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Abstract To account for the model uncertainties, two approaches, de-
terministic robust control (DRC) [3, 4] and adaptive control

In this paper, an adaptive robust control (ARC) scheme basedAC) [5. 6, 7], may apply. In general, DRC designs can
friction compensation strategy is presented for a class ofachieve a guaranteed transient performance and final track-
mechanical systems in the presence of dynamic friction ef-ing accuracy. However, since no attempt is made to learn
fects. In contrast to existing deterministic robust control from past behavior to reduce the effect of parametric and dy-
(DRC) and adaptive control (AC) schemes, the proposednamic uncertainties, the designs are conservative and may
ARC scheme utilizes both the structural information of the involve switching or infinite gain feedback [3, 4] for asymp-
dynamic friction model and the available prior information totic tracking. In contrast to DRC designs, adaptive con-
on a physical system such as the bounds of parameter varidrollers are able to achieve asymptotic tracking in the absence
tions and unmeasurable friction state for high performance.Of uncertain nonlinearities without resorting to infinite gain
In particular, the physical bound on the unmeasurable dy_feedback. In [5], Canudas de Wt al. illustrated how the
namic friction state is fully exploited to construct certain €ontrol structure proposed in [2] could be modified to adapt
projection type modifications to the dynamic friction state for selected unknown friction parameters. In [6], an adaptive
observers. By doing so, a controlled dynamic friction state controller utilizing arobserver/filtesstructure, was proposed
estimation process is achieved even in the presence of distut® handle non-uniform variations in the friction force. Simi-
bances. The resulting controller achieves a guaranteed trarl2 result was achieved in [7], in whichdmal-observestruc-
sient performance and final tracking accuracy. Furthermorefure was utilized to estimate different nonlinear effects of the

in the absence of uncertain nonlinearities, asymptotic outputinmeasurable friction state. However, these AC designs suf-
tracking is achieved. fer from two main drawbacks - unknown transient perfor-

mance and possible non-robustness to disturbances [8].

1 Introduction In this paper, a dynamic friction compensation strategy is
proposed by utilizing the idea of adaptive robust control

Friction has been shown to be a dynamic nonlinear effect(ARC) [9, 10, 11]. By exploiting available prior information
which is detrimental to the performance of a number of me- ©N Physical systems such as the bounds of parameter varia-
chanical systems. Most of the dynamic behaviors of friction tions and the unmeasurable friction state as much as possible,
such as the presliding displacement, the friction lag and theth® Proposed scheme effectively combines the design meth-
Stribeck effect to name a few, all occur in the so-caltae- ods of DRC and AC while naturally overcoming their prac-

velocityand thepreslidingregions. To capture these effects, tical limitations. Specifiqal!y, based on the_ available bqunds
several researchers have proposed various dynamic frictio?" the unmeagurable fr|.ct|o.n stgte, the Wlde_,-ly used discon-
models [1, 2]. The idea behind obtaining these highly ac- tlnu_ous projection mapping is utilized to modify the obsgr\(er
curate and sophisticated models is to be able to predict th&!€Sign proposed in [7], which guarantees that the friction
friction more accurately so that friction compensation can state estimates belong to a known bounded region all the time
be done more effectively. However, no matter how accuraten© matter if the system is subjected to disturbances or notand
these mathematical models may be, it is usually difficulty to What type of adaptation law is used. As a result, the possi-
capture the nonlinear features of friction exactly, since al- ble destabilizing effect of friction state estimation errors can
most every physical system is subjected to certain degrees dpe dealt with via certain simple robu;t feedback effect!vely
model uncertainties. for a better performance. The resulting controller achieves
a guaranteed transient performance and final tracking accu-
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2 Problem Formulation The control objective is to synthesize a control inpsuch
that x; tracks a desired position trajectomy(t) that is as-
The mathematical model for a mechanical system in the pressumed to be second-order differentiabife.achieve this ob-
ence of friction is assumed to be of the form jective, available tools for control of such a mechanical sys-
tem - AC and DRC - will be applied first, from which one
can gain insights about the development and the advantages
of the proposed ARC.

X1 = X, (1)
m>'(2 = U*F‘FA(X,Z”U,I), (2)

wherex = [x; x|T represents the state vector consisting of
the position and velocityn denotes the unknown inertig,

is the friction,A represents the lumped unknown nonlinear 3 Adaptive Control
functions such as disturbances and modeling errorsy@nd

is the control input. Using the dynamic friction model pro- |, the ahsence of uncertain nonlinearities, ite-,0, adaptive

posed in [2], the dynamic friction forde s given by control [7] can be generalized to solve the problem. Define
F = Goz+ 012+ 0oy, 3) a switching-function-like quantity as
. X . .
Z=1x- g%)z, “ €2 = é1+ker =Xp — Xeeq, Xeeq= %4 — ke, (10)

wherez represents the unmeasurable internal friction state,VN€réer =x —xq is the position tracking error, arids any
andao, o1, 0, are unknown friction force parameters. The positive feedback gain. & is small or converges to zero ex-

functiong(x,) is used to describe the Stribeck effect [2]: ponentially, there; will be small or converge to zero expo-
o nentially sinces(s) = % = gk is a stable transfer function.
g(x2) = Fe+ (Fs—Fe)e /%, ®) So the rest of the design is to mad&eas small as possible.

where Fc and Fs represent the levels of the normalized The structure of (7) motivates us to design the adaptive con-
Coulomb friction and stiction force respectively, apds the ~ trol law as follows:
Stribeck velocity. This model considers the dynamic effects

D .. . . = 11
of the friction as arising out of the deflection of bristles used . ta+Ust, « (11)
to m_odel the asperiti_es between two contacting surface§. The Us = Bp2— é3|_)f‘21 +84%+ é1x2eq , (12)
friction state essentially captures the average deflection of 9(x2)
these bristles. Understandably, the statg does not prof- Ust = —ksey, (13)

fer itself for direct measurement. It is shown in [2] that the

model has the followindjnite bristle deflection property: whereksis a positive design constag,andz are estimates

of the unmeasurable friction state After taking the time
P1 If [z0)|<Fs then |z(t)| <Fs, ¥t > 0. derivative of (10), substituting the expressions given by (7)

) ) ] o _ ) and (11), and then simplifying the resulting expression, we
This property is physically intuitive and will be extensively obtain

used in the subsequent ARC controller designs. Substitut- |
2

ing the friction dynamics (3) and (4) into (2), we rewrite the mé = —ks& — 0" 0+ 0079 —B3—-7 + A, (14)
equation of motion as 9(x2)
. Ixe| wheredT = [~Xoeq, 20, o221, o], o =20 —zandz =2 - z
MXo = U— 0gZ+ 01 ———~Z— (01 + 02)% +A. 6 . 9(%) o
2 0 lQJ(Xz) (01 +02)x ©) represent the estimation errors of the unmeasurable friction

state, and = 6 — 6 represents parameter estimation error.
WhenA = 0, the effect of dynamic uncertainties can be can-
celed by using the following observers [7] :

If we define an unknown parameter $et [01,05,63,64]",
wheref; = m, 6, = 0g, 63 = 07 and8, = gy + 0y, (6) can be
rewritten as

o 2| ":X_M“_ 15

01X = u—0z+ 63 g()(2)2 4% +A. ©) V) 2 g(Xz)ZO Yo€2, (15)

In the paper, the following notations are useg, for the 7= X— |(XTZ‘)2 y1|(XTZ‘)eZ, (16)
minimum value ofs, emay for the maximum value o, the 9%z 9%z

operation< for two vectors is performed in terms of the cor- whereyg andy, are two positive design constants. The effect
responding elements of the vectors, andenotes the esti- of parametric uncertainties, on the other hand, can be elim-

mate ofe. The following practical assumptions are made: inated by using the following parameter adaptation mecha-
nisms

Assumption 1 The extent of parametric uncertainties is 8=T¢e, >0 (17)
known, and the uncertain nonlinearity is bounded by a  The closed-loop stability of the adaptive controller/observer
known functiord(x,t) multiplied by an unknown but bounded can be proved via a Lyapunov-type argument. Specifically,

time-varying disturbancst), i.e., define the following nonnegative function
B € Qo £ {8: 0<Bmin < 8 < Bmax}, (8) Va = %me§+2yi922§+ Zyiegier%éTr‘lé. (18)
0 1
AeQy 2 A AkZUY[SEXDAD}, (@)

By using similar techniques as in [7], it can be proved that
wherefpi, and6max are known. © all the signals are bounded and asymptotic position tracking
is achieved.



4 Deterministic Robust Control 5 Adaptive Robust Control

Adaptive control has two main drawbacks - unknown tran- In the following, we will extend the discontinuous projec-
sient performance and possible non-robustness to disturtion based ARC design [10] and propose a dynamic friction

bances. The system may have large tracking errors duringompensation scheme for a class of second order mechanical
the initial transient pgnod or havg a sluggish response. In thesystems as outlined in Section 2.
presence of uncertain nonlinearitythe closed-loop system
may be unstable [8], since parameter adaptation may learn i i o i
in a wrong way or the observer states may go unbounded?-1 Discontinuous Projection Mapping
In contrast, instead of using parameter adaptation and fric-BY exploiting prior information on the physical systems such
tion observers, deterministic robust control (DRC) only uses@S the bounds of parameter variations and internal friction
robust feedback to attenuate the effect of various model un-State, a discontinuous projection based ARC design is con-
certainties for a guaranteed performance as done in the folStructed to solve the robust tracking control problem. Specif-
lowing. Consider the following DRC law ically, the parameter estimaais updated through a param-
eter adaptation law having the form given by

U= Ug + U1 + Us2, (19) A
0 =Prop(l't), 1=0ey, (28)
whereu, is given by (12) but with fixed state estimatg=
2, = 2(0) and parameter estimale- §(0), ug is givenin (13)  WhereProj(I't) = [Proj, ((I'T)1),- -, Proj, ((F'1)4)]", and(r1);
andug is a robust control term to be synthesized later. Sub-represents the i-th componentraf The unmeasurable fric-
stituting (19) into (7), we obtain the following error dynam- tion statez is estimated by the following robust observers

ics ol with projection type modifications respectively
. = 5 X2| &
mé, = —kser — 0F B+ 022— 03— 7+ A+up, (20) _

s o0xe) % = Proj X — J(X—j‘)ﬁo—yoez}, (29)
whereg] = [eeq —2(0), 22 2(0), ~x,], 2= 2(0) — zandd = 2
R ] 90%) 5 . x| X2
6(0)— 6. Noting Assumption 1 and Property P1, a robust con- 2 = Proj, {x - 900) 2 TV g00) &} (30)
trol functionugp can be synthesized such that the following
condition is satisfied: The projection mappingro (e) is defined by [9, 12]

el 0180+67 8302 71 A4 ug) <eoterd?,  (21) 0 if {=max and s >0
g(x2) Prog(e)=1¢ 0 if {=Cnin ande <0 (31)
e otherwise

wheregy ande; are two design parameters which may be
arbitrarily small. From (20) and (21), the derivative of a pos-

=z 4 o . Lo where is a symbol that can be replaced@y~ 8,4, z; or z;.
itive semi-definite functiovs — 1mé satisfies ¢ y b by~ 64, 20 Or 21

Using similar arguments as in [9, 12], we can show that the

) ~ above projection mappings have the following properties
Ve = ke el 08B0+ 02 Baglz i rugl projection mappings have g prop
< 7)\Vvs+€0+€1d2, P2 qs QZ = {Z D lmin << Zmax} (32)
BT (r—1prai
wherely = 2ks/61max. From (22), it follows that P36 (T PrOJB(T) ‘_T) <0 (33)
~ (A X2| 4
2 P4 Zo{Z— (x2— 2% Yo2)} <0 (34)
Vs(t) < exp(—hvt)Vs(0) + % 1-exp- A1), (23) 9|():<2‘) N
o P5  2{% (o —2+y1—2te)} <O (35)
where||d||. stands for the infinity norm od(t). The expo- 9(%2) 9(%2)

nentially converging rateéy and the final tracking accuracy
. 2 .
index (Vs(e)| < 2*&ldl=) can be freely adjusted by the de- 5.2 ARC Controller Design

sign parameters, €; andks in aknownform. In otherwords,  The proposed ARC law has the same structure as the DRC
transient performance and final tracking accuracy are guarfaw (19)
anteed. One examplg, satisfying (21) can be found in the U= Ug + Us1 + Us, (36)

following way. Letho, Iy andh, be any smooth bounding  yperey, is given by (12) but witt updated by (28), and
functions satisfying the following conditions, 2 andz; updated by (29) and (30) respectively is given

) by (13), andug is synthesized in a similar way as in DRC
ho > Bmax— Ominl, 24 _ 12 .
0= [[0]ll|Bmax—Brmin (24) design as follows. Substituting the ARC control law into (7),
h1 > 82max(Zmax— Zmin), (25) we obtain the following error dynamics
X
e > Bamax-o2 (Zmax— o), (26) | bl
9(%2) me, = —kser — 0 9+6220763FX)21+A+u52. (37)
2
wherezyax= Fsandzy, = —Fsin viewing Property P1. Then, ] ] ) ) .
Ue Can baé chosen asm As in (21), ug is synthesized to satisfy the following con-
straint,
13, 3, 3, 1,
Up =—>(—h3+ =h2+ Zh3+ —3%)e,. (27 ~
4'gg? g e 2 g i ez[—¢TG-|—6220—93M21—|—A—|—u52]Sso—l—sldz. (38)

g(x2)



Such a robust control termy, always exists since both pa- 6 Comparative Simulation Results
rameter and state estimates belong to some known bounded

regions by Property P2. To ensure that the robust controlcomparative simulation results are obtained for the model
termug, does not interfere with the nominal estimation pro- described by (1)(5), in which the numerical values of the
cess of parameter adaptation and friction state observer, thgarameters are taken from reference [6]
following passivity-like requirement is also imposed: m=0.12%gn?, o= 12Nm/rad, o1 = 0.INm-s/rad,

ii &g < 0. (39) 0 = 132Nms/rad, Fc=3.24, Fs=845, vs=3.0.

o o For comparison purpose, the inertimis assumed to be
An example ofug, satisfying (38) and (39) is given by (27) known as in [7]. Thus there are only three parameters to
with ho redefined aso > ||¢]//|8max — Bminll- be adapted. The bounds describing the uncertain ranges
are given bygn, = [0.1250,0,0]7, Bmax = [0.12520,0.3,2]",
Zmin = —8.45, Zmax = 8.45 and & = 1. Three different con-

Theorem 1 With the ARC control law (36), parameter adap- trollers synthesized early are compared:

tation law (28), and friction state observers (29) and (30),

the following results hold: - ARC: the controller proposed in section 5.
- AC: the controller presented in section 3. For comparison

A. In general, all signals are bounded. Furthermore,i¥  ,nase initial conditions and common design parameters

bounded above by of ARC and AC are kept the same as follows:
Vs(t) < exp(—Avt)Vs(0) + %ﬁw [1—exp(—Avt)].  (40) 2(0) = 2(0) = 21(0) = x1(0) = %2(0) =0,
v 8(0) = [0.1256,0.05,0.74]", k=5, ks =5, (44)
B. If after a finite timet;, A =0, i.e., in the presence of I = diag[0,2000 100,50, yo = VY1 = 1,
parametric uncertainties and dynamic friction only, then, in g1=g=4x10%
addition to result A, asymptotic position tracking (or zero . prc: the controller presented in section 4. Initial condi-
final tracking error) is achieved. A tions and design parameters remain unchanged excet

andk = ks = 25.

Proof. Consider the same Lyapunov function candidate as ) . ) )
that in DRC designs = ime. With (37) and (38), we obtain The desired position trajectory is selected to be [6]

_ _ 1 _ _ 3
Ve < —MVs+ €0+ £102, (41) Xg = L.0tan ~(4sin(0.5t)(1— exp(—0.01t)) rads (45)

The following two typical cases are considerdd:No dis-

. . . turbance (i.e.A =0); 2. A random disturbance signal with
I Il I fer f i .
related toe; (t) via an exponentially stable transfer function an amplitude of 6.25(Nm) is added to the system 4t

G(s), e1(t) is bounded. Sincey(t) is assumed to be a bounded ) . )
sec and remove at= 20 sec. Simulation results are given

signal with bounded derivatives up to the second order, not-" "~ . .
ing (10), it follows thabeeq is bounded. Sincey = x; — xq in Fig.1~Fig.5. Overall, AC has the worst transient perfor-

ande; = x; — xeq, We see that the stateis bounded. From mance, and DRC has a large non-converging final tracking

Property P2, the boundednes$if, andz, is apparent. The error; ARC has a more stable parameter estimation process

control inputu is thus bounded. This proves A of Theorem and state_ estimation process than that of AC. It is seen that
1 ARC achieves a much smaller tracking error during the pe-

riod when disturbance occurs. In addition, ARC recovers to
Now consider the situation in B of Theorem 1, i.2.= 0. its nominal performance much faster after the disturbance is

Choose the same Lyapunov function canditai@d 8) as that ~ removed.
in AC design. Its derivative along the trajectory in (37) is

which leads to (40). Thusy(t) is bounded. Sincey(t) is

|x 7 Conclusion

Va = —ksG+ e[ ~4T B+ 0,2 832, 21 4 ug) “2)

+%%(20 -2+ a2 +6TT 8. In this paper, a discontinuous projection based ARC scheme

I . . is presented for a class of mechanical systems in the pres-
(S:glgt)’sgit)'n%g)‘gn(g?%b)(z\?v)e%%?agﬁo) into (42), and noting ence of dynamic friction effects. Like other existing adap-
’ ’ ’ tive dynamic friction compensation (AC) schemes, the pro-

posed ARC scheme utilizes the structural information of the

Va < ke +B2%0( 2 + &) — %202+ 037(2 — il )

Bas o | AT 1A gl friction dynamics to construct nonlinear observers to recover
—yazt o (r=6-1) the unmeasurable friction state. In addition, by utilizing
= —ks€+ %20[20 —(xo— g‘(xle)fo —Yo&2)] — e—gio(z—xz available prior information on the system such as the bounds

(43) of parameter variations and unmeasurable friction state, the
proposed scheme uses projection mappings for a stable pa-

Y
+ o 20)+ Sl — (e — gl n v er)]

B35, (5 5 L AT (1A =M =ClOI _

—Valz—x+ g(ffz‘)zl) +6T(r 16— rameter and friction state estimation process in the presence

< keZ - & el 2% el 2 of uncertain nonlinearities, and uses certain robust feedback
= 'S Yo 9(x2) V1 g(x2)

to attenuate the effect of both estimation errors and uncertain
This shows that, € LN L. It is easy to check thay, € nonlinearities for a guaranteed robust performance in gen-
L. S0,e(t) is uniformly continuous. By Barbalat's lemma, eral. As a result, the presented design enjoys the benefits of
e — 0ast — oo, |



both adaptive dynamic friction compensation and fast robust

feedback while naturally overcoming their practical limita-
tions.
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Figure 1: Tracking errors (without disturbance)
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Figure 2: Control inputs (without disturbance)
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Figure 3: Parameter estimates (without disturbance)
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Figure 4: Tracking errors (with disturbance)
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Figure 5: Friction state estimation errors (with disturbance)



