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Adaptive Robust Precision Motion Control
of Linear Motors With Negligible Electrical
Dynamics: Theory and Experiments

Li Xu and Bin Yag Member, IEEE

Abstract—Linear motors offer several advantages over their work includes thed...-based linear robust control methods pro-
rotary counterparts in many appllC&thﬂS requiring linear motion posed by Alter and Tsao in [l], [2], the disturbance observer

by eliminating mechanical transmission mechanisms. However, ; : :
these advantages are obtained at the expense of added difﬁculties(DOB) [7], [5] based disturbance compensation method in [4],

in controlling such a system. This paper studies the high perfor- and fgedforward ngnlinear ripple force compen.sation ir.1 (3].
mance robust motion control of an epoxy core linear motor, which Practically, H., design [1], [2] may be conservative for high-
has n_egligible electrical dynamips due to t_he f_ast response of _the speed/high-accuracy tracking control. The DOB design [7], [5],
electrical subsystem. A discontinuous projection based adaptive (4] may not handle discontinuous disturbances such as Coulomb
robust controller (ARC) is first constructed. The controller fricti Il and t deal with | tent of i
theoretically guarantees a prescribed transient performance and ricuon We ana cannot deal wi afge extent o par_ame ne
final tracking accuracy in general, while achieving asymptotic uncertainties, as shown both theoretically and experimentally
tracking in the presence of parametric uncertainties. A desired by Yao, et al. in [8]. The feedforward compensation based on
compensation 'TRlctsgheme IS fthen pretse_ntetd, in fWh'Cht_ the off-line identification model [3] may be too sensitive and costly
regressor is calculated using reference trajectory information _ : : :
only. The resulting controller has several implementation advan- to be useful. In [6], a neural-network-based learning feedfor
tages such as less on-line computation time, reduced effect ofvard controller was proposed. However, overall closed-loop sta-
measurement noise, a separation of robust control design from bility is not guaranteed, and instability may occur at high-speed
parameter adaptation, and a faster adaptation rate. Both schemes movements [6].

are implemented and compared on an epoxy core linear motor. In [9], the idea of adaptive robust control (ARC) [10]-[12]
Extensive comparative experimental results are presented to ’

illustrate the effectiveness and the achievable control performance Was generalized to provide a rigorous theoretic framework for
of the two ARC designs. the high performance motion control of an iron core linear

Index Terms—Adaptive control, linear motors, motion control, motor. Th_e Control.ler takes into gccqunt the eff.ec.t of model
precision manufacturing, robust control. uncertainties coming from the inertia load, friction, force
ripple and electrical parameters, etc. In particular, based on
the structure of the motor model, on-line parameter adaptation
is utilized to reduce the effect of parametric uncertainties

ODERN mechanical systems, such as semiconductwhile the uncompensated uncertain nonlinearities are handled

manufacturing equipment, often require high-speeéffectively via certain robust control laws for high performance.
high-accuracy linear motions. These linear motions are usuafig a result, time-consuming and costly rigorous off-line
realized using rotary motors with mechanical transmissidgentification of friction and ripple forces is avoided without
mechanisms such as reduction gears and lead screw. Ssmgrificing tracking performance.
mechanical transmissions not only significantly reduce linearIn this paper, the ARC algorithm proposed in [9] is first ap-
motion speed and dynamic response, but also introduce bagled on an epoxy core linear motor in which the current dy-
lash, large frictional and inertial loads, and structural flexibilitynpamics is neglected due to the fast electric response. However,
As an alternative, direct drive linear motors, which eliminate th&s pointed out in [13], this algorithm may have several poten-
use of mechanical transmissions, show promise for widesprdedimplementation problems since the regressor depends on the
use in high-speed/high-accuracy positioning systems [1]-[3]states of the system. As a remedy, a desired compensation ARC

Significant effort has been devoted to solving the difficulf14], [13] in which the regressor is calculated by reference tra-
ties in controlling linear motors [1], [2], [4], [5], [3], [6]. Early jectory information only is developed. The proposed new ARC

controller has several implementation advantages such as re-
ducing on-line computation time, separating the robust control
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[I. PROBLEM FORMULATION AND DYNAMIC MODELS nical difficulty, a simple continuous friction model will be used

9 approximate the actual discontinuous friction model (3) for
odel compensation; the model used in the paper is given by
= ApSp(z2), where the amplitudel; is unknown, and
é(azg) is a continuous function. The second equation of (4) can,
us, be written as

The linear motor considered here is a current-controlld
three-phase epoxy core motor driving a linear positioni
stage supported by recirculating bearings. To fulfill the hig
performance requirements, the model is obtained to inclu
most nonlinear effects like friction and ripple forces. In th
derlvatlc_)n of the model, thg current Qynam|cs is neglected in Miy=u— Bry— AsSp+d (5)
comparison to the mechanical dynamics due to the much faster
electric response. The mathematical model of the system s@nered = Fy, — Fy, + A.
be described by the following equatiohs: In general, the system is subjected to parametric uncertainties

B due to the variations a¥/, B, and Ay, and the nominal value of
My=u-F the lumped disturbanag d,,. In order to use parameter adapta-
F'=rIy+F. - Fy (1) tion to reduce parametric uncertainties for an improved perfor-

h h . fthei i loAdlis th mance, it is necessary to linearly parameterize the state space-
wherey represents the position of the inertia load)s the mass equation in terms of a set of unknown parameters. To achieve

of t?]e inertia load prllus the coli_l azslembzlyij thf? inpuft voltage yhis define the unknown parameter det= [0, 65, 6, 6] as
to the motor,I” is the normalized lumped effect of uncertainy "~ /' "5 "6 " 4. "andé, — d,,. The state space-equa-

npnlinearities such as fripticﬁf, ripple force_sE,, and e>_(ternal tii)n can thus be linearly parameterized in termg af
disturbanceF,; (e.g., cutting force in machining). While there
have been many friction models proposed [15], a simple and T =T (6)
often adequate approach is to regard friction force as a static Orin =1 — oy — 055, + 0, + d @)
nonlinear function of the velocity, i.eE(3), which is given by
. . . whered = d — d,,. The following practical assumption is made.
Fy(9) = By+ Fpn(9) @) Assumption 1: The extent of the parametric uncertainties

where B is an equivalent viscous friction coefficient of theNd uncertain nonlinearities are known, i.e.

system, F'y, is the nonlinear friction term which can be Ao g
modeled as [15], [16] b e N {6: fnin < 6 < Brax} ®

Fra(y /] sn(i) (3) d € Qg = {d: |d] < bu} ©)

n = —\|Je s — Je)C ° SgI{X
d (y) |:f " (f f ) :| ® ( ) where 9111in = [91 min; - - - 94 Inin]Tv 91113)( =

where f; is the level of static frictionf,. is the minimum level [61 pax, - -, G1max]” » @ndS, are known. In (8), the operation
of Coulomb friction, andj, and¢ are empirical parameters used< for two vectors is performed in terms of the corresponding
to describe the Stribeck effect. In practice, due to the inaccuraggments of the vectors. o

of the positioning stage and ball bearings, the friction force may

also depend on positian This phenomenon is still captured byB. Notations and Discontinuous Projection

(1), since the bounded variation of position-dependent friction Letﬁ denote the estimate éfandf the estimation error (i.e.,
can be lumped into the external disturbadce Thus, consid- § = § — 6). In view of (8), the following adaptation law with

ering (2), we can rewrite (1) as discontinuous projection modification can be used
1 =T § = Proj,(T'r) (10)
M.’i’g IU—B.’L'Q—an+A

@) wherel” > 0 is a diagonal matrixy is an adaptation function
to be synthesized later. The projection mappitgpj;(e) =

wherez = [z,, z2]” represents the state vector of the positioh*r0jz (e1), - .., Projs (e,)]" is defined in [17], [18] as
and velocity,y is the position output, and 2 (Fy— F,.)rep-

Y=

resents the lumped disturbance. Proj, (s1) = 0, if 0; = 0i max ande; > 0 1)
Let,.(¢) be the reference motion trajectory. The objective is role (%) =90, if 0; = 91 min ANde; <0
. otherwise.

to synthesize a control inputsuch that the outputtracksy,.(¢)
as closely as possible in spite of various model uncertaintiesit can be shown [10] that for any adaptation functigrthe pro-
jection mapping used in (11) guarantees
I1l. ADAPTIVE ROBUST CONTROL OFLINEAR MOTORS . A s .
. . P1 0 QH = {9 emin < 0 < emax} 12
A. Design Models and Assumptions P2 T Projy(Ir) ) <0 V1. 12)
It is seen that the friction model (3) is discontinuous:at=
0_. Thus, one cannot use this model for friction compe_nsath_p_ ARC Controller Design
since there is no way that the motor can generate a discontin-

uous motor force to accomplish the task. To bypass this techD€fine & switching-function-like quantity as

INote that all terms are written in terms of the unit of input voltage. p=¢+kie=1x2— Taq T2eq = Ya — k1€ (13)
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wheree = y — y4(t) is the output tracking errog,(t) is the Remark 1: Let 2 be any smooth function satisfying
desired trajectory to be tracked pyandk; is any positive feed- B

back gain. Ifp is small or converges to zero exponentially, then bz [l6all el + & (22)
the output tracking errar will be small or converge to zero ex-wherefy; = 6yax — Omin- Then, one smooth example of»
ponentially sinceZ,(s) = e(s)/p(s) = 1/(s + k) is a stable satisfying (18) is given by

transfer function. So the rest of the design is to maks small

1 2
as possible. Differentiating (13) and noting (7), one obtains Us2 =~y h7p. (23)

Other smooth or continuous examples:9f can be worked out

Mp =1 — 01390y — Oozy — 035; + 04+ d _ )
P =t = 01T — ba¥y — 0557 + Ou in the same way as in [10]-[12]. o

_ ‘A 7
=ut¢ f+d (14) Remark 2: To further reduce transient tracking error, the idea
.A L . . of trajectory initialization [10], [19] can be utilized. Namely, in-
Whereazgeq =Yd — kie and<pT = [—3726(1, —Z2, —Sf(aig), 1] . . . .
Noting the structure of (14), the following ARC control law isStead of simply letting th_e desired traqutory_forthe controller be
roposed: the actual reference trajectory or position [ig:(¢) = u.(¢)],
P yq(t) can be generated using a filter. For examplgt) can be
U= g + Us Ug = _¢Té (15) generated by the following third order stable system

3) @) W) _
where u, is the adjustable model compensation needed for Yo+ 519 + /P24y + Psya =uP 4+ By, (24)

achieving perfect tracking, and, is a robust control law with the initial conditions given by, (0) = #,(0), 74(0) =
to be synthesized later. Substituting (15) into (14), and then(0), andj4(0) = #,(0). By doing s0,V,(0) = 0 and the
simplifying the resulting expression, one obtains transient tracking error is reduced as seen from (21). ¢
. Th '
Mp=u, —¢ 0 +d. (16) IV. DESIRED COMPENSATIONARC (DCARC)
The robust control function, consists of two terms givenby | the ARC design presented in Section I11, the regregsior
(17) the model compensatian, (15) and adaptation function(19)
depends on state Such an adaptation structure may have sev-
wherew,; is used to stabilize the nominal system, and is eral potential implementation problems [13]. Firgthas to be
a robust feedback term used to attenuate the effect of mogalculated on-line based on the actual measurement of the ve-
uncertainties as follows. Noting Assumption 1 and P1 of (12pcity 2. Thus, the effect of measurement noise may be severe,
there exists a:.» such that the following two conditions areand a slow adaptation rate may have to be used, which in turn
satisfied: reduces the effect of parameter adaptation. Second, despite that
. 5 5 the intention of introducing., is for model compensation, be-
13 ]1; ;{j:;? < Ow f+dp<e (18) cause ofp, u, depends on the actual feedback of the state also.
- Although theoretically the effect of this added implicit feedback
wheree is a design parameter which can be arbitrarily small. ERyop has been considered in the robust control law design as
sentially, i of (18) shows that,» is synthesized to dominate theseen from condition i) of (18), practically, there still exists cer-
model uncertainties coming from both parametric uncertaintigsin interactions between the model compensatjoand the ro-
¢ and uncertain nonlinearities and ii of (18) is to make sure pust controk:,. This may complicate the controller gain tuning
thatu,, is dissipating in nature so that it does not interfere witbrocess in implementation. In [20], Sadegh and Horowitz pro-
the functionality of the adaptive control parf. posed a desired compensation adaptation law, in which the re-
Theorem 1:1f the adaptation function in (10) is chosen as gressor is calculated by desired trajectory information only. The
idea was then incorporated in the ARC design in [14], [13]. In
T=ep 19 the following, the desired compensation ARC is applied on the

then the ARC control law (15) guarantees the following. linear motor system, and particular structure of the linear motor

A) In general, all signals are bounded. Furthermore tIqé(namics is utilized to obtain less restrictive conditions on the

ositive definite functior, defined b selection of robust feedback gains.
POSIV nite Tunct I y The proposed desired compensation ARC law and the adapta-

V., = % Mp? (20) tion function have the same form as (15) and (19), respectively,
but with regressog substituted by the desired regressgr

Us = Usl + Ug2 Ugl = _k2p

is bounded above by vt " <pTé = oup (25)
— Uq, s a — —Yd — Yd

£
Vs < exp(=A8)V;(0) + i [1 = exp(=A?)] (21) wherep? = [—ij4, —ta, —Sf(9a), 1]. Substituting (25) into

whereX = 2k /61 max. (14), and notingez = 94 + ¢, one obtains

B)  If after a finite timet,, there exist parametric uncer- Mp = u, — 4,059~+£91/€1 — 02)é + 03[Sf(Ga) — Sp(w2)] +d

tainties only (i.e.d = 0, V¢ > t;), then, in addition to ~
results in A), zero final tracking error is also achieved, (26)
i.e.,e — 0andp — 0 ast — oc. Comparing (26) with (16), it can be seen that two additional

Proof: See Appendix I. terms (underbraced) appear, which may demand a strengthened
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robust control function:, for a robust performance. Applying becomes simpler since some of the bounds like the first term in
mean value theorem, we have the right-hand side of (32) can be estimated off-line. &
(@) — S (i) = g(wa, £)é @27) Remark 5: It is nqted _that the condition.or_1 the selection pf
A FYd) = gL, robust feedback gaih,; is much less restrictive than those in
whereg(z, t) is a nonlinear function. The strengthened robu$t4], [13]. This is achieved by judiciously selecting a p.d. func-
control functionu, has the same form as (17) tion given by (34) instead of the general formulations in [14],
[13]. ¢
Remark 6: The motor system is normally equipped with
but with k,; being a nonlinear gain large enough such that thegh-resolution position encoder and position measurement

Us = Us1 + Us2 Us1 = _kslp (28)

matrix A defined below is positive-definite feedback is normally quite clean. Comparatively, the velocity
Kooy — ko — O1ky + 05 + 6 Ll ki(6s+6 meqsurement is very noisy, which 5|g_n|f|cantly limits the_

A= ! 21 LT iz sy 2 1( 2 5 29) achievable performance. To further alleviate the effect of this

—5 k1(62 + b39) 3 Mki noisy velocity feedback, in implementation, the parameter esti-

(29)  mates can be updated as follows. Laepresent the sampling

andu,. is required to satisfy the following constrains similar tdnstance,AT" be the sampling periody; be theith diagonal
(18): element ofl', ¢4 ; be theith component ofp,, and©; =
0:(jAT) + j(”l)AT, @a,ip dt, then the digital implemen-

_ .
D pluss —ggf+df<e (30) tation of the continuous adaptation law (10) withgiven by

A specific form ofu,o can be obtained using the techniques in 0; max if ©; > 6 max
Remark 1. For example, similar to (23), this function is chosen éi [(j+DAT] = { 6; min, if ©, < 6, min (36)
as 0;, otherwise.
1 N . .
Uy = — h’2p (31) The above digital implementation of parameter estimates needs

the feedback g = ¢+ &1 ¢, which in turn needs the feedback of
velocity zs. Thus, the parameter estimates may be quite noisy
if the measurement of the velocitys is noisy. To bypass this

4de
whereh/’ is any function satisfying

R > 106 || Joall 4 ba- (32) problem, one can rewrit®; as
Remark 3: It is easy to show thatt > 0, if and only if the A (GHDAT .
following condition is satisfied: O = 0:(JAT) + i /MT vai(étkie)dt. (37)
Fout > ko + O1ky — Oy — Bag + —— (65 + 639)2. (33 Since ¢ (t) depends on the reference trajectory only and its
! 2T g 201k, (62 + 639) 33) derivative4(t) can be pre-computed, one can integrate (37)
Theorem 2: If the DCARC law (25) is applied, then by parts to obtain
A) In general, all signals are bounded. Furthermore, the (G+L)AT (G+1)AT
positive definite functior; defined by 0; = 0;(GAT)+vi | k1 / @a,ie dt+pq ie
JAT .
V, = L Mp? + L M2 (34) ’ Jar
is bounded above b UHDAT
is bounded above by _/ Gai(Bedt | . (38)
V. S exp(=2)V.(0) + 5 [L—exp(-M)]  (35) s

Thus, the parameter estimates implemented through (38) and
oL , ) (36) depend on the desired trajectory and output tracking error
B)  If after a finite timeto, there exist parametric uncer-gqy \which are free of velocity measurement noise—another

tainties only (i.e.d = 0, V¢ > to), then, in addition to implementation advantage of DCARC. o
results in A), zero final tracking error is also achieved,

i.e.,e — O0andp — 0 ast — .
Proof. See Appendix II.
Remark 4: The DCARC law (25) has the following advan-A- Experiment Setup

tages: i) since the regressgy depends on the reference tra- The experimental set-up shown in Fig. 1 consists of four
jectory only, the effect of measurement noise is reduced; ii) theajor components: a precisiofn—Y stage with two integrated
regressor, is bounded and can be calculated off-line based dinear drive motors, two linear encoders, a servo controller,
the reference trajectory only to save on-line computation tineed a host PC. The two axes of the-Y stage are mounted
if needed,; iii) due to the use of projection mapping in (ﬁ)bs orthogonally on a horizontal plane with'-axis on top of
bounded as shown by P1 of (12). Thus the model compensati¥raxis. The resolution of the encoders ig:fn after quadra-
u, iN (25) is bounded no matter what type of adaptation law tare. The velocity signal is obtained by the difference of
going to be used. This implies the robust control functign two consecutive position measurements. In the experiments,
may be synthesized totally independent from the design of paly Y-axis is used. Standard least-square identification
rameter adaptation law for stability; and iv) gain tuning process performed to obtain the parameters of theaxis. The

whereA = min{2k>/61 max, k1}-

V. COMPARATIVE EXPERIMENTS
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Fig. 1. Experimental setup.

nominal values ofd/ is 0.027 (V/m/s?). To test the learning  The robust control terms, in (15) and (25) are implemented
capability of the proposed ARC algorithms, we mount as follows. Letk, be a feedback gain large enough such that
20-pound load on the motor in experiments and the identified 1

values of the parameters afe = 0.1 (V/m/s?), 8, = 0.273 R h? (39)

Vim/s), 83 = 0.09 (V). The bounds of the parameter vari- . . ) . -
;tions )arg chosen ég? w = [0.02,0.24,0 (?8 _1]” and in which A is defined in (22). Theny, = —k,p satisfies (17)
B = [012, 0.35, 0 1’2“”1]T T and (18). Similarly, choose a feedback gilnarge enough such

that

B. Performance Index 1,
. : , , ki > ko + — 1 (40)
As in [14], [8], the following performance indexes will be 4e

used to measure the quality of each control algorithm: 11)  \yhere/ is defined in (32). Then, the control function =

1 T —Kk.p satisfies (28) and (30). The following four controllers are
Lye] = UT— / le|? dt compared:

f 70 PID: PID control with feedforward compensation—the linear
the scalar valued., norm, is used as an objective numericamotor system described by (5) can be rewritten as
measure ofaverage traking performancedor an entire error . . .
curve ¢(t), whereT; represents the total running time; 12). 015(t) + 629(t) + 025,(9) = u+d. (41)
ep = max{|e(t)|}, the maximal absolute value of the trackinas  pefore, the following variables are available (ei-
error, is used as an index of measurerahsient performance ther measured or computed) for control implementation:
13). ep = maxy, a<i<r, {|e(f)]}, the maximal absolute value ¢y (+), y4(#), 74(t), andia(t). Suppose that the parameters
of the tracking error during the last two seconds, is used as §(14) are known, the control objective can be achieved with
index of measure dinal tracking accuracy|4) the following PID control law with model compensation

f Ty
LQ[u] = Ti |U,|2 dt U= 91yd+92y+935f(y) —KPC—Ki /Cdt—Kdé. (42)
fJo

the average control input, is used to evaluate the amowmrof Closing the loop by applying (42) to (41) easily leads to the
trol effort; I5) ¢, = Ly[Au]/L[u], the normalized control vari- closed-loop characteristic equation

ations, is used to measure thegree of control chatteringvhere s Kg , K, K;
s+t Ls4 =0 (43)
1 N 91 91 91
Ly[Au] = N Z [u(JAT) —u((j — 1AT)? By placing the closed-loop poles at desired locations, the de-
j=1 sign parameterk’,,, K; andK can thus be determined. In the
is the average of control input increments. experiments, since th#, 6, andfz are unknown parameters,
instead of using (42) the following control law is used:
C. Comparative Experimental Results n - n A .
u =61(0)3ja + 62(0)y + 63(0)S5(#) (44)

Experiments were performed with thé-axis. The control
system is implemented using a dSPACE DS1103 controller - K,e— Kf,/edt— Kqe (45)
board. The controller executes programs at a sampling fre-
guencyf, = 2.5 kHz, which results in a velocity measuremenivhered, (0), 6,(0), andés(0) are the fixed parameter estimates
resolution of 0.0025 m/s. chosen as 0.05, 0.24, and 0.1, respectively. By placing all the
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TABLE |
PERFORMANCEINDEXES FORSINUSOIDAL TRAJECTORY

set 1

controller PID | DRC | ARC | DCARC £
ent (um) || 156 | 56.3 | 36.1 304 2
er (um) || 212 | 112 | 5.1 51 5
Tole] (wm) || 8.04 | 507 | 1.99 1.78 3
T2[u] (V) |[0.20 | 0.19 | 0.19 0.19 2
I.|Au] (V) |[0.06 ] 0.10 | 0.12 | _0.09 E
Ca 028 | 0.56 | 0.66 047 .
set 2 set 3 ; d ; . :
BID [ DRC | ARC | DCARC || PID | DRC | ARC | DCA U L DCARG. b ]
E1.2 | 27.5 | 26.0 26.0 130 | 642 | 451 | 43.7 ot 2 ‘timese. .~~~ "
5.1 ] 145 | 65 55 218 | 123 | 52 | 48

2.99 [ 5.81 2.05 1.80 10.1 { 38.0 3.53 3.17
0.19 | 0.18 0.19 0.20 0.41 [ 0.41 0.42 0.42
0.05 | 0.11 0.15 0.09 0.05 | 0.10 0.12 0.08
0.28 | 0.64 0.78 0.45 0.13 | 0.25 0.29 0.19

Fig. 2. Tracking errors for sinusoidal trajectory with load.

because the bandwidth of every physical system is finite. To
verify this claim, the closed-loop poles of PID controller are
placed at-320 instead of-300, which is translated into PID
gains of K, = 6144, K; = 655360, and Ky = 19.2. With
these gains, the closed-loop system is found to be unstable in
experiments. This indicates that the closed-loop bandwidth
that a PID controller can achieve in implementation has been
Ipushed almost to its limit and not much further performance
improvement can be expected from PID controllers. Thus, in
e S order to realize the high-acceleration/high-speed/high-accurac
are set ad’ = dlag{?’ 0, 2, 1000}. The initial parameter potential of a linear rgotor system, a PIgD cgntrollergeven withy

i _ 4 T
esgrgecl:t.e;atre cho_s (ta.n ﬁ@g _t [go‘)t’ 0|'24_’|_ﬁ'1’ 0. trol | feedforward compensation may not be enough.
- Deterministic Robust Lontrol—Inhe same Conrol 1aw - gy 1, the tracking errors are given in Fig. 2 (the tracking

as f[he above.ARC but without using parameter adaptation, "&rtor of PID control is chopped off). If one compares ARC with
letting I :_dlag{o’ 0.’ 0, 0}. . DCARGC, it is seen that ARC has a relatively poor transient
D(.:ARC' The Desired C/ompensanon ARC_Iaw proposed '{?acking performance. The reason is that only slower adaptation
Sgctmn IV with u, o —F.p. The control gains are chosen o can pe used for ARC, which reduces the effect of param-
as: k1 L 40:) a”‘j' k, = 32. The adaptatlon rates are set agq, adaptation. When we tried to increase the adaptation rate
I" = diag{25, 0, 5, 1000}. For comparison purposes, the samg, s pc further, the system is subjected to quite severe control

initial conditions as those in ARC are used. chattering due to the measurement noises (especially velocity

To test the tracking performance of the proposed algorithn}gedback)_ Comparatively, due to the use of desired compen-

the following two typical reference trajectories are COhSidere(‘i,ation structure and thfeee-velocity-feedback implementation

Cia§e 1.—Track|ng a Slnu§0|dal Trajectory. — of parameter adaptation lawresented in Remark 6, DCARC
0.'0‘) Slr.l(4t)' Qomparauve experlmeqts are run for tracking not so sensitive to velocity measurement noise. In return, a
S|nus'0|dal'trajectory.rThe deswsd trajectgeyis gernerated by larger adaptation rate can be used for DCARC and the param-
(24) n which/3, = 150, 2 = 7500, andfls = 125000. The eter adaptation algorithm of DCARC is able to pick up the ac-
following test sets are performed. tual value of the inertial load more quickly, which can be seen

Set 1:To test the traCking performance Of the Controllel’s Wlth'om the parameter estimates Shown in F|gs 3 and 4 for ARC

load, the motor is run with a 20 Ib. payload mounted ognd DCARC, respectively. The control inputs of the three con-
the motor, which is equivalent # = 0.1. trollers are given in Fig. 5. As expected, all controllers use al-

Set 2:To test the performance robustness of the algorithrgost the same amount of control effort, and ARC has a larger

to parameter variations, the 20 Ib. payload is removegegree of control input chattering than DCARC.

which is equivalent t@; = 0.027. For Set 2, the tracking errors are given in Fig. 6. It shows that

Set 3:A large step disturbance (a simulated 0.5 V electricgloth ARC and DCARC achieve good tracking performance in

signal) is added arountd= 2.5 s and removed around spite of the change of inertia load. Again, DCARC has the best

t = 7.5 s to test the performance robustness of ea%rformance in terms df2[e], epr, andeg.

controller to disturbance. The tracking errors for Set 3 are given in Fig. 7. As seen from
The experimental results in terms of performance index#dee figures, the added large disturbance does not affect the per-
are given in Table I. As seen from the table, in terms dbrmance of ARC and DCARC much, except for the spike when
performance indexes,; and e¢r, PID performs poorly for the sudden change of the disturbance occurs. This result illus-
all three sets, but with a slightly lesser degree of contrtdates the performance robustness of ARC and DCARC designs.
input chattering. One may argue that the performance of PAgyain, DCARC performs best in terms éf[e], eps, andeg.
control can be further improved by increasing the feedbackCase 2—High-Acceleration/High-Speed Point-to-Point Mo-
gains. However, in practice, feedback gains have upper limitsn Trajectory (Without Load):A fast point-to-point desired

three closed-loop poles at300 wherd; = 61 i, = 0.02, one
obtainsK,, = 5.4 x 10%, K; = 5.4 x 10°, andK, = 18.

ARC: The ARC law proposed in Section Il with
us = —ksp. The continuous functionS;(z2) is chosen
as (2/w) arctan(900z3). For simplicity, in the experiments,
only three parameterg;, #3, andf,, are adapted. The contro
gains are chosen ak; = 400, &, = 32. The adaptation rates
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Fig. 9. Tracking errors for point-to-point motion trajectory.

maximum acceleration af,,,.. = 12 m/s>. The tracking errors

of PID, DRC and DCARC are shown in Fig. 9. As seen, the
proposed DCARC has a much better performance than PID and
DRC. Furthermore, during the zero velocity portion of motion,
the tracking error is withintl pm.

Case 3—Nonlinear versus Linear Robust High-Gain Feed-
back: It is seen from the above experimental results that al-
though ARC and DCARC controllers achieve good tracking
performance, tracking errors during transient period or at the
moments when the disturbance occurs and disappears, are still
relatively large. From the development of ARC and DCARC
controllers in Sections Il and 1V, it can be seen that the smaller
e is and/or the larger the feedback gainis, the smaller the re-

motion trajectory with high-acceleration/deceleration, whickulting transient and final tracking error will be [refer to (21) and
runs back and forth several times, is shown in Fig. 8. TH85), respectively]. However, this demands a larger lumped ro-
trajectory has a maximum velocity ef,..., = 1 m/s and a bust feedback gain to be used as seen from (39) and (40). In the
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Fig. 10. Tracking errors of DCARC controllers for sinusoidal trajectory withrig. 11.  Tracking errors of DCARC controllers for point-to-point motion.
disturbance.

achieves a better tracing performance than the DCARC with a

previous experiments, a constant lumped robust feedback ge@stant feedback gain.
(ks for ARC andk’ for DCARC) has been used to have a simple
implementation. However, such a simplification has the limita- VI. CONCLUSIONS

tion that the lumped robust feedback gain cannot be too largen this paper, an ARC controller and a desired compensation
Since OtherWise the resulting Control input may Chatter SeVerﬂRC Controner have been deve|0ped for h|gh performance ro-
due to the amplification of measurement noises. To bypass thigst motion control of linear motors with negligible electrical
implementation problem, in the following, a nonlinear lumpegynamics. The proposed controllers take into account the ef-
robust feedback gain will be used. Namely, during the nomingdct of model uncertainties coming from the inertia load, fric-
tracking period when the tracking error is small, the same lev@d, force, force ripple and external disturbances. Theoretically,
of lumped robust feedback gain as in previous experiments Wile resulting controllers guarantee a prescribed transient perfor-
be used to minimize the effect of measurement noise to keep fignce and final tracking accuracy in general while achieving
control input chattering at a reasonable level. During the tragsymptotic tracking in the presence of parametric uncertain-
sient period when the tracking error is large, a larger lumpe@s. Furthermore, it is shown that the desired compensation
robust feedback gain will be used to provide a stronger instaRrC scheme, in which the regressor is calculated using refer-
taneous feedback for a better transient tracking performang@ice trajectory information only, offers several implementation
Since the proposed ARC strategy is able to use fast adaptatigfyantages such as less on-line computation time, reduced ef-
and the transient period is quite short as seen from previous ¢t of measurement noise, a separation of robust control de-
periments, the increase of control chattering due to the increagﬁﬂ1 from parameter adaptation, and a faster adaptation rate in
feedback gain in the transient may not be noticeable. To illugnplementation. Comparative experimental results are obtained
trate this nonlinear robust feedback gain design concept, in #3¢ the motion control of an epoxy core linear motor. Exper-
following, the DCARC controller is used as an example to s@@ental results illustrate the high-performance of the proposed

the benefit of using such a nonlinear gain. ARC strategies and show the advantages and drawbacks of each
Choose a nonlinear gak] large enough such that method.
1
k. = max {kpl + o h’2, kp2 + c(|p| — p0)2} APPENDIX |
1 Proof of Theorem 1:From (16) and (17), the derivative &
>k + yo B2 (46) s given by

£ . ~ ~

Ve = —kop® + plusa — o7 0+ d}. (47)

where?’ is defined in (32)¢ andpg are two empirical param-
eters. Then, the control functian, = —kp satisfies (28) and Noting conditioniof (18), and choosing= min{2k2 /61 max}
(30). The parameters of the controller are chosekas: 400, We have
kp1 = 30, kpo = 32, ¢ = 0.5, po = 0.01, ¢ = 2 x 10° when-
ever|p| > pp andc = 0 whenevelp| < po.

The tracking errors of tracking the sinusoidal trajectory wityhich leads to (21) and thus proves the results in A) of Theorem
disturbance are shownin Fig. 10. As expected, the DCARC with Now consider the situation in B) of Theorem 1, i .= 0,
a nonlinear robust gain has much smaller transient tracking @z > ¢,. Choose a p.d. functiol, as
rors than the constant gain DCARC (i.e., the initial starting pe- | A1
riod and the periods when the disturbance changes suddenly at Vo=Vt 5071770 (49)
t = 2.5sandt = 7.5 s). At the same time, the degree of confrom (47), condition ii of (18) and P2 of (12), the derivative of
trol chattering is kept almost at the same level. The tracking ay- satisfies
rors of tracking the point-to-point motion trajectory is shown . . .
in Fig. 11. Again, the DCARC with the nonlinear robust gain Vo < —kop® + 67T (9 - FT) < —kop®.  (50)

V. < —kop’+e < AV, +¢ (48)
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Therefore,p € L. It is easy to check thai is bounded. So,
p is uniformly continuous. By Barbalat's lemma,— 0 as
t — oo. |

APPENDIX Il

Proof of Theorem 2:Along the trajectory of (26), the time

derivative ofV, given by (34) is
V,=p {us — @6+ (61ky — B2)é

+03[S(Ga) — Sgla2)] + J} + ME2ee. (52)

(51)

Applying (27) and (28), and noting = p — k1c andé; = M,
we have

V, < pl{ugs — <P59~+ CZ} + (ks + 01k — 02

—039)p” + k1(62 + b3g)ep — MESe®. (53)
If A given by (29) is p.d., then
Vi < pluge — 956 +d} — kop® — £ ME}®. (54)

With condition i of (30) and\ = min{2k2/60 max, k1}, the
derivative ofV, becomes

V., < —AV, +e (55)

which leads to (35) and the results in A) of Theorem 2 is proved

Now consider the situation in B) of Theorem 2, i.é.= 0,
Yt > tg. Choose a p.d. functiolr, as

V, =V, + 167010 (56)

From (53), condition ii) of (30), and P2 of (12), the derivativ

of V,, satisfies
Vo < —hap? — L MERZ + 67016 —Tr) < —W  (57)

whereW = kap? + (1/2)Mk}c?. Therefore W € L; and

V. € L. Since all signals are bounded, it is easy to check t
W is bounded and thus uniformly continuous. By Barbalat
lemma,W — 0 ast — oc, which implies the conclusion of

B of Theorem 2.
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