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Abstract— A new dynamic model is presented for piezoelectric effects which are of paramount importance to positioning
tube actuators commonly used in high-precision instruments. The repeatability in open loop operation such as in most SPM.
model captures coupling between motions in all three axes such p,thermore, hysteresis and nonlinear voltage to displacement
as bending motion due to a supposedly pure extension of the s .
actuator. Both hysteresis and creep phenomena are included sensitivity are nOF captured by the aforementioned models_.
in the overall actuator model permitting modeling nonlinear ~Therefore, there is a strong need for an accurate dynamic
sensitivity in the voltage to displacement response. Experimental model that accurately captures these key characteristics of the

data on hysteresis and creep are presented to support the tupe actuator. This is the objective of this paper.
modeling. Experiments and model predictions show that due to

coupling a voltage V. corresponding to vertical displacement Th . ized foll Secti " t
will produce lateral displacement that acts as a disturbance € paper IS organized as lollows. >ection presents

to the main lateral response. The resonance frequency for the modeling results. In Section II-A, a model for the actuator’s
lateral dynamics is inherently lower than that of the longitudinal lateral dynamics will be presented, while actuator longitudinal
dynamics. Therefore, V. is expected to contain frequencies dynamics are presented in Section II-B. Section II-C, discusses
that may excite the lateral resonance. Accordingly, this out of on4 hresents how a hysteresis model would be correctly
bandwidth disturbance will not be well compensated for either . ted in th I del of the tube. S i

in open or closed loop control of the actuator. In order to preserve '”Corpora ed n .e overall moael o e tupe. 'uppor ing
performance in open loop actuator control and stability and €Xperimental data is also presented. A creep model is presented
performance in closed loop control, a large reduction in the in Section II-D along with experimental results. Discussion is
bandwidth of vertical motion would be required to avoid exciting  given in Section IlI, while summary and concluding remarks

the first bending mode. are given in Section IV.

|. INTRODUCTION Il. PIEZOELECTRICTUBE MODEL

The piezoelectric actuator shown in Figure 1, is a thin-

di Pllezoelectilc dactl;ators h(':ar?b pgov_'gteh Asub-nanoltm(taﬁa”ed tube. The tube has four electrodes of equal segments
ISplacement and achieve a nigh-banawidin. AS a result, INgY o o ter surface, and either a single or four electrodes on

are used in many hlgh-p.remsmn.monon applications such %S inner surface. Applying a voltage to its inner electrode(s)
micro and nano-positioning motion stages. Therefore, thelr sults in longitudinal motion along th& axis. Motion in

has peen extenswe work in the I|teratur_e on dynamic mod? % X or Y direction is typically generated by subjecting two
of piezoelectric actuators. Piezoelectric actuators come d

dife ¢ f 4 sh ic-uding tub tat posite electrodes to two voltage signals that have the same
many cifierent forms and shapes inc,uding tube actuato agnitude butl80° out of phase. The tube is generally used
The tube actuator offer a compact design, three degr

f freed i d | ¢ of fructi Th ith one end fixed and the other end is free to position a load.
of ‘freedom motion, and low-cost ‘ot consiruction. es'?herefore, a massi, representing lumped mass of a load and

desirable features have made tube actuators widely usedalpeaction forcef,. () are included in the model at the tube's
precision instruments such as scanning probe microsco;ﬁ%se end "

(SPM).

Several physically-based models for the tube actuator dte Piezoelectric Tube Lateral Dynamics

available in the litreture such as [1]-[3]. Other researchers [4],Models avialable in the literature are for an ideal uncoupled
[5], have presented models that were based on experimentélige actuator. Due to inevitable machining tolerances, some
identified data for motion in a single axis. These modekccentricity is always present in the tube, typically a maximum
however, describe the dynamics of an ideal uncoupled tuled,50 um for a 12.7 mm diameter tube [6]. This seemingly
ignoring coupling between motion of different axes. Thismall eccentricity could be in fact significant when the actuator
coupling would be of great impact on system performanée used in precision instruments with nanometer resolution.
especially if the actuator was to be part of a feedbadkhe newly developed model presented within is based on two
system. In addition, these models describe the fast mechanmedentric cylinders, as shown in Figure 2, with eccentrigjty
dynamics of the piezoelectric actuator ignoring creesgnd d, from the geometric center of the outer cylind@y.



to the left ofO,. Because of the eccentricity, theandY axes
are no longer the principal axes of inertia, i.e. axes along which
”@ % lateral deflection occurs. The new principal axes of inettia
T and2 can be found from symmetry. Axikis along the point
of minimum thickness a5, while the2-axis is perpendicular
to it. The Z-axis (or 3-axis) passes through the centraid
. For thin-walled members, the only stress is assumed to be in
J\ the Z-direction. Therefore, the linear constitutive relation for
piezoelectric material [7] reduces to

- J— E
_ €y o 811 d31 (o
(5) -G %) (2) @
z where o, is the stressg, is the strain,D, is the electric
displacementF,. is the applied electric field, and subscript

r denotes the radial direction. The electric figkl will be
assumed constant over the tube thickness.

Fig. 1. Piezoelectric tube actuator.

Assuming constant inertia, A, per unit length, where,
is the density andi,, is the cross sectional area, the equation
of motion in thel-direction is

82u1p 8u1p o 8F15p

O TR TR ®)
whereb,,; is the viscous damping coefficient, ad,, is the
shear force in the 1-direction. The shear force is related to the
bending moment by, = —0Ms,/0z, where the bending
moment is given by

My, = —//rcos(@ +0s) o, dOdr (6)

In Equation (6), the limits of integration with respectit@are

Fig. 2. Cross-section of the piezoelectric tube actuator. from R¢, to Rc,; the distances frond’ to the inner and outer
cylinders, respectively. The variation of the radii with respect
to 6, is given by

ppA

The outer and inner radii ar&, and R;, respectively. The 5 5 —
angled is measured from the&-axis. Re, = Reo,cos(0 — 05) + \/Ri = Réo,sin?(0 = 05) (7)

Re, =R 0—0 R2 — R2 n?(0 — 0 8
The model is based on elementary bending theory for thin- " <° €0, €05 ( 0)+ \/ o~ fico,sin’( 5) (8
walled members. The main assumptions are small deforn®ild

tions and angles, that plane sections of the tube remain planR.o, = \/(55 —02)2 + (§ — 0y)? 9)
after deformation, material is linear elastic, and negligible B ) 10
effects of rotatory inertia and shear deformation. The rotator)]ﬂcoo = V(@ +7?) (10)

inertia of the end mass:, and tube are also neglected. Thevhere Rco, and Rco, are the distances fror@' to O; and
first step in deriving the model is finding the centraidof the O,, respectively, and?; and R, are the radii of the inner and
cross section. The coordinates of the centroigndy relative outer cylinders measured from their own geometric center as

to O, are giving by seen in Figure 2. Substituting the first equation of (4) into (6)
and integrating with respect tq leads to
) [zdA [y [ ricos(0)drdo My — / 2”[(3400 — R¢,) cos*(0 + 65)
v [dA — m(R2 — R?) @ o 4 Rgcurvlp s11
27 (R, ) d31(RE, — Rg,;)cos(0 + 65)E,
. [ydA _ IB fRi(B) r2sin(0)drdo @ _dn(Bo ??523 ( ] d6
Y TdA m(RZ— R?) O, 1
where = SF Rewrer + Mz, (V) (11)
5 CUTV1p
— 2 2 _ -1y 27 3 _ 3
Rs V2 +62 ., 05 tan (5m> ®) My, = _/ dgl(RCOE R2,;)cos(0 + 95)vd9(12)
0 3s11(Rco — Rei)

Ri(6) = Rscos(6 — 05) +\/R? — RZ sin®(6 — 6;)

d
y o Moy, = =z > %Y (13)
For a positives, andd,;, the centroid will be located below and 115



where Rayleigh-Ritz method will be formulated. The deflectiop,

Vo, -V, —T<fh<T is approximated by a finite sum as

- Vy, =V, ZT<0<3 n
V=Y v Epcethe (14) () & 3 Piyi(2) Tipi (1) 21)
V, —V., Smcg<in i=1
j = [ryzoy0,9-,72] where 1,; are trial functions that satisfy the geometric
/4 (R3,, — R%,))cos(0 + 05) (displacement and rotation) boundary conditions but not nec-
Yoy = /_W/4 3(Rco — Rei) df essarily the natural (force and moment) boundary conditions.

. : . _ The resulting model is
where M,,, is the bending moment about tReaxis, M,,, is

the bending moment about tReaxis due to the applied volt-

ages, andR..»,, is the radius of curvature of the deformed - : Fi.(t)
tube in thel — Z plane, which is related ta,,, for small M Tip +C Tip +ET1p = Qup [ dy >V (22)
deformations by o
L Puyp (15) whereTy, = [Tp1...Thpi) 7, M is the mass matrixK is the
Reuroy, 072 stiffness matrixC' is the damping coefficient matrix, ardg;,

Substituting Equations (11) and (15) into Equation (5), resufts th? generah_zed loads input matrix. The elements of these
in matrices are given by

62U1 8u1 Qo 84U1
Ap—5F by " w2 (16 L,
Preie =52 +Op1 ot + sB 024 (16) mi; = ppAp/ V1pi (2)Y1pj(2)dz (23)
0
The boundary conditions are zero defleption gnd §Iope at the Mo WP1pi (Lp)t1p; (Lyp) (24)
fixed endz = 0, and a balance of forces in thedirection and L,
zero moment about thz-axis at the free end. Mathematically, cj = bpn / Y1pi(2)V1pj(2)dz (25)
the conditions are 0 Lo 2y () s (2)
o au1 P 1pe z 1pj z
At z=0 kij = 8119: /0 022 022 dz  (26)
uy, = 0 17 Op1pi(Lyp)
O, (0, 1) Gipi = [Y1pi(Lp) 5] (27)
0, = 0 (18)
z For a two-mode model with),1(z) = 22 and12(z) =
At 2= L 23, the resulting model is given by
- p
0%uyy(Ly, t Lv 9 t
P = myltwtlet) / Quip(z,t) . . ) Lo i
: LS Ll
Ozlgp 0 U;p (19) ppAp? + moLg ppAp7 + moLg
st 0z 12 oL L5 LS
oy, 0%y Qi = { R C=by| 5% & | (29
—M _ ip p 20 1p L L2 ) pl Lf, L:
v sE 922 (20) 5 3L Ly L
2
The concentrated loads$",(¢) and M,, appearing in K = algp [ géé’ ?523 ] (30)
Equations (19) and (20) result in time-dependant boundary S P P

conditions. As a result, the technique of sep_aration of variablesy is worth noting that as a result of machining, actual tubes
could not be used to solve for the deflection. Some authqqg not perfectly round. In addition, the wall thickness may
have suggested moving the time-dependant terms from gy ajong the tube’s length. This can be handled in the model
boundary conditions and including them in the equation @}, ysing the desired thickness distribution as a functiofi, of
motion as copcentrated loads. However, using this meth_qu depthz, in Equation (6). However, this will only change
would result in mode shapes that would not converge {fe coefficientsy;, and o; slightly, but the structure of the

satisfying the "true boundary conditions” regardless of theodel will remain unchanged. Finally, the equation of motion
number of terms retained in the summation of modes. Aly, 1y, can be derived similarly.

ternatively, it is possible to use techniques as outlined in

[8]. However, the resulting transfer function model of the

system would be proper (number of zero equals the numligr Piezoelectric Tube Longitudinal Dynamics
of the poles). Consequently, that model would not capture the
high-frequency magnitude roll-off observed in an experimentgl
frequency response. Alternatively, an approximate solution can
be used to arrive at a low-order model that captures the Dz, dus, OF;,

number of modes of interest. An’* mode model based on Py This g = 57 (1)

Under similar assumptions of those in Section II-A, the
uation of motion for the tube’s extensiag, is given by




where By using the boundary conditions of Equations (35) and (36),
Equation (40) reduces to

1
Fs, = /Uszp = E / [€z - d31Er]dAp 82U3p(n,t) B ' sﬁmo 82u;),p(Lp,t)
) 7 o2 sin(nLy)[Fa(t) — A 12
= 5 [ eddy— 5D Y (32) E L i
11 11 % _snbps [T Ousp(2,t) ) o
A, Jo ot
and —nusp,(Ly,t)cos(nLy)
. —n2Usy(n,t 41
J = [x-i-a Ty Y45 Y—, Z} d31 Sp( ) SlEl ( )
vs = /[Ro + RZ(G)] ‘/}(9) do (33) Fa(t) = g "}/3j‘/j + Tngr(t) (42)
J
Substituting Equation (32) into (31), results in Since 82“‘*55?””, 6“3Pa(fp’t), andus,(L,,t) are not known,
52 5 4 o they can be eliminated from Equation (41) by setting the sum
oAy alttsp by gip - e azgp =0 (34) of their terms to zero which gives
11
‘ ‘ _ PoApLy
whereb,; is the coefficient of viscous damping. The boundary nilptan(niLy) = Mo (43)

conditions are zero displacement at the fixed end 0, and

- which can be solved fop,,. The natural frequenciess,,, are
a balance of forces at the other emd= L,, which can be

iven byws,, = —=—. As a result, Equation (41) reduces
expressed as ,?O Yo = 7, 0F, . (41)
— 0%Us,(n;, t
At z=0 % = Fu(t)sin(n;Ly) — n?Usy(ni, 1) (44)
uzp =0 (35) Hence, Equation (38) becomes
— d2U ng, t dU. ng, t A
At z=1L, p,,Api?fl”t(2 )4 bpgig”;t )} én?ng(m,t) =
O?ugp(Ly,t) . L, Ousp(z,t) A, 0%uz A
o L sinty? 2y 4 P P = —Lsin(n;
m o2 + bpsint; ot z+ E 9 o sin(n;Ly)Fo(t) (45)
d31 st1 ith initial conditions
+STE1 Z’ngvj + IPFBT(t) (36) With Infli 1
J
LP
The solution to Equation (34) can be obtained by means of a Usp(ni,0) = / usp(z,0)sin(n;z)dz
finite sine Fourier transform which is given by LO
? Qugy(z,0) .
Usp(ni,0) = Tsm(niz)dz (46)
0

LP
Usp(n,t) :/ usp(z,t)sin(nz) dz (37)
0 The displacement:z,(z,t) can be found by inverse Fourier

Taking the Fourier transform of Equation (34) results in  transform given by

62U3p ang Ap 62U3p 2 X
PrAp 12 + bp3 a1 _g 922 =0 (38) ugp(z,t) = L—Zng(ni,t)sm(niz) (47)

P pn=1
where it is assumed that
C. Hysteresis and Nonlinear Displacement Sensitivity

b 92usg 9% [r : : ) .
/ at2psin(nz)dz = 2 / usp(2,t)sin(nz)dz Piezoelectric materials are ferroelectric, hence, they
0 0 exhibit hysteretic relationship between some of the electric

= M (39) Variables (electric field and electric displacement) and the
ot mechanical variables (mechanical strain and force). Hysteresis
. 0 in piezoelectric materials [9]-[11], is generally attributed
The Fourier transform o523 is given by to molecular friction at sites of material imperfections as a
) L oo result of domain walls motion. In the absence of an applied
PFUsp(nt) / v O usp(2,1) sin(nz)dz electric field, domain walls form at pinning sites to minimize
0z? 0 0z? associated potential energy. When a small electric field is
Ouzp(2,t) . applied, domain walls motion is limited and reversible, hence

_ _ Lp
= | 0z sin(nz) — nugp (2, t)eos(nz)lo hysteresis in not observed. At higher magnitudes of electric

—n?Usp(n,t) (40) field, the local energy barriers associated with the pinning
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different amplitudes.
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sites are overcome and domain walls move an extended
distance. The motion of domain walls across pinning sites
provide an irreversible mechanism that contributes to the
observed hysteresis. The experimental observations of absence
and existence of hysteresis at low and high electric fields,
respectively, is demonstrated in Fig. 3. The figure shows
experimental voltage to mechanical displacement response of
a PZT-5H piezoelectric tube actuator for a sinusoidal input at 032 045 0.0 005 0 005 01 015 02
300Hz and two voltage amplitudes. It is worth mentioning that Displacement, [V]
the first mechanical resonance of this particular actuator isF@g}. 5. Piezoelectric actuator response to a sinusoidal input voltaifefét :
9.7kHz. Hence, the experiment is considered quasisteady.electrical displacement (arbitrary units AU) vs. mechanical displacement.

0.5

Electrical Displacement, [AU]

oF

In practice, the electric field applied to a piezoelectric

ahctuator IS I|m|t;ed o avm_?hsatl;rauon e_mdl r(]jegrada.tmln Hat hysteresis occurs in the electrical domain between the
the actuator performance. Therefore, typical hysteresis 100js,jie electric field and electric displacement or charge. This

can be character_ized by their average.slope, loop ce supported by experimental observations as in Fig. 4 (a).
point, and loop width. These characteristics strongly depep‘%i

he bi lectri 41 g dv h steresis is also observed, Fig. 4 (b), between electric field
on the piezoelectric compound. In a quasisteady hysteresfyy mechanical strain or displacement. In addition, hysteresis

experiment, the frequency of the periodic input voltage Signal ,ticeq petween force and mechanical strain [14], when
should be much lower than the first mechanical resonance. I&

o actuator electrodes are shorted and charge is allowed to flow.
addition, it should be chosen to be fast enough such that cree ever, no hysteresis is observed when electrodes are open

response is not observed. Under these conditions, the Wig no charge flows within the material. More so, charge
of the measured hysteresis loop will be independent of tt}g_ mechanical strain as in Fig. 5, shows no hysteresis. Ac-

input freque_ncy, Le. rz_ate-indepen_dent. The rate independe B?dingly, hysteresis is believed to lie mainly in the electrical
nature of piezoelectric hysteresis has been experiment Igmain

verified by several authors [12]-[14].

. . o ) To include hysteresis in the piezoelectric tube model, its
Hysteresis has been extensively studied in the literature. Agact will be lumped into a single hysteretic element. Due

a result, there are various models of varying complexity thgj hysteresis, the applied electric field,
may be used to modelﬂhysteresis. Exgmples include Prgisgc otential dropE,, due to the combined capacitance and
[15], [16], Krasnosel'skii and Pokrovskii [17], the Generalizedgjsiance of the hysteretic element, in addition to a drop

Maxwell Slip model [18], Bouc-Wen [19], [20], Dahl [21], E,, across the hysteresis-free capacitance of the piezoelectric
Chua-Stromsmoe [22], [23], and Coleman-Hodgdon [24]. . ~iarial as

is balanced by

. : . : E.=FE,+E 48
In piezoelectric materials energy transduction occurs be- " ht Ep (48)

tween electrical and mechanical domains. As discussed earlg{e models of sections 1I-A and 1I-B. were derived assuming
impediment of domain wall motion contributes to hysteresig, 5t E, = E, in the piezoelectric constitutive relation Equa-

However, it is not clear whether there are other mechanisgis, (4). The new constitutive relation is obtained by replacing
in the mechanical domain that contribute to the observggir with E, which gives

hysteresis. Answering this question allows including a phys-
ically consistent hysteresis model in the overall model of (ez> B (sﬁ dgl) (az)

a piezoelectric actuator. As before, it has been suggested D, E,

49
sy €S (49)
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In addition, the electric charge in the actuatgr is given by

dp = / D, dA, (50) Eecéﬁs{
As a result, Equations (22) and (42), know become —

v
M T, +C T1p +KT1, = Q 1 (0)
P ' P P %E:j%(h — k1jnVh)

d31 SlEl !
Fu(t) = == 35 (Vj = k3jn Vi) + 2L Fy, (t 51
a( ) 8{51 ; R ]( J I ) Ap T( ) ( ) Fig. 8. Schematic representation of a model for both fast and creep dynamics.

wherek;;, andks;;, are constants introduced to account for
the fact that not the whole piezoelectric material necessar-
ily contributes to hysteretic behavior. A hysteresis model ilements may be appropriate. Furthermore, experimental fre-
addition to Equations (48) and (50) are used to express tpgency response of piezoelectric actuators shown in Fig. 7
relationship between electric charge and the potential acrday, displays very little variation in phase at low frequency
the hysteresis elemernit;,. The anhysteretic voltage to dis-between input voltage and displacement, Fig. 7 (b). Moreover,
placement curve may be used to model the nonlinear voltageseen in Fig. 7 (b), a slight decrease in gain is observed with
to displacement sensitivity of the piezoelectric actuator.  increased frequency;.5% from 10 H z to 300 H z. Therefore,
a transfer function model between the input voltage and
actuator displacement would have a relative degree zero at
: . . frequencies much lower than the actuator’s first resonance
The displacement response of a piezoelectric actuator t?ra

. frequency. The relative degree is defined as the number of

rapid change in input voltage as shown in Fig. 6, ConSIStSc'JIes minus the number of zeros of the transfer function. It is

of two main parts. The initial part of the response occufs sible therefore, to simulate creep behavior using a suitable

. . ) 0
over a time scale dictated by the mechanical resonanceloclw.ﬁS o "
LTI model composed of capacitive and resistive elements.

the actuator, typically few millisecond. This is followed by . . ;

. . A tschemauc representation of the overall dynamic model
a slow creeping response occurring over tens to hundredsmocludin a creep model is shown in Fig. 8. Its mathematical
seconds and could amount to more thanh% of the total 9 P g. ©

representation for th tuator vertical dynamics with
response. The rate and amount of creep, strongly depend.%% esentation for the actuator vertical dynamics as

the piezoelectric compound. As discussed in Section II-&],put IS given as
pinning sites impede on the motion of domain walls. When
an electric field is applied to the material, the domain walls _ _
will eventually alignﬁﬁ a way to conform with the applied Y2 _ bitn—28"™ "2 4 bgn—gs™ P4+ o
electric field. The initial fast response would be due to domain SN 4 Gy g1 8™ L 4 ag
walls experiencing little resistance and their response would be = G7(s) Gereep(s)
limited by the maximum mechanical strain rate of the material.
Other domain walls, on the other hand, would experience muatereG ¢ is the transfer function containing the fast dynamics
more resistance to their motion. The effective capacitance amt retainsn poles andn — 2 zeros as suggested by the
path resistance of these domain walls, will dictate the amounbdels presented in Sections II-A and II-Bic cep iS the
of motion and time scale over which this motion occurs. Thisansfer function modeling the creep which has a zero relative
could amount to the creep response. degree and contains m poles. The model assumes that the
ratio between the amount of creep and the fast actuator
The aforementioned discussion on the origin of creep, mdisplacement is independent of input amplitude and rate. Both
suggest that a model composed of capacitive and resistagsumption have been experimentally verified [25].

(52)



Il1. DISCUSSION

The physically based model presented within can be tailored
to be of low or high-order linear or nonlinear depending on
what the model will be used for. In contrast to experimentally
identified models such as [4], it is not specific to a particular
actuator and can be generally used for quasistatic or dynamic
analysis and design for either open or closed loop systems.
The equations governing the displacements of the tube’s free |
end and rotations about’ andY axes, namely,, andd,, o

o 005 01 015 02 025 03 035 04 045 05

are given by e
xp(t) _ 008(95) ul(Lp7t) . sin((%) u2(Lp,t) (53) Il;itgér:I.moigzzc};rc)gitfpf)g:eﬂ?(\e/;%ecsogﬁzli.ng between actuator longitudinal and
yp(t) = sin(s) ui(Ly,t) + cos(0s) ua(Ly,t) (54)
zp(t) = usp(Lyp,t) (55)
. Ouy Oug is assumed to be, = 49.5um and §, = 5um. The
Opa(t) = sin(0) EjLCOS(e‘S)E (56) resulting model has sensitivity of.38~" rad/V between
0,,(t) = cos(bs) duy sm(eé)ﬂ (57) 0,y and V,. Quasisteady effect of coupling was measured

by applying a low-frequency 10 Hz) triangular wave as

In an ideal concentric and symmetric tube actuator, applying and measuring,,, with the optical sensor. The results
a voltage signall, to command a displacement in ti#&- are shown in Fig. 9, for 3 different voltage amplitudes,
direction, results in no lateral displacement. Practically, howamely +80, +100 and +200V. The resulting sensor
ever, a coupled response is observed. This can be seen faitput corresponds approximately 6, 10.7, and 18.1nm
Equations (22) and (42) for which a nonzeyo results from peak-to-peak. Based on the sensitivity of the model and
eccentricity in the actuator. Similarly, lateral displacemerife cantilever's nominal length, the changes in sensor
causes a vertical displacement due to the applied voltagetput predicted by the model ai®5, 6.9, and 13.8nm
in addition to a geometric coupling. Geometric coupling ifor +£80, +100 and £200V. The model gives a good
inherent in the construction of this tube actuator since late@greement with experiments, considering the fact the actual
displacements result from actuator bending which causes gggentricity of the tube was not measured for use in the model.
actuator’s length (inZ-axes) to shrink slightly. As an illustra-
tion for coupling, consider the case where creep and hysteresighe dynamic effects of coupling can be seen in Fig. 10
effects are ignored. The transfer function between the latevéich shows an experimental time response of the actuator’s
displacementz,, and the voltage for vertical displacemeérit angle due to a0V step in V.. The response is initially

is given as dominated by the fast modes that are observable at the output
oo which are in thek H z range. The response eventually becomes
zp(s) = Z : kjz Va . (58) dominated by the actuator first bending dynamicsl@t H =
it oy 2G0;wo; 8 + wy, as the faster dynamics die out. As discussed previously, this

. . L . response to the vertical voltage commalid is an out of
where,( is damping ratiow is natural frequency, and;. is ; . .

. : o bandwidth disturbance to the main lateral response. Accord-
a constant. Accordingly, in applications where the actuator

is used to provide both lateral and vertical displacemen{ggly’ bending modes become observable for certain output

i . : A
the voltage corresponding to vertical displaceméht will ode, a large reduction in the bandwidth of vertical motion

produce lateral displacements governed by Equation (5 ould be required to preserve performance in open loop

These displacements will be seen as disturbances to the main i~ .
. actuator control and stability and performance in closed loop
lateral response corresponding ¥ and V,,. The resonance

frequency for the lateral dynamics is inherently lower tha%omml'

that of the longitudinal dynamics. Thereforg, is expected
to contain frequencies that may excite the lateral resonances IV. SUMMARY AND CONCLUSION
acting as an out of bandwidth disturbance. Accordingly, this The paper presented a hew model for a piezoelectric tube
disturbance will not be well compensated for either in opeactuator commonly used in many high-precision instruments.
or closed loop control. The model captures the coupling between motion in all three
axes such as bending motion due to a supposedly pure exten-
As a demonstration for effects of coupling, a setupion of the actuator. A discussion on the origin of hysteresis
consisting of a tube actuator with an optical sensor measuriisgpresented and experimental data is provided as a physical
the angld,,,, of the actuator’s free end was used. The tube is odasoning of how a hysteresis model is included in the overall
type PZT-5A with lengthd4.4 mm, outer diamete6.35mm, dynamic model. This also allows modeling nonlinear sensitiv-
and wall thickness0.5mm. The density is7500 kg/m?, ity in the voltage to displacement response. Moreover, a model
dz;y = —1.73 x 1071%m/V, sf = 15.9 x 1072m?2/N, for creep phenomenon is included to capture the observed slow
and maximum input voltage oft-200V. The eccentricity response due to a sudden change in input voltage. Experiential

easurements. Therefore, to avoid exciting the first bending
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