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Abstract

Since no universal friction model exists and the practical measurement of friction is not straightforward, this paper
presents an experimental method of identifying friction in mechatronic systems. Friction is perhaps the most important
nonlinearity that is found in any mechatronic system of moving parts and influences the system in all regimes of
operation. For the purpose of improving the performance of mechatronic systems and solving their servo problem, a
better understanding of friction behavior in its two basic regimes is needed. In this paper, the two basic friction regimes,
viz., presliding with its hysteresis behavior, which is predominantly position dependent, and gross sliding, which is
predominantly velocity dependent, are well exposed and identified. © 2004 ISA—The Instrumentation, Systems, and
Automation Society.
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1. Introduction This paper deals with experimental friction
identification in the two basic regimes: pre-sliding
Friction is perhaps the most important nonlin- friction, which is predominantly position depen-
earity that is found in any mechatronic system dent (function of pre-sliding displacementand
with moving parts. Experimental identification of gross sliding friction, which is predominantly ve-
friction in mechatronic systems will be demon- locity dependent(function of sliding velocity.
strated by using a pneumatic servo positioning Section 2 presents the test setup that is used for the
system. For the considered pneumatic servo posi-experimental identification of friction in mecha-
tioning system, friction, which arises in the con- tronic systems. Section 3 presents the nature of
tacts of the piston with the cylinder walls as well pre-sliding friction, showing that the asperity junc-
as in the linear slideway and other minor rubbing tions of the contacting surfaces behave as nonlin-
elements has a direct impact on the system in all ear springs prior to breaking. This lies at the basis
regimes of operation. In order to design accurate of pre-sliding hysteresis friction, explaining why it
compensation, friction has to be experimentally is displacement dependent. This section also iden-
identified and modeled. This task is by no means a tifies thenonlocalmemory character of pre-sliding
simple one since no universal friction model ex- hysteresis friction. Section 4 presents the experi-
ists, and on the other hand, the practical measure-mental identification of the breakawdgr statig
ment of friction is not straightforward. friction force. Section 5 identifies the gross sliding
friction force and showing the hysteretic behavior
of friction in the velocity or what is termed “fric-
*E-mail addressbashir_nouri@yahoo.com tional lag” (with respect to velocity changeSec-

0019-0578/2004/$ - see front matter © 2004 ISA—The Instrumentation, Systems, and Automation Society.



206 Bashir M. Y. Nouri, /ISA Transactions 43 (2004) 2246

X
Accelerometer - Position Sensor
RS / (BENTLY PROXIMITOR)

Differential Pressure jl—”—‘
[ |

Sensor

O«# HT i e®
i

i VWA
Proportional |\ | 2

i

Tlv
Valve 547 473
1

Air Supply @

I

sttt <

COMPUTER
(DSP- CARD)

Fig. 1. Friction identification test setup.

tion 6 concludes the paper with some comments with 1.2-KHz cutoff frequency, while the maxi-
and statements. mum used sampling frequency is 1 KHz. The ve-
locity is obtained by integrating the measured ac-
celeration. The computer is equipped with a digital
signal processofDSP-card that is used for send-
ing a driving signal to the proportional valve via a
D/A converter and reading all the sensors via A/D
converters.

Our procedure for measuring friction is by mea-
suring acceleration and subtracting computed iner-
tial forces from the measured applied forces that
are deduced from the measured pressure differ-
ence in the chambers of the cylinder.

2. Friction identification test setup

A schematic representation of the test setup con-
figuration used for the demonstration of our ex-
perimental method of identifying friction in
mechatronic systems is shown in Fig. 1. The con-
sidered mechatronic system is a pneumatic servo
positioning system. The test setup consists of a
5/3-way proportional directional control valve and
a rod less pneumatic cylinder. The two pressure
sensors are used for measuring the pressure differ-3. Pre-sliding friction identification
ence between the chambers of the cylinder; which
is proportional to the driving force. The position The aim here is to measure the friction force in
sensor, a noncontacting eddy current sensor with afunction of the displacement, prior to gross slid-
range of about 2 mm, is used for measuring the ing, and to verify the spring and hysteretic behav-
pre-sliding displacement. (The cylinder is ior of the asperity junctions of the contacting sur-
equipped with an integrated ultrasonic position faces.
sensor that is, however, not used in these experi-
ments owing to its limited resolution, 50m.) The 3.1. Spring behavior of the asperity junctions
acceleration is measured by a carrier signal, induc-
tive accelerometer, with frequency range of 0-250 The spring behavior of the asperity junctions of
Hz. The noise in the measured signals is filtered the contacting surfaces can be verified by experi-
by analog resister-inductor-capaci{®LC) filters ments. The procedure here is to ramp up the ap-
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Fig. 2. Nonlinear spring behavior of the asperity junctions.

plied force to a level below the breakaway friction
force (see later and suddenly remove the applied
force, i.e., set the applied force equal zero and
wait for some time. During this process, the asper-
ity junctions will deform elastically and/ or plasti-
cally (depending on the level of the ramped up
applied forcg. When the force is set equal zero,
the elastic deformation of the asperity junctions
will disappear and the sliding part of the mecha-
tronic system will be at a distance equal to the
plastic deformation of the asperity junctions from
its original location(the used reference location of
the slidej. During these experiments, you have to
record the friction force and the displacement of
the slider.

The spring behavior of the asperity junctions of
the contacting surfaces in the considered pneu-
matic actuator is verified by experiments. Several
experiments have been performed on the test
setup, Fig. 1, for identifying the spring behavior of
the asperity junctions. Using the previous experi-
mental procedure, all the results proved that the
asperity junctions in the system exhibit a nonlinear
spring behavior as described here below:

1. If a small positive or negative force is
ramped up, an elastic deformation of the as-

perities will occur. If the applied force is re-

moved, the stored energy in the asperity
junctions is partially recovered and the de-
formation disappears, i.e., the slider returns
back to its original location after the applied

force has been removed; see Fi¢n)2

. Plastic deformation takes place after a cer-

tain value of elastic deformation. If a force

is ramped up to a value higher than that in
part 1 and then removed, the elastic defor-
mation will disappear and the slider will be

at a new location at a distance equivalent to
the plastic deformation of the asperity junc-
tions from its original location; see Fig(12.

. If a force is ramped up to a value smaller

than the breakaway friction in a given direc-
tion (e.g., the positive direction then re-
moved, and the same force is ramped up
again in the opposite direction, then re-
moved, the operation results in a kind of
hysteresis loop, see Fig(@, where the total
elastic and plastic deformation of the asper-
ity junctions can be found, also the total dis-
sipated energywork) and the recovered en-
ergy from the elastic deformation can be
calculated from the hysteresis loop.
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Fig. 3. Hysteresis loops for different range of pre-sliding displacement. The largest loop corresponds to cylinder pressure
variation with respect to supply pressure of 7-bar level, and the smaller loops correspond to cylinder pressure variations with
respect to supply pressure of 2-bar level.

4. If a force is ramped up to a value greater or mechatronic systertthe pneumatic actuatpsuch
equal to the level of static friction, the asper- as the metal-rubber contact and the cylinder pres-
ity junctions will break and a true sliding sure variations. Tutuko Prajodd] and Futam{3]

occurs, see Fig.(d). proved experimentally that the frequency of the
' _ o o excitation signal does not have any influence ei-
3.2. Hysteresis behavior of pre-sliding friction ther on the shape or on the size of a hysteresis

) , o _loop for a wide frequency range.
The aim here is to measure the friction force in = 1he hysteresis loops depend on the pre-sliding
function of the displacement, prior to gross slid-  yigpacement only. Fig. 3 shows small and large
ing, and to verify its hysteretic behavior. The hys- hysteresis loops for different range of pre-sliding

:ﬁ;tis'?e?;%?xlo;rii):iiéze d?sssﬁ)e;'gsjLé?](g:onsHprst\é?_s displacement and cylinder pressure variations that
P g P gy 1y are obtained experimentally using the experimen-

esis behavior, as a natural phenomenon which X tal setup of Fig. 1. Sinusoidal excitation signals

ists not only in pre-sliding friction but also in ) . o
y P g fare used and different cylinder pressure variations

other systems such as magnetism, consists o ied. Th its sh that th lind
branches and extrema. A branch of hysteresis fric- 2'¢ @PPli€d. 1he Tesults show that the cylinder
pressure variations do not have an influence on the

tion is the path representing the behavior of the } i
friction phenomenon between two extrema. The Shape of the hysteresis loop but do have an influ-
two extrema are the maximum and minimum force €nce on the size of the hysteresis loop, i.e., the two
of the hysteresis friction loop or the two reversal extreme(the minimum and maximum force of the
points where the system changes its direction.  hysteresis loop, see Sectiopate function of cyl-
The shape and the size of the hysteresis loopinder pressure variations corresponding to supply
depend among other things on the material of the pressure. The results are also show that the hyster-
contacting surfaced]. This result leads us to take esis friction behavior in the pneumatic actuator de-
into account some mechanical considerations in pends on the pre-sliding displacement. The metal-
studying the hysteresis behavior in the considered rubber contact leads to a large pre-sliding
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Fig. 4. Measured pre-sliding displacement and force.

displacement, i.e., the pre-sliding displacement in 3.3. Modeling the pre-sliding friction
metal-rubber contact is much larger than that in
metal-metal contact. Fig. 3 shows typical hysteresis loop measure-
There are two main types of hysteretic behavior. ment for different range of pre-sliding displace-
First, hysteresis witmonlocalmemory means that ment, and corresponding to cylinder pressure
the future values of the functiofiriction force in ~ Vvariation with respect to supply pressure of 7-bar
this casg at some instant of time (t=t,) depend  level (the largest loop and 2-bar levellsmaller
not only on its present value at the instant of time 100ps. Fig. 6 verifies the point-symmetry of the
t, and the value of its argumendisplacement in  largest hysteresis loofsee Fig. 3 plotting the
this casg but also on the past extremum values of inverted lower half and upper half on top of one
the function. This property is in contrast to the Other, so itis sufficient to model only one péttie
behavior of hysteresis nonlinearities witbcal upper pant of the hysteresis loop. A suitable
memory, where the past has its influence upon the model of the hysteresis friction force in any direc-
future through the current value of the function tion would be
[4]. Thenonlpcglmgmory character- of pre-sliding Fi(2)=Fp+Fy(2), 1)
hysteresis friction, in the pneumatic actuator, has
been thoroughly verified by test. For this purpose, whereF(z) is the hysteresis friction force, i.e.,
a periodic piston motion trajectory is chosen with the part of friction force that exhibits hysteretic
several velocity reversal pointgper period, behavior,F,, is the hysteresis friction force at ve-
within the pre-sliding region, an example of such a |ocity reversal, and-4(z) is a point symmetrical
trajectory is shown in Fig. 4 together with the pre- strictly increasing function of the asperities aver-
sliding force. When the two sets of measured syn- age deflectior{z) that models a hysteresis branch
chronized data are plotted against each other, anand can be obtained by identification as the fol-
external loop is obtained with several internal lowing.
loops within it, see Fig. &l). Fig. 5 shows ex- The hysteresis branch can be approximated by a
amples of measured hysteresis friction witbn- continuous smooth or piecewise linear function on
local memory in the pneumatic actuator. the interval0=z<z,, wherez, is the asperity av-
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Fig. 5. Measured pre-sliding hysteresis friction behavior witimlocalmemory.

erage deflection at the breakaway point of the as- ness in the third regiorz,<z<z,, and the fourth
perity junctions. Fig. 7 shows a piecewise linear region is the gross sliding regiofy, andf, are the
model of the pre-sliding hysteresis branch. The intercepts with the force ordinaté ) that can be
pre-sliding region is divided into three regions de- obtained by a linear fit of the measured pre-sliding
pending on the stiffness of the asperity junctions displacement and force data in the pre-sliding re-
in every region; see Figs. 6 and 7. The model pa- gions 2 and 3.

rameters are as followsk, is the stiffness of the Modeling the measured hysteresis branch by a
asperity junctions in the first regiof=<z<z,, k; piecewise linear function has the advantage that

is the asperity junctions stiffness in the second re- the physical meaning of the model parameters can
gion, z,<z<z,, k, is the asperity junctions stiff-
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Fig. 6. Point symmetry of the hysteresis loop. branch.
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be identified in relation with the stiffness of the average deflection of the asperity junctions
asperity junctions in the pre-sliding regime, and (2) is reset to zero at every motion reversal.
the same model parameters can then be used di-
rectly in a nonlinear model of the hysteresis
branch.

Comparing Fig. 6 with Fig. 7, it is clear that in
the pre-sliding region 1 and at the start of region 2
the asperity junctions exhibit a nonlinear transi-
tion. For this reason, the hysteresis branch will be
modeled by a nonlineaiexponential function in
the pre-sliding regions 1 and 2, and with same
identified parameters of the piecewise linear
model. The point-symmetrical strictly increasing
functionF4(z) of the asperities average deflection
(2) that models a hysteresis branch and obtained 3. Breakaway: At the breakaway point, the av-
by identification is given by erage deflection of the asperity junctiofs
is equal to the total traveled displacement
before the breakawayz,) and Fy(z) is

2. Nonlocal memory: If an internal hysteresis
loop is closed between two reversals, it will
be removed from the hysteresis memory,
and the extreme values that are associated
with that loop will be wiped out from the
stacks andr, takes the previous stack value,
i.e., the value of the stack before the estab-
lishment of that hysteresis loop. The average
deflection of the asperity junctior{g) is re-
calculated from the inverse function of the
strictly increasing functiork 4(z).

k,z—f (e 1?2—1), 0=z<z,

Fy(z)= equal to the breakawagor statig friction
kpzt+fy, zp<z<z. force F5 (see Section }4 that will switch on
the gross sliding friction modeékee Section

The implementation of the proposed hysteresis 5). In this way the discontinuity between the

model in programming requires the provision of pre-sliding and gross sliding friction models

two memory stacks for the functidf,(z): one for is eliminated.

its minimum in ascending orddéstack min), and ) o )

one for its maximunistackmax. The stacks grow During gross slidingz is equal to(z,) and the

at velocity reversal and shrink when an internal involved stack(stackmin is involved with nega-
hysteresis loop is closed. When the system goest|ve direction and stacknaxis involved with posi-
from pre-sliding to sliding, the stacks are reset and tVe direction tracks the sliding friction force. If
the breakawayor statig friction force (see Sec-  Stiction occurs, the average deflection of the asper-
tion 4) takes the value of the hysteresis friction Iy Junction (2) is reset to zero and the involved
force functionF,(z) that will eliminate the dis- ~ Stack is equal to the most recent sliding friction
continuity between the pre-sliding and the gross force. In this way the discontinuity between the
sliding (see Section Bfriction models. The value ~ 9ross sliding and the pre-sliding friction models is
of the average deflection of the asperity junctions €liminated. The previous procedug@gorithm is
(2) is reset to zero at each velocity reversal and US€d for simulating the pre-sliding friction with
recalculated at the closing of an internal hysteresis onlocal memory in the considered mechatronic
loop. The valueF, [see Eq.(1)] equals the most ~ System, and for testing the validity of the identi-
resent value of stacknaxif the current transition ~ f1ed pre-sliding friction model. Fig. 8 compares
curve is descending and that of stachn if the ~ the measured hysteresis friction loops wikbnio-
current transition curve is ascending. cal m_emory(lt_aft column with th.e simulated hys-
The hysteresis friction model is governed by the €resis loopgright column showing a good agree-

following mechanisms: ment.

1. Motion reversal: At motion reversal, the

function F,(z) will have a new extreme 4. Breakaway force identification

value, a maximum value d¥,(z) has to be

added to stacknaxand a minimum value to Considering the typical hysteresis loop measure-
stack min. Motion reversal initiates a new ment corresponding to cylinder pressure variation
transition curve by setting, equals to the  with respect to supply pressure of 7-bar level, see
value of F(z) at motion reversal, i.efy Figs. 3 and 6, it is clear from the figures that the
equals the value of the updated stack. The force tends to saturate with increasing displace-
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Fig. 8. Measuredleft column and simulatedright column hysteresis friction loops witmonlocalmemory.

ment. As a matter of fact, just after saturation, perimental results show that the measured accel-
gross sliding will suddenly ensue. The value of the eration is about zero within the pre-sliding regime
saturation force corresponds to the value of what then it suddenly increases from its zero point at
is usually termed “static friction” or “breakaway  the moment of break-away; see Fig. 9. When the
force.” The displacement corresponding to the synchronized data sets, pre-sliding displacement
start of gross slip is termed “pre-sliding distance.” and force are plotted against each other, the pre-
The breakaway experiments consist of ramping sliding distance and the breakaway force can be
up the applied force that is proportional to the deduced; see Fig. 10.
measured pressure difference in the chambers of Evidently, the friction behavior of the piston de-
the pneumatic cylinder until gross sliding occurs, pends on the contact characteristics of its seals
and measuring synchronously the acceleration of with the walls of the cylinder. It is therefore rea-
the slider, the displacement and the force. The ex- sonable to expect this behavior to vary with the
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Fig. 9. Measured acceleration.

pressures on either side of the piston, since this around that value during a test, a linear correlation
will influence the contact force between the seals has been found between the breakawaystatio
and the walls of the cylinder. Experiment has, in friction force (in both directiony and the supply
actual fact, confirmed this hypothesis. Since at the pressure; see Fig. 11. The variation of the break-
start of each friction test, the piston is at equilib- away friction force with the gauge supply pressure
rium with the pressures on either side both corre- is, however, small, being approximately 2.4 N/bar,

sponding to the supply pressu@ving to inherent

or about 3% of the

nominal value of the break-

leakage of the valyeand that these pressures vary away friction force per bar.
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5. Gross sliding friction identification tween the two chambers of the cylinder with the

cross-sectional area and subtracting the inertia
We now turn our attention to the identification force.

of friction at gross sliding, i.e., the velocity depen-  Typical results obtained with this procedure are

dence aspect. This is usually expressed in the form depicted in Fig. 12, which plots the friction force

of Stribeck curve, which plots the friction force in i function of the velocity at different nominal

function of the steady-state speed. In order to 0b- champer pressures corresponding to supply pres-

tain this sort of data, however, the slide has to be sures of 2—7 bar&gauge, with steps of 1 bar. The

run a; adc?nstalnt speed \t/)vhllefthe ff:;“?” I]orce IS results, which proved to be very repeatable, show
refc_cr)]; f 1t Oéa I?rge r;umderro _sp(;:]e S mtr € Irr";ngfquite clearly the hysteretic behavior of friction in
of interest. such a procedure 1S, however, aimost y, . velocity or what is termed “frictional lag”

impossible to execute on our system when it is (with respect to velocity changiesee, e Refs
pneumatically actuated, since it will require per- 5_17 Tph tis t yth t the fri t gf -
fect control of the speed for which this investiga- [._ . at 1s to say that Ihe friction Torce 1s

higher for increasing speethnd lower for de-

tion is a prerequisite. Instead, the line followed in ) ‘ ) i
this study is to excite the system so as to move €réasing speedhan the quasistatic Stribeck value.

periodically in the desired speed range, approxi- The_Stribec_k behavior is very well in ev.id_ence, for
mately |v|<2 m/s, while recording the friction  the increasing speed part of the loop; it is charac-
force. A series of tests have been carried out on theterized by an initial sharp fall in the friction force,
test setup, Fig. 1, for studying the velocity- reaching a minimum, and then a gradual increase
dependent friction. In these experiments the veloc- that approaches a linear asymptaterresponding

ity is calculated by integrating the measured accel- to viscous friction. For decreasing speed, how-
eration and the friction force is calculated by ever, the behavior seems very consistently to re-
multiplying the measured pressure difference be- semble that of Coulomb plus viscous friction.
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In order to use the measured gross sliding fric-
tion in modeling, we fit the data separately for
each branch of the hysteresis loop in function of
the velocity such as shown in Fig. 13. A suitable
gross sliding friction model would be

Negative Viscous Friction

F, (N)
(The Stribeck Effect)

el -2

Vs max

v (m/s)

Fig. 13. Velocity-dependent friction model.

sgn()Fci+sgn@) (Fs—Fca)
xexp[(—|v|/ve)°] +o1v,

Ff: . .
increasing speed

()
sgn(v)Fco+ o,v, decreasing speed,

where F; is the friction force at gross sliding,
sgr(v) is the sign of the velocityy is the velocity,
Fsis the breakawayor statig friction force, vgis

the Stribeck velocity{ vs=0.2 m/9, §is the expo-
nential parameter yielding the classical Stribeck
effect (6=2.5), F; and F, are the Coulomb
friction for increasing and decreasing speed, re-
spectively, andr1 ando?2 are viscous friction co-
efficients for increasing and decreasing speed, re-
spectively.

6. Conclusions

An experimental method of friction identifica-
tion with its two basic regimes, pre-sliding and
gross sliding, is presented and demonstrated. The
spring behavior of the asperity junctions of the
contacting surfaces is verified by experiments. The
nonlocalmemory character of pre-sliding friction
is verified by test. The pre-sliding friction is mod-
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