 0.821 0.008 0.5% Sl ]
(1+am) 1.174 0.001 0.1 % n * ! !
Bm 31.337 0.171 0.3% o D
Toffm -8.415 0.059 0.4 % o : *  Fc (usual model)
(1-0g)(latmo) 68.339 0.692 0.5% 1] S Femm O a,mg+py H
(1-0g)mg 0.711 0.182 12.8 % © ! O agmath,
(1-0g) 0.831 0.004 0.2% 20 5‘0 0 50
Bg 21.780 1.803 41% Gravity - m_g (N)
Toffg -7.070 0.122 0.9 % ) ) o )
Fy 409285 1.983 02% Fig. 6. Evolution of Coulomb friction and companisbetween the models.

In direct validation, it is shown that the preditterque is  Moreover, Table lil presents the relative norm U_bES
improved with the new IDM. It can be seen that, foe |]/|Y] for the two models and for two sets of experiments



TABLE Il
RELATIVE NORM OF ERRORS WITH BOTH MODELS
Relative norm | Relative horm
of errors with | of errors with
the usual model| the new model

Measurements used for the
identification

Samples without additional masps

and samples with the additional 0.0916 0.0908
masses of 1.05 kg and 3.0266 kg
All samples (without and with 0.09996 0.0679

each additional mass)

Table 11l shows that the new model does not imprihee
residual if the load variation is too small. Indegdthis case
(additional mass less than 3 kg), the joint runsstigoin
motor behaviour, and the usual model is then gaffic For
additional mass greater than 5 kg, the load vanais large

enough to justify the use of the proposed modele on

observes a decrease of 30% in the relative norenrofs.

VI. DISCUSSION

The new IDM with a load-dependent joint friction ded
brings a substantial improvement for joint whosadiaan
vary significantly. Robots carrying important masse with
large variation of inertial and gravity forces a@nsidered.
Moreover, the identification process is the same Hoth
usual and new models, because the new model refiveéas
in relation to the parameters.

The main difficulty is to distinguish the different[

behaviours, motor and generator, but a solution been
proposed along this paper. However, the measursnere
to be more exciting than usual. Each test has toloe with
different loads to highlight the effect on the fidon
variations. So, this identification protocol is raotime-

consuming and the setting up must be adapted fer 2!

measurements with additional masses. Moreoverrdioots
with small load variation, the joint actuates oty one
quadrant: the parameters, and a; of the new model are

not excited enough and the results are not bdtem with
the usual. Then, this one will be accurate enowghldw
load variation.

One has to consider the load variation rate andyfe of
the transmission to choose the appropriate modshré
starting modeling and identification.

VIl. CONCLUSION

[
This paper has presented a new model of friction

depending on load and the process to automatitgiytify
the parameters. This technique was successfullljeappn a
1 degree of freedom (dof) prismatic joint robotorfarthese
experiments, it comes that the proposed model ¢sirate
and useful for robots with large load variation.

Future works concern the use of this IDM to finittfon
parameters for a multi dof robot. The applicatiohtlwe
model for different types of transmissions will ladso
studied to determine the minimum load variatiore nahere
the new IDM is needed. The 3 load-dependent maodiils

be examined as well. A comparison of the methoth wiin-
linear identification will be considered. Once aade
dependent model will be identified for multi-DOFbuats, it
will be used for torques monitoring and collisiogtekction.
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