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Abstract— Inertial reaction devices enable nano/micro res- been successfully used for: (1) high-resolution largegean
olution positioning over macroscopic ranges. Such positioning positioning in scanning probe microscopy (SPM) [3-6]; (2)
devices are characterized by the displacement of a mass zjignment of optical components using three DOF rotational
by utilizing stick-slip phenomena between the mass and the devices [7]; (3) material handling in nanolithography [8];
device's actuators. The displacement of the actuator (i.e., the v A S - g g_ p_ y ’
driving waveform) is chosen such that the mass sticks to and (4) robotic actuation in micro- and nanofabrication [9]

the actuator and is displaced with the actuator during the
first tracking phase, and the mass slips over the actuator e o g . ‘
during the secondretrace phase such that the position of the Mass  \ "y(t : :

actuator is reset. However, as the frequency of the driving Actuﬁ
waveform is increased, vibrations are induced in the actuators, ‘ -
preventing precise actuator positioning and thereby, limiting } }

the maximum achievable operating speed. In this paper, we g } } _ Al
employ an inversion-based method to allow the actuators to } e N\
track high-frequency driving waveforms without exciting the | _ )\
vibrations, therefore achieving high-speed operation of the g s
inertial reaction device. Experimental results on a one-degree- - 7
of freedom inertial reaction rotational device showed that the : T e
operating speed can be substantially increased (more than } } }
doubled) by using the proposed method. Tracking  Retrace Tracking

L ! |
- Time

NI

|. INTRODUCTION Fig. 1. The schematic motion of the inertial reaction devicéjciv
includes the tracking phase and the retrace phase, wiiérés the actuator

Inertial reaction (also referred to as impact drive, ogeflection andI" is the period of the driving waveform.
slip stick) devices are characterized by the displacement
of a mass by utilizing the stick-slip phenomena between A problem with inertial-reaction devices is that the oper-
the mass and the device’s actuators. The idea of moviring speed is limited by the induced mechanical vibrations
objects using the stick-slip phenomena was used to desirgzthe actuator. As the frequency of the driving waveform,
a one degree-of-freedom (DOF) inertial reaction device by = 1/7 (WhereT is the period of the driving waveform
Pohl [1]; then Niedermanet. al. [2] modified the design aS shown in Fig. 1), increases, the dynamics of the actuator
to obtain unlimited translation range. Briefly, the opemati can be excited, generating the induced vibrations in the
of inertial reaction devices consists of two parts: (i) thectuator. These induced vibrations (if not compensateg-fo
tracking phase and (ii) the retrace phase, as shown R{€Vent theinertial mass frqm sFicking to .the actuatorrcgJ_ri
Fig. 1. During the first tracking phase, the mass sticks ti'€ tracking phase, resulting in reduction of the desired
the actuator (due to static friction) and the actuator aspli displacement (of the mass). Thereby, the induced vibration
force on the mass. Then, during the second retrace phad@it the maximum achievable operating speed [10]. When
the actuator retracts quickly such that the inertial foree ghe waveform frequency is sufficiently high, vibrations
the mass overcomes the static friction and the mass slig@minate the actuator displacement and mass can no longer
with respect to the actuator — therefore, the mass continu84Cck to the actuator during the tracking phase — the mass is
to move while the actuator moves in the opposite directiofioating and can move in the reverse direction [S]. Thus, the
to reset its position. Because of the precision positioningynamics—induced vibrations in the actuator displacement
achieved by the actuator made from piezomaterial, the mad4ist be compensated-for to achieve high speed operation
can be positioned with nanometer resolution. Therefore, Kf inértial reaction devices [10]. _ .
periodically repeating this two-phase driving waveformet ~ Current gpprogches used in |r_1ert|al reaction devices
mass can be moved in nano/micro steps (i.e., with high resgannot achieve high-speed operation because they do not
lution) over large ranges. Such inertial reaction devicagh account-for the vibrational dynamics of the actuator. In
current applications, the input to the actuator is obtained
simply by scaling the desired displacement trajectarft)
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whereK . is the DC-gain (static sensitivity) of the actuator.arm. The piezoceramic actuators were configured such that
Such a control scheme (hereafter referred to aP@ayain  the applied voltage leads to a tip displacement (top of the
approach) does not consider the actuator dynamics, andaistuator in Fig. 2) in the same tangential direction for all
applicable only when the driving-waveform frequencies arthree actuators — in this application, the same voltage was
significantly smaller than the first resonant frequency ef thsimultaneously applied to all the three actuators.

actuator— as the driving-waveform frequency becomes close

to the first resonant frequency of the actuator, the dynamics _—

of the actuator can be excited by tBeC-Gain input and Cant)les\;e;;}:ir:e et
leads to the induced mechanical vibrations in the actuator, \ Glass Disk
limiting the high-speed performance. One way to alleviate Steel Ba”s /

the vibration problem is to choose actuators with resonant
frequencies significantly higher than the desired driving
waveform frequency [6]. However, a problem with choosing 4@.
such high-frequency actuators is that, in general, an twtua E
with a higher resonant frequency also tends to be stiffer and
therefore tends to have a smaller displacement range. Thus, uator
even though the use of high-resonant-frequency actuators
allows for higher driving waveform frequencies, it will
also lead to substantially decreased movement of the mass
during each step — this decreased step size again limits the
maximum operating speed.

In this article, we use an inversion-based method [11-
13] to improve the operation speed of the inertial reaction
devices. In this approach, the input (calledrerse input
is obtained by passing the desired trajectory through the 20
inverse of the actuator dynamics such that exact tracking ca
be achieved when this inverse input is applied. The proposed
method is illustrated by applying it to an inertial-reaatio
rotational device in both simulations and experiments. The
simulation and experimental results are presented to show ‘
that the operating speed can be increased more than twice 10? 10°
by using the proposed inversion-based method. (b) Phase

The rest of the article is in the following format. The 0 ‘
inertial reaction device is described in Sec. Il along with t
implementation of the proposed inversion-based approach
for output-tracking. In Sec. lll, this inversion-based putt
tracking technique is applied to the inertial reaction deyi
and the discussion of the simulation and experimental -300 07 e
results are presented. Our conclusions are in Sec. V. Frequency (Hz)

Fig. 2. Experimental inertial reaction device.
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II. INVERSION-BASED DYNAMICS COMPENSATION Fig. 3. The frequency response of the piezo actuator measuxmeti-
) . . . . mentally (dotted line), the lower-order model without phasmpensation
In this section, we describe the implementation of thedashed line) and the higher-order model with phase compensalid

inversion-based method [11], [13] to inertial reaction deline).
vices. We start with describing the inertial reaction devic

studied in this article and its dynamics model. The Model An empirical dynamic model of the system’s
- . actuators was obtained using a dynamic signal analyzer
A. System Description and Modeling (DSA). A sinusoidal input volgtagel(i/) generatged by thg
The experimental inertial reaction device studied iDSA is applied to the actuator and the position of the
this article utilizes three piezoceramic bimorph actugtoractuatony(t) is measured (by using an inductive sensor) and
mounted ati20° angles from each other as shown in Fig. 2fed back to the DSA. The measured frequency response is
A steel ball was attached to the top of each actuator andsgown in Fig. 3, which is used to model the system dynam-
glass disk was placed on the steel balls yielding a kinematjgs as the following transfer function from the input vokag

seat, allowing the disk to be in continuous contact with7(s) (Voit) to the actuator-tip displacemebit(s) (pm):
each actuator. The disk was centered using a sapphire vee

4
bearing mounted to the disk and a needle positioned in the G(s) Y(s) _ K [T (s — 2) @
sapphire bearing; the needle is held in place by a cantilever U(s) H?:l(s —pi)
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whereU(s) and Y (s) are the Laplace transforms eft) B. Precision Positioning: Inversion-Based Approach

andy(t) respectively, the unit of the Laplace variabids Inversion-based approach has been applied to various
scaled torad/ms to reduce potential computational errors gpplications (see, e.g., [17-20], for a few). Next, we diéscr
the gainK = 0.2173, and the zeros; (j = 1,---,4) and  the inversion process for the experimental inertial reacti

the polesp; (i = 1,---,6) given in Table I. device.
TABLE | — u,(t)
7 y)—> G(s) > G(s) ——>y(t)
EROS AND POLES OF THE MODEL AND THEIR CORRESPONDING

FREQUENCY fy = 5=+/Re[q]2 + Im[q]? (kHz), WHEREq IS A

SYSTEM POLE OR ZERO Fig. 4. Feedforward inversion-based control inverts thstesy model

G(s) to produce exact tracking of the desired trajectgpyt).

Zeros Freq. KH z)

21,2 —. 1184 + j2.9233 466 , , . .

2 _94.948 15.00 The inverse input u,;(t) Next we outline the inverse

24 —94.248 15.00 process to obtain the feedforwaud(¢) by using the state-
Poles Freq. K =) space model (3, 4). Such inverse feedforward inpyt(t),

p2 :igg?iﬁfégg e when applied to the system (see Fig. 4), can achieve exact

s ~11.938 1.900 output tracking of the driving waveform, i.e., the precrsio

P6 —11.938 1.900 positioning of the piezo actuator. We find the inverse input

by differentiating the output (3) and substituting in thatst
dynamics Eqg. (4) till the input appears explicitly in the
expression. The number of differentiation needed (till the
'@put appears) depends on the relative degree (e.g., [20])
of the system (which is the difference between the number
8& poles and the number of zeros for a single-input single-

to compensate for the effect of the unmodeled vibration Utput system). The pie_zzo act_ua_tor model (3, 4) has_relative
modes outside the measured frequency range (e.g., [1 gree of2 (Eq. (2), differentiating the outpuj() twice

[15]). As shown in Fig. 3 (dashed line), the Iower—orde|J ads to ..
model with four poles; 2, ps.4) and two zeros4; ») (see ii(t) = CA%x(t) + CABuy (1), 6)
Table I) matches well the experimental frequency responsgd the inverse input,(¢) is obtained from Eg. (6) as
in magnitude, but has a large modeling error in the phase IR 1.
(over 20°). By adding one pair of zerosz{ and z,) and up(t) = —(CAB) " CA%x(t) + (CAB) " 4a(t)  (7)
one pair of polesy; andpy) at relatively-high frequencies, Equation (7) shows that to find the exact output-tracking
the phase error in the model is removed without affectingherse inputu; (t), the state trajectory:(t) needs to be
the magnitude response in the modeled frequency ranggecified. Such state is callebe reference state, . (t),
The frequency response of the model we usélds), which is found by solving the internal dynamics [20]
with the phase compensation, matches the experimentally the system for the given desired trajectayy(t). To
measured magnitude and phase response well UpKidz  find the internal dynamics, we define the following state
(see Fig. 3). transformation

{ £(t) ] — Tat) ®)

n(t)
where £(t) is the output and its derivative{(t) =
. (), 9", n(t) = [m(t), ne(t), na(t), na(t)]" and
#(t) = Az(t)+ Bu(t) G the mapping matrixl’ : R® — RO is invertible. Then the
y(t) = Cz(?) (4)  internal dynamics is found by rewriting the state Eq. (3) in

herex(t) € R is the stateu(t), y(t) € R are the input the [¢, n]" coordinate and substituting in the inverse input
w X IS S u(t), y inpu
and output respectively and uss(t) (Ea. (7)),

Modeling the Phase of the Transfer Function Note that
a pair of zeros 43 andz, in Table I) at15 KHz and a pair
of poles p5; andpg in Table 1) at1.9 KHz in the transfer
function G(s) are present in the model — these are locate
beyond the measured frequency range &fHz (see Fig. 3
and Table I). These two pairs of zeros and poles are add

State Space Model A minimal state-space realization of
the transfer functior(s) in Eq. (2) can be obtained as

—0.110  3.189  0.085 0 0 0 n(t) = Agn(t) + ByYa(t) ©)
—3.189  —0.110 —2.486 0 —0.006 0 3
0 0  —0121 5699  0.422 o |whereYq(t) = [¢a(t), yé_ )(t)]T_ (see, e.g., [20] for a de-
A= 0 0 —1.425 —0.121  3.480 0 tailed description of the inversion process for generadin
0 0 0 0 —11.938  4.000 |time invariant system). Therefore, Equations (7, 9) show
0 0 0 0 0 ~11.938 " : : : .
T that finding a bounded inverse inpuf(t) is equivalent to
B=f0 000 0 3m0] finding a bounded solution of the internal dynamics (9)
C=[133 0 6501 0 0015 0] 9 Yy :

(5) Since the eigenvalues of the internal dynamics mapping
A, are the zeros of the system (3, 4) (e.g., [20]), and
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system (3, 4) has four minimum-phase zeros, the interntie sawtooth and its twice derivativeg,(t), 4 (t), Ja(t), to
dynamics (9) is stable. Therefore, the bounded solution tme bounded (see Eq. (7). Therefore, the sawtooth trajectory
the internal dynamics (9) can be found by flowing thas numerically filtered to smooth out the turn-around cosner
state forward in time, i.e., the internal dynamics can b the trajectory. The cut-off frequency of the filter is sét a
obtained online from the measured state trajectory via staf;;;, = 500 (H z), which is close to the dominant resonant
transformation (8). For nonminimum-phase system, onlinpeak of the system’s actuators 8 Hz. This cut-off was
implementation of the inverse process can be realized if tlehosen for two reasons: (1) tracking frequency components
preview information of the desired trajectory is available,higher than the resonant peak requires large input amplitud
see [13] for detail. (due to the drop of the system’s gain (see Fig. 3)), which
Remark 1. The inverse input, when applied as a feedformay lead to actuator saturation; (2) the modeling error
ward input, leads to exact tracking of the desired drivingncreases at frequencies higher than resonance because of
waveform provided the model is perfect. However, mosthe decreased signal-to-noise ratio, generating inctease
models tend to have uncertainties, particularly at higlerror in computing the inverse input, thereby increased
frequencies. For example, in this application, the system tracking error.
only modeled tilll KHz and can have large modeling errors
at higher frequencies. In such cases, the inversion scheme Improvement of the Piezo Actuator Output Tracking
can be modified to only invert the vibration dynamics,

. . Simulation study: Inversion-based method achieves pre-
in the frequency range where the modeling errors are

small, for example, by using the optimal inversion approacﬁISIon positioning at high waveform frequency.We com-

. “pare the tracking performance using the inversion-based
[12], [17]. Furthermore, the acceptable modeling error "?nethod with using thedC-Gain method for the sawtooth

using the inversion-based approach to improve the trackin . .
performance is quantified in [21]. Waveform desired trajectory at (1) low frequendyp (Hz)

and (2) high frequency2(00 Hz). The inputs obtained in
1. RESULTS AND DISCUSSION simulation by using th®C-Gain method and the inversion-

The feedforward inverse input; ¢ (¢) found in Section II- based approach are compared in Fig. 5 ()) Kiz) and

B is applied in both simulation and experiment to traclPIOt. (©) (290 HZ)’ and the corresponding out.put Fracklng
. achieved in simulation are also compared in Fig. 5 for

S5
. . P .90 Hz (plot (b)) and200 Hz (plot(d)). At low waveform
obtained by using th©C-Gain approach to show the effi frequency50 Hz, the variations of the actuator dynamics

cacy O.f the pr.o.po'sed methoq in achieving h|gh-speed hlg?rhagnitude and phase of the frequency response) are small
precision positioning of the piezo actuator, which impiove

; S . : (see Fig. 3), therefore the dynamics effect of the piezo
the operation speed of the inertial reaction device. : o . .
actuator is not significant. Consequently, the input oletzin

A. Choice of Driving Waveforms from the DC-Gain method is close to the inverse input
ezéff(t), as shown in Fig. 5 (a), and reasonably good output
tracking can be achieved by using tlEC-Gain method
éaee Fig. 5 (b)). However, as the waveform frequency
increases, the variations of actuator dynamics become larg
see Fig. 3). Therefore, tHeC-Gain approach, which does

In this paper, a sawtooth driving waveform is chosen (s
Fig. 1 (a), (b)) as in previous works (e.g., [1], [2], [5], [7]
[8]). We note that considerable research effort has focus
on the choice of the driving waveform to increase th

ration f inertial reaction devices. For exampl . . . )
operation speed of inertial reaction devices. For examp not account for those variations in computing the input,

parabolic waveforms (e.g., [6]) , cycloidal waveforms [3] . .
. i cannot track the desired waveform and large tracking error
and hybrid waveforms consisting of sawtooth and paraboli¢ -
geeurs, as shown in Fig. 5 (d) for the waveform frequency

waveform .[22] have been proposed. AIthough the use Of 200 Hz. By accounting for the frequency-dependent
theseredesigned waveforms has shown some improvemen ) T . . .
. . : . : : . .~ magnitude and phase variations in generating the inverse
in the high-speed operation of inertial reaction devidesirt . X . .

input, the inversion-approach achieved exact output ingck

success is quite limited since the dynamics of the PIezO" . iation (see Fig. 5 (d)). Note the large difference

gctuator is not explicitly accounted for in designing thenetween thedC-Gain input and the inverse input when the
input used to track these waveforms through the actuator.

The proposed inversion-based method tracks the dri\\;\iaveform frequency Is high (.200 HZ). in Fig. 5 (¢) — this

. difference indicates that the inverse input accounts fer th

ing waveform exactly— regardless the type of waveform— .
: . . . aé;tuator dynamics.

therefore, it can be applied to improve the operation spee

of the inertial reaction device even when other waveform

are employed.

Remark 2: Inversion-based approach finds thmique To verify the predicted improvement in system
inverse input to achieve exact output tracking for lineaperformance, the vibration compensation technique was
time invariant, provided the desired trajectory is boundedpplied to the inertial-reaction device described in secti
till ~t" (r is the relative degree of the system) order of itdl-A (Fig. 2). The actual response of the systems actuators,

derivatives (see Eg. (7)). In this experiment, it requitestt for both the DC-gain and inversion-based control inputs
3791
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Fig. 5. Simulated response of the piezo actuator for a relgtilow ~ Fig. 6.  Experimental tracking results of the desired wavafdor
frequency driving waveforms0 Hz, () input, and (b) output) and a high frequency of50 Hz (a) and200 Hz (b), by using theDC-Gain method

frequency driving waveform200 Hz, (c) input, and (d) output). (dashed-line) and the inversion-based approach (sol@-li
| — Inversion ---- DC Gain |
were recorded. > ' ' '
g
Experimental Study: Inversion-based method signifi- >

cantly improves the actuator tracking of high-frequency

driving waveform. The displacement of the system’s 0 5 10 15 20
actuators was measured using an inductive sensor. Fig. 6 (a) 50 Hz Time (ms)

shows the response of the piezoceramic actuator and Fig. 7 20 . . —

the tracking error, for the same two driving waveform fre- £ P
quencies used in simulatiod(( and200 Hz). As predicted 2 N AN
by the simulation for the waveform frequency significantly S —

below system resonancg (= 50 Hz) both the DC-gain -20
(dashed-line) and inversion-based (solid-line) conti@lte-
gies track the desired trajectory (dotted-line) well (Fég.
and Fig. 7a). For a sufficiently high driving frequencyFig. 7. Experimental Tracking error of the desired wavefoorffequency
(f = 200 Hz), however, the DC-gain approach (dashed-linegf 50 r{-Iz_ (a) and200 Hz (b), by usri]ng tr|1_eDIC_:—Gain method (dashed-line)
induces vibrations in the actuator whereas the inversiofin® ¢ IMversion-based approach (solid-line).
based control scheme (solid-line) continues to track thExperimental study: Inversion-based approach more
desired trajectory (dotted-line) without significant \ations  than doubled the angular velocity of the inertial reaction
(Fig. 6b and Fig. 7b). device. Angular velocity of the inertial-reaction rotational
Notice that for both the low and high frequency drivingmotor (Fig. 2) was measured using a quadrature optical
waveforms, Fig. 6 shows that the inversion-based contrehncoder. Multiple measurementy’ (= 150) were averaged
output (solid-line) varies slightly from the desired tetigry and the sample mean of the rotational speed is presented
(dotted-line) (also see Fig. 7). These small variations ai@ Fig. 8 for a variety of waveform frequencies; for every
most likely due to the errors in the system model (2fase the sample standard deviation obtained was less than
from unmodeled nonlinear dynamics effects (such as cre€®®1 (rad/s). However, speeds belod035 (rad/s) could
and hysteresis) and system disturbances. Although smalbt be measured because of time constraints; it took too long
tracking errors are present, the inversion-based contrtal record enough measurements for a reliable sample mean
approach results in a substantial tracking improvemenand standard deviation. Therefore for any measurements
particularly at at high frequency driving waveform. Whenbelow this threshold the mean was set to zero.
the driving waveform frequency i800 Hz, the maximum At low frequencies §0 — 60 Hz), the DC-gain and
tracking error is reduced more th86% (from 17.4 ypm to  inversion-based control schemes show similar performance
1.6 wm) by using the proposed inversion-based approackince the waveform frequencies are sufficiently below the
Therefore, the inversion-based approach can significanthystem’s resonance frequency and unwanted vibrations are
improve the tracking performance of the driving waveforrmot excited. This agrees with our simulation results (F&. 6
at high frequency. In the next section we investigate howvhich predict that both thédC-gain and the inversion-
this vibration compensation affects the operating speed based control approaches result in reasonable tracking of
the inertial reaction device. the desired sawtooth trajectory (which should result in the
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desired slip and stick motion). However, substantial gerfo
mance degradation is observed, at higher driving waveforny;
frequencies ¥ 60 Hz), if the system dynamics is not
accounted for. For example, the system’s rotational speet]
(with DC-gain control) decreases for frequencies between
80 — 120 (Hz) at which point the speed is almost zero [3]
(Fig. 8). Continuing to increase the driving waveform
frequency also results in rotation in the opposite directio 4]
(see f = 130,160 — 200 Hz in Fig. 8). In contrast, for

the inversion-based control scheme, the rotational speed!
continues to increase since the actuator continues to track
the desired sawtooth driving waveform. As seen in Fig. 8[6]
the maximum speed reached using tB€-gain control
scheme i90.18 (rad/s) at a driving waveform frequency

of 80 (Hz), whereas the maximum speed for the inversion-[7]
based control scheme %42 (rad/s) at a frequency of
180 (Hz), more than twice as fast. Thus, the inversion-(g
based control strategy significantly improves the speed of
the inertial reaction device.

(9]
0.5
0.4 Inversion-Based [10]
Los3
o
202 [11]
v
kel
2 01
H [12]
0 o
é \\ // \\
v/ \
] \ [N
-0.1 . \ D
DC-G R
ain by \\ // [13]
-0.2 L . . L ¥
; 40 80 120 160 200
Frequency (Hz)
[14]

Fig. 8. Angular speed of the inertial-reaction device1at different
frequencies for bothDC-gain (dashed-line, diamonds) and inversion-
based (solid-line, circles) control. The sample mean wasutzdtd for

each case from50 measurements. The standard deviation was less thdi!
0.01 (rad/s) for each frequency measured.

IV. CONCLUSIONS [16]
Inversion-based control was used to improve the opera-
tion of an inertial reaction device. The technique inverts a
model of the actuator dynamics to find inputs that track 7
the desired trajectory. Compared with the standBxc
gain control approach, vibrations in the actuator induced EHS]
high driving waveform frequencies are substantially redlic
using the inversion-based control. Better tracking of the
desired driving waveform of high frequency results in moré!d
than doubling of the operating speed.
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