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SummaryClassical PID control is exploited widely in industrial riwt systems suffering from dry friction. This is motivateyl the
easy-to-use design tools available. However, frictiasuized limit cycling (i.e.hunting is observed when integral control is employed
on frictional systems that suffer from the Stribeck effabereby compromising setpoint stability. In addition, tlesulting time-
domain behavior, such as, e.g., rise-time, overshootirggetime, and positioning accuracy, highly depends on gmigular frictional
characteristic, which is typically unknown or uncertainn @e other hand, omitting integral control can lead to camshon-zero
setpoint errors (i.estick). To achieve superior setpoint performance for frictiomaition systems in a repetitive motion setting, we
propose a PID-based feedback controller witimge-varyingintegrator gain design. To ensure optimal setpoint pasitip accuracy,

a data-based sampled-data extremum-seeking architéstemgployed to obtain the optimal time-varying integrataingdesign. The
proposed approach does not rely on knowledge on the frictianacteristic. The effectiveness of the proposed apprizaevidenced
experimentally by application to an industrial nano-posing motion stage set-up of a high-end electron microscop

I ntroduction

The vast majority of the high-precision industry employassical PID control, since control practitioners are ofteti-
trained in linear control design (loop-shaping). Moregiteis well-known that integral action in PID control is cdpe

of compensating founknownstatic friction in motion systems. However, friction-irchd limit cycling (i.e.,hunting
see [1]) is observed when integral control is employed otesys where the friction characteristic includes the véjoci
weakening (Stribeck) effect, so that stability of the s@ipis lost. Even if stability can be warranted, rise-timeershoot,
settling time (see [2]), and positioning accuracy depentherparticular friction characteristic, which is highlyaertain

in practice. Hence, despite the popularity of the PID cdigran industry, friction is a performance- and reliabjlit
limiting factor in PID-controlled motion systems.

In this work, we propose a PID-based learning controllerdeoto achieve a high setpoint accuracy for repetitivedask
motion systems subject to unknown static and velocity-ddpat friction, including the Stribeck effect. The PID-bds
learning controller consists of two elements. First, a Pdbtool architecture with #me-varying integrator gainlesign is
proposed, facilitating a tailored design such that frictinduced limit cycles can be avoided, and high accuracgtiige
setpoint positioning can be achieved instead. In addisimijlar robustness properties as for the classical PD obntr
at the desired setpoint can be achieved. Second, a samgie@xdremum-seeking architecture (see [3]) is proposed, i
order to iteratively find the optimal time-varying integragain, in the presence of unknown friction. The effectasnof
the proposed approach is evidenced experimentally by agin to an industrial nano-positioning motion stageuget-
of a high-end electron microscope

Control problem formulation for frictional motion systems

Consider a single-degree-of-freedom motion system, stingiof a mas#: sliding on a horizontal plane, with measurable
positionz+, velocity z2, control inputu., and subject to a friction forcg. The friction forceF; takes values according
to the set-valued mapping of the velocity = ®(x2). The set-valued friction characteristicconsists of a Coulomb
friction component with (unknown) static frictioR;, a viscous contributionz, (wherey > 0 is the viscous friction
coefficient), and a (unknown) nonlinear velocity-deperidiéction componenyf, encompassing the Stribeck effect, i.e.,

Fy € ®(x2) := —FSign(z2) — yx2 + f(22), 1)
The dynamics are governed by the following differentialirston:
T1 = X2, MIo € (I)(CEQ) + Ue. (2)

We focus on achieving high-accuracy positioning for foatl motion systems that performilarepetitivemotion. We
consider, for the position;, a desired repetitive referencedefined on the time intervé), T'], where the system starts
and ends at rest and define two particular time intervalshd jritervalt € [0, 75) during which the system is allowed
to move from0 to r, and 2) the interval € [Tz, T'|, during which standstill at is required. The time intervdl'z, T is
typically used by the industrial machine, of which the motsystem is part, to perform a certain machining operatimm, f
which accurate positioning is required. We address thevalig setpoint control problenDesign a PID-based control
strategy for motion systems of the fo(g), (1), that perform a repetitive motion profile and are subject tikmown
static and velocity-dependent friction, such that higlet&acy setpoint positioning during the standstill time damv is
achieved
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. o . Figure 2. Experimental results that show the error and eorre
Figure 1. Nano-positioning motion stage set-@p:Maxon RE25  spondingk; () and u. after the initial parameter settingy =
DC servo motor(2) spindle,(3 coupling,@® nut, © carriage(6) [0.85, 0.175]" - 10° (—), the2nd (—), 4th (—), and7th (—)
linear Renishaw encodef) bearings(®) coiled spring. extremum seeking controller update, leading to an achieegd
point accuracy of about — 6 nm.

A time-varying integrator gain design for PID-based control of frictional motion systems

Limit-cycle behavior present in the case of PID control vaitimstanintegrator gain is caused by the build-up of integrator
action (during transients and the stick phase) in interplaly the friction characteristic, see, e.g., [1]. This ofys¢ion
motivates the design of a noviiine-varyingintegrator gairk;(t) for point-to-point motion, namely: 1) the presence of
integrator action still allows the system to escape unddsstick phases, 2) overcompensation of friction due to, a.g
severe Stribeck effect, can be avoided, by altekir{g) during the slip phase, and 3) zero integral action can bereado
at the setpoint when standstill of the system is requirech $lnat robustness against other force disturbances isdev
by the static friction. The resulting controller is then@ivbyu. = kye + kqé + ki(t)xs, ©3 = s(t)e, with¢(t) € {0,1}

a to-be-designed switching function that prevents unadiett growth ofzs. We are able to 1) escape undesired stick
phases by enabling +# 0 ands(t) = 1 duringt € [0, T], and 2) create robustness to other force disturbancestoltise
setpoint, by enforcing; = 0 ands = 0 duringt € [I;5, 7). Thereto, we parametrizg(t) = > °_, [v) v +D]w0) ()

by linear spline basis functiong) (t), with vT = [1 - 10% ug 0'**], andu, a to-be-optimized parameter vector.

PI D-based learning control for an industrial nano-positioning motion stage

The working principle and the effectiveness of the propoBHd-based controller are demonstrated on an industrial
nano-positioning stage, representing a sample manipualatage of an electron microscope, exhibiting significatt a
unknown frictional effects. The experimental setup and@static representation are presented in Fig. 1. A saméal-d
extremum-seeking architecture (see, [3]) is used to itesigtfind a time-varying integrator gain design(¢), ultimately
leading to a position error in the rangebf 6 nm, depicted by-) in Fig. 2. In contrast, the classical PID controller for
this particular set-up yields an absolute error of ad®gtnm on the same time interval, and does not provide robustness
during the standstill time window. This clearly illustratthe performance benefits of the proposed PID-based Igarnin
controller in terms of the ability to cope with Stribeck fitm and achieving superior setpoint positioning accuracy

Conclusions

We have presented a novel time-varying integrator gairgdeer motion systems with unknown Coulomb and velocity-
dependent friction, capable of achieving a high positigraiccuracy, in contrast to classical PID control, which rofte
leads to limit cycling. The optimal time-varying integratgain is iteratively obtained by employing a sampled-data
extremum-seeking architecture. The superior performahttee proposed control architecture over classical PIOrobn

is experimentally demonstrated on a hano-positioningestd@n electron microscope.
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