Time Periodical Adaptive Friction Compensation

Hyo-Sung Ahn and YangQuan Chen
Center for Self-Organizing and Intelligent Systems (CSOIS)
Dept. of Electrical and Computer Engineering
UMC 4160, College of Engineering, 4160 Old Main Hill
Utah State University, Logan, UT 84322-4160, USA

Abstract—In this paper, the adaptive compensation of periodically time varying adaptive controller was developed
Coulomb friction is considered where the Coulomb friction in [7]. However, in [7], the local or global Lipschitz condition
coefficient is unknown but can be time-varying with a known ¢ necessary. So, the proposed method in [7] cannot be

period. Detailed stability analysis is given with some demonstra- . . . . .
tive simulation results. The major contributions of this paper directly applied to the sign dependent friction compensation

is a periodic adaptive control law for friction compensation ~Problem considered in this paper.
in nonlinear electromechanical systems not satisfying local and The paper is organized as follows: In Section II, a new
glolbzl '—'F%SCh'tZ CFOU?,'“O”- ion. adant ol vy, 2daptive friction compensation controller is designed and
ndex Terms— Friction compensation, adaptive control, peri- ; : ; -
odic learning updating, tracking control, servomechanism. analyzed' Two d'.ﬁerem simulation tests .are performed n
Section Il to verify the developed adaptive friction com-
|. INTRODUCTION pensation algorithm. Concluding remarks are given in Sec-

tion IV.
Friction, like delay and saturation, is everywhere in many

real control systems. That is why friction, delay, and satura-
tion are three constantly hot topics in control community in
general and electromechanical systems control in particular.

) e ) . . 'In this section, a new adaptive friction compensator is
Since the friction compensation concept was introduced in . . . L -
designed with a time periodic friction coefficient. We also

[1], several adaptive friction compensation controllers haveresent a rigorous stability analvsis using Lvapunov function
been designed in [2], [3], [4], [5], [6]. After the pioneering P 190 y analysis using Lyap

. ; ... ~method. Similar to the system considered in [2], here we
works by Friedland and Park in [2], [3], several mod|f|cat|onsconsioler the following servo control problem:
were introduced in [4], [5], [6]. They have focused on 9 P '

designing new adaptation laws by proposing new forms of the z(t) = v(t) (1)
tuning fun<_:t|ong(\v|) Where_v is the velocity. Ma_lnly, their _ o(t) = —a(t)sgn(u(t)) + ult), @)
considerations were to design more stable nonlinear adaptive o N _ o _ _
controller. In [2], the asymptotically stable controller with re-where the friction coefficient(t) is periodically time varying
strictive conditions was designed. The contribution in [4] wa@s follows

to relax those restrictive conditions imposed in [2]. Recently, a(t —T) = a(t) )
in [5], an exponentially stable adaptive friction controller, . P ; - .
was developed. So far, in all the existing efforts in attackinWIth a known periodr’; x(#) is the position states(t) is the

o = C elocity statejsgn(v(t)) is a sign of velocity; and.(t) is the
friction effects, the Coulomb friction coefficient is assume. ontrol input signal.

to be constant. In other words, the existing stability analysis Th irol obiective is to track the ai desired
are all restricted to the time invariant friction coefficient. 1€ CONLrol objective IS fo track or Servo the given desire
position z4(¢) and the corresponding desired velocity(t)

As reported in [1], e.g., from Figures 2-3 in [1], theWith tracking error as small as possible. In practice, it is
magnitude of friction coefficient depends on velocity which 9 P ' P '

. : : o reasonable to assume thag(¢), vq(t) and o4(t) are all
practically is not a constant. So, in many applications, whe . . )
the reference position and reference velocity are periodical younded. Our feedback control law is designed as:
time varying, the friction will also be a periodic variable. u = a(t)sgn(v(t)) + 04(t) — aS(t) — ey (), 4)
This motivates us to consider the design of an new adaptive
friction compensation controller with a time varying friction Wit

coefficient. In particular, we consider a simple case when the S(t) = eu(t) + Aea(t), ®)

friction coefficient is unknown and periodically time-varyingherex and\ are positive gainsj(t) is an estimated friction
with a known period. Recently, in adaptive control, thepefficient from an adaptation mechanism to be specified
Corresponding author: Dr. YangQuan Chen. E-mail:!atel,:” Ud(t). !S the dI(:.SIred acc_:eleratloa_x (t) N x(t) N xd(rt])
yqchen@ece.usu.edu ; Tel. 01(435)797-0148; Fax: 01(435)797-3054, 1 the position tracking error; and,(t) = v(t) — va(t) is the
URL: http://www.csois.usu.edu/people/ygchen . velocity tracking error.

II. ADAPTIVE FRICTION COMPENSATION



Our adaptation law is designed as follows: a(t), B can be changed as

o J a(t—T)— Ksgn(v)S(t) if t>T

a(t) = { z—g(lv]) if t<T (6) B = oK / {[a( ] —la(r=T)
where K is a positive design parameter (we call it the T))?}dr
periodic adaptation gain);, will be defined in the following . A .
paragraph; ang(|v|) is a tuning function to be selected later = ﬁ [a(T —T) —a(r)][2{a(r) —a(r)}

based on certain guidelines. In our analysis part, we require

the following inequality condition fog(|v|): Halr) —alr = 1)}dr

1 /t .
1 = — B(r)2{a(7r) —a(r)} — B(7)]dr, (9)
L2 il < o - 3% |, PRla) —a(n)} - 6(r)]
/ ag(") . . where
where.g () = =5=. As WI!| be shown in the seq_uel,. the B(r) = a(r — T) — a(7).
selection of ag(|v|) to satisfy the above constraint is an
easy task. Using the following

Denote the estimation error aft) as €p = & — Gg = ey,

eq(t) = a(t) —af(t). €y =0 — 0g = —a(t)sgn(v) + u — v

In what follows, we will drop the variable time when nowe have
confusion arises. For example, we will usg to represent S . .
ea(t), e, for e, (t) and so on. We consider two cases: 1) when §=¢éyt+ A = —a(t)sgn(v) —0g +utAe,. (10)
0 <t < T and2) whert > T. The key idea is that, for case Then, from (4),

1), we only need to show the finite time boundedness. For .

case 2), we need to show the stability or asymptotic stability § = —sgn(v)eq — as,

in the sense of Lyapunov. Let us investigate the case 2) firglng 4 can be expressed as

Our major results are summarized in the following theorems.

t
A= / [—auS? — sgn(v)e,S]dr. (11)
Theorem 2.1:Whent > T, the control law (4) and the t—T
periodic adaptation law (6) guarantee the stability of thghus, AV becomes
equilibrium pointse,, e,, ande, ast — oo.
Proof. Consider the following Lyapunov-like function:

Vi =350+ g [

AV = A+B

¢
/ [~aS? — sgn(v)e,S)dr
t—T

Then, the difference of the positive Lyapunov-like function 5K /th Bl2{a(r) —a(r)} — pldr
at two discrete time points can be calculated as: t
- / [~aS? - — fdr
AV(HE) = V) -V(iE-T) T 2K
1 2 1 2 t (&
= 5381 + [ - Ks@sin, @)
1 t t—T
tor [e2(7) — e2(r — T)]dr where we will denote the first integral term on the right-hand
LT side byC and the second integral term W@y. That is
= S(t)S(t)dr t
/t_T (30 S
t
2 2
— - — T)]dr.
‘o [0~ -T)ar. @)

D= / -8 — Ksgn(v)S]dr.
To simplify our presentatlon, let the first integral term on the
right-hand side be denoted byand the second integral term Then from (6),D = 0, so we have
by B. That is

_ /:T S(MSdr, B = / (r=T))dr.

Then, by several algebraic calculations and usifig-T') =

AV

t
1
o _ 2_7 2
A+B_/t_T a§? — o fdr

= /t —(a+5)52(7)d7. (13)
=T 2



Sincea + % > 0, AV < 0, which completes the proof of of this theorem. [ |
this theorem. . u . Now, let us consider the case 1) when< T and the
The above theorem only guarantees the stability property [ arqi stability whent > 0.

the sense of Lyapunov. To explore the asymptotical stability, -

the following lemma is needed first.

e 1l 1 .
Lemma 2.1:In the following equation with initial state _ 'neorem 2.3:If |a| is bounded ang'(|v|) > 7, the equi-
2(0) = 29 =0 librium points ofe,, ¢e,, ande, are stable (or asymptotically

stable) ag — oo.

y=<&+71x, T>O0, Proof: In this case, we use following Lyapunov func-

y — 0 ast — oo ifand only if z — 0 ast — oc. tion:
Proof: The sufficient condition is immediate because 1 5, 15 1,
x = 0 makesy = 0. The necessary condition is proved easily V(t) = gade; + e, + Sea (16)

by calculating the solution. Whepn = 0, z(¢) is calculated Then, the derivative of is expressed as:
as:

z(t) =xz0+e V(t) = adlegey +ey(0 —q) + eqla — 2
/ o

So, if zg =0, ast — oo, z(t) — 0. [ +9'(Jvo])osgn(v)] .
Now, we consider the asymptotically stability condition = alegey + ey —asgn(v) + u — i)
of the equilibrium pointse,, e,, ande, in the following teala — 2+ ¢'(|v])osgn(v)], a7
h . . _
theorem where we used the following substitution:

Theorem 2.2:If the initial position ) is at the desired ba=0—a=a—2%+ g (|v])vsgn(v). (18)

initial position (¢4(0)), i.e., e,(0) = 0, the control law (4)
and the periodic adaptation law (6) guarantee the asympt
ically stability of the equilibrium points as — co (t > T).

(ﬁy inserting the control input, which is given in (4), to
the above equation, the derivative of Lyapunov function is
modified as:

Proof: Here we use LaSalle’s invariant set theorem to vV = —eyeqsgn(v) — (a + N)e? + eqa
prove the asymptotical stability. From (13), we know that

only S = 0 makesAV = 0. Using the definitionS = Fealg (lol)osgn(v) — 2]

ey + Ae, and relationshig, = é,, we have Then, using one more adaptation law as follows:
S =ey,+ ey = &, + Aey. (14) 2 =g'(Jv])[u — asgn(v)]sgn(v) (19)
So, from Lemma 2.1, it,.(0) = 0, only ¢, = 0 makesS = and after several algebraic calculatiofiscan be changed to

0. Also, sincee, = 0, we havee, = 0 from ¢, + Xe; = 0.
Therefore, we know that, ande, are asymptotically stable
at equilibrium points. Now we think, in the following.  Finally, using Young'’s inequality like? + % > ab, if (a+
FromS = —sgn(v)eq, — oS, we haveS = sgn(v)e, because \) > 1 andg'(|v|) > 1, the following inequality is always
S = 0. Then, by showing that — 0 as.S — 0, we can true regardlessgn(v):

provee, = 0. Our approaches are as follows. From following

V = —eseasgn(v) — (a+ Ne2 +eqi —e2g/(v]).  (20)

definition Al —eveasgn(v) — (a + Nej — eqg'(v]) < 0. (21)
. t t) —S(t .
S = lim (t+ A0 ( ), (15) At this moment,V is upper bounded by
At—0 At
we know that ag — oo, S(t + At) — 0 andS(t) — 0. V= 7[eU:I:O,5sgn(v)ea]27(aJr)\fl)e%f[g'(|v|)fl]ei+ead.
However, from our original assumption of the periodicity 4 (22)

such asAt = T, if T is not zero, thenAt # 0, while  our argument here is to ensure thatis upper bounded.
S(t + At) = 5(t) — 0 ast — oo. Thus, in (15),5 — 0 Denoten = ¢'(|v|) — 1 > 0. From the above equation, it is
ast — oo, hence ifsgn(v) # 0, thene, = 0. However, gasy to see

if ea # 0,8 # 0. ThenS(t + At) — S(t) # 0. This is .

a contradiction toS(t + At) — S(t) = 0. Therefore, we V < —neg + eqdn (23)
conclude that only, = 0 makesS = 0 and in the sequel
no trajectory can stay except = 0 whenS = 0. Since we
already found that onlg, = 0 ande, = 0 make S = 0, Vo< —mel+e,®

from the invariant set theorem, the equilibrium poiats e, , ©?
and e, are asymptotically stable. This completes the proof A 27,) qn

' If |a] < ©, where® is the upper bound of, then,

(24)



Clearly, if n > 0 and|a| is bounded, then where fs = Ti andT, = 2 sec. The control gains far,
o2 and e, in [2] are 200 and 20 respectively. However from
V< e (25) following relationships:
Thus, we conclude that §'(|v|) > 1, V' is bounded when ar =200, a+A=20, (32)
t < T. Consequently, wheily is bounded at < T, e,, e,, we cannot get the real and ), so, without losing compa-
ande, are also bounded at< T. rability we simply choosex as 10 and $ as 10. In (6), the
Furthermore, whernt > T, the equilibrium points ok,, periodic adaptation gai” was selected a&), and, in (27),
ey, ande, are all (asymptotically withe,(0) = 0) stable ¢ was selected a0 and i was selected as. It is assumed
from equation (13), we conclude that the system (1)-(2) cathat the friction coefficient varies in the following way:
be (asymptotically withe,,(0) = 0) stabilized by the control 1
law (4) and the adaptation law (6) &s- cc. This completes a(t) = 50 + 5sin(2m t), (33)
the proof. ]
Several remarks follow.
Remark 2.1: On the region of convergend&gom (23),
whent < T, the region of convergenceRioc) Of e, is
as follows:

B B (ea\ea<0Uea>é7]”), if a>0
roc = (ea\ea<é—“Uea>O), if a<0

whereT = T,.Two different simulation tests were performed
using adaptation laws in (6).

« Case-l. No periodic adaptation in (6). That = oc.

o Case-Il. (6) is used with a finit@'.

From the proof of Theorem 2.3, we knew that e, and
(26) e, are all bounded wheh< T'. However, Theorem 2.3 also
shows that the control law (4) and the adaptation law, i.e.,
z—g(|v])) in (6), guarantee the boundedness gfe,,, ande,
even ift — oo. Therefore, in Case-l, we used only adaptation
law of a(t) = z — g(|v|) even ift — oo, i.e., we do not use
the periodic adaptation lai(t) = a(t —T') — Ksgn(v)S(t).
This case is also called Simulation 1 in the sequel. Simulation
2 was performed using both adaptation laws in (6). All
initial conditions were fixed as zeros. Fig. 1.a shows the
reference position/velocity and tracked position/velocity from
Simulation 1. Fig. 1.b is the corresponding position/velocity
errors of Fig. 1.a. From these figures, we observe that the
where¢ and ;; are design parameters for the adaptation lasystem is stable, while the desired states are not estimated
The derivative ofg(|v|) is expressed as: perfectly. Fig. 1.c shows the position/velocity tracking results
from Simulation 2, and Fig. 1.d is the corresponding tracking
g (v|) =[¢ - uef”‘”']. (28)  errors. As shown in Fig. 1.d, the desired states are estimated
much more accurately than Simulation 1. As time increases,
the state errors go to zero, while there exists periodical state
at) = z—¢|—e —pvl (29) errors in Fig. 1.b when no periodic adaptation is applied.
io= [€—pe” #Iv\“ — asgn(v))sgn(v)  (30) F?g._ 2.a shQV\_/s the true f_riction_ coefficient _and qdapted
friction coefficients from Simulation 1 and Simulation 2,
respectively. Fig. 2.b is the corresponding friction estimation
4 errors of Fig. 2.a. The friction coefficient was adapted better
in Simulation 2 than in Simulation 1. The adapted friction
coefficient from Simulation 1 does not converge to the true
value, while the adapted friction coefficient from Simulation
slowly converges to the true value. Fig. 2.c compares the
control inputs from Simulation 1 and Simulation 2. From this
l1l. SIMULATION |LLUSTRATIONS figure, we know that there is not much difference in control
input for both cases. Only slight difference exists between the
For simulation test, we use the following reference positiogontrol efforts. Fig. 2.d shows the position/velocity tracking
and velocity signals: errors, when there is no initial position error (this test is
for the asymptotical stability). Since there is no initial error,
zo(t) = cos(2mfit) initial error boundaries are smaller than Simulation 1 and
vp(t) = —2mfssin(27 fst) Simulation 2. However, the overall performance is almost
0p(t) = —(27fs)? cos(2m fit) (31) same to the Simulation 2, in which there is an initial error

Hence, regardless the sign &f if |e,| > |"a| thenV < 0.
So, as) — oo, the Rgoc becomes bigger, becauﬁe\ — 0.
Even if the periodic adaptation law is not used, wlﬂeﬂ T,
the control law (4) guarantees the boundedness, of
Remark 2.2: On design of the adaptation functigfw|).
In designingg(|v|), the following function is suggested in
order to satisfy the required conditidn< ¢'(|v|) < oo:

ule 1
g(lof) = &lol +e7 1 E> pt o, (27)

Finally, a(t) in (6) andz in (19) are designed as:

Additionally, we have the following remark regarding our
function g(|v]).

Remark 2.3:¢g(|v|) in (27) is different from the suggeste
functions in [2], [3], [4], [5], [6] where they did not consider
the velocity derivatives and the variation of the friction
coefficient. However, in this paper, we have considered th
velocity derivative as well as the coefficient variation.
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Fig. 1. Upper-left(Fig.1.a): simulation 1 -reference position/velocity and the actual tracking position/velocity; Upper-right(Fig.1.b): simulation 1 -position
and velocity tracking errors; Bottom-left(Fig.1.c): simulation 2 -reference position/velocity and the actual tracking position/velocity; Bottom-right(Fig.1.d):
simulation 2 -position and velocity tracking errors

(just with the guarantee of the stability). between them. Finally, the time periodic adaptive control
technique can be applied to systems with periodically or non-
periodically time varying coefficients which are dependent

In this paper, we developed an adaptive controller fogn sign of states. Our future efforts will be in 1) considering
dynamic systems with time varying Coulomb friction. Fromkhe state periodic adaptive friction controller 2) exploring

Theorem 2.3 and our simulation tests, it has been Conﬁrm%nereu robust adaptive friction Compensation scheme with
that the deVElOPEd friction Compensation scheme can %n-periodic time Varying friction coefficient.
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Upper-left(Fig.2.a): adaptively estimated Coulomb friction coefficients for both cases; Upper-right(Fig.2.b): friction coefficient estimation errors

for both cases; Bottom-left(Fig.2.c): control input signals for both cases; Bottom-right(Fig.2.d): with zero initial position error

[2] Bernard Friedland and Young-Jin Park,
friction compensation,” irProceedings of the 30th IEEE
Conference on Decision and Contr@righton, England,
Dec. 1991, IEEE, pp. 2899-2902.

[3] Bernard Friedland and Sophia Mentzelopoulou, “On
adaptive friction compensation without velocity measure-
ment,” in Proceedings of the First IEEE International
Conference on Control ApplicationBayton, OH, USA,
Sep. 1992, IEEE, pp. 1076-1081.

[4] Yazdizadeh A and Khorasani K, “Adaptive friction
compensation based on the lyapunov scheme,Prim
ceedings of the 1996 IEEE International Conference on
Control Applications Dearborn, MI, USA, Sep. 1996,
IEEE, pp. 1060-1065.

[5] Teh-Lu Liao and Tsun-l Chien, “An exponentially
stable adaptive friction compensatorfEEE Trans. on
Automatic Contral vol. 45, no. 5, pp. 977-980, 2000.

“On adaptivg6] T. Zhang and M. Guay, “Comments on "an exponentially

stable friction compensator[EEE Trans. on Automatic
Control, vol. 46, no. 11, pp. 1844-1845, 2001.

[7] Jian-Xin Xu, “A new periodic adaptive control approach

for time-varying parameters with known periodicity,”
IEEE Trans. on Automatic Controlvol. 49, no. 4, pp.
579-583, 2004.



