Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting ourden for this collection of information 1s estimated to avegage 1 housder response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing tne cillection of infcrmation. Send comments regarding this burden estimate or any other aspect of this
ccltection of information, cluding suggestions for reducing this burden. to Washington Headguarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Hignway, Suite 1204, Arfington, YA 22202-4302. and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) | 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
31 March 1996 Final Technical Report 4/1/93 - 3/31/96
a. TITLE AND SUBTITLE 5. FUNDING NUMBERS

Electro-Mechanical Modeling of the Dynamics of '
Active Control Systems Based on an Impedance Approach AFOSR Grant No. F49620-
93-1-0166

Frederic Lalande and Craig A. Rogers Q@WT@ C)\ L-_,
~4i9

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Center for Intelligent Material Systems and Structures REPORT NUMBER

Virginia Polytechnic Institute and State University
Blacksburg, VA 24061-0261

6. AUTHOR(S)

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING
M AGENCY REPORT NUMBER

Air Force Office of Scientific Research

Captain Brian Sanders, Program Manager, Structural 3 é
I.)' Efro] 5] R/NA \%f ® Mechanics 7 ’/ - a / é

' —— i

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION / AVAILABILITY STATEMENT 1 12b. DISTRIBUTION CODE

et i, 9960806 020

13. ABSTRACT (Maximum 200 words)

In this fundamental research program, the focus was to develop an understanding of the physics of actively-
controlled material systems, especially the power consumption and energy transfer mechanisms. A new impedance
approach was further developed, giving particular attention to applications involving structures with impedance
characteristics similar to aircraft structures. This newly developed impedance approach has an advantage over
conventional approaches, such as the quasi-static and equivalent thermal-force approaches, in that it includes the
dynamic interaction between the structure and the actuator.

A comprehensive impedance model for plate and shell structures was completed. By taking into account the
dynamic interaction between the base structure and the induced-strain actuator, the impedance model can accurately
predict the dynamic response of the base structure. The electro-mechanical impedance model for plate structures
was then extended to determine the power consumption and actuator conversion energy efficiency. This later
extension of the impedance model allows the optimization of the actuator parameters based on power
considerations. Also, the temperature rise and resulting thermal stresses, which can be significant at resonant
frequencies, was investigated. Finally, the impedance approach was shown to be applicable to other types of
actuators, namely magnetostrictive actuators and piezoelectric stack actuators.

14. SUBJECT TERMS | ) ) i 15. NUMBER OF PAG
impedance modeling, power factor, piezoelectric,
vibration control, intelligent materials T6 PRICE CODE

17. SECURITY CLASS)KICATION | 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT \ OF THIS RAG OF ABSTRACT
. NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-18
J9R.1n2




DISCLAIMER NOTICE

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE
COPY FURNISHED TO DTIC
CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO
NOT REPRODUCE LEGIBLY.




Final Technical Report
Electro-Mechanical Modeling of the Dynamics of Active
Control Systems Based on an Impedance Approach
For the period: 1 April 1993 - 31 March 1996
Wl
Grant No: F49620-93-1-0166 g?z;z, A
< x:n,/‘*“ Pl R
J‘U ‘9!,, G
‘e |
Dr. Frederic Lalande and Prof. Craig A. Rogers B . ,
Center for Intelligent Material Systems and Structures S
Virginia Polytechnic Institute and State University s
Blacksburg, VA 24061-0261 W
(540) 231-2900 e,
(540) 231-2903 (FAX) r
o
f\ﬁw OTFAYFTY TIaTTATTI™Y © ‘

Submitted to:

Brian Sanders, Program Manager

Air Force Office of Scientific Research
AFOSR/NA

100 Duncan Ave, Suite B115

Bolling AFB, DC 20332-0001

Giutrs

Approves oo Tubhli

Saleane

o




Research Objectives:

In this fundamental research program, the focus was to develop an understanding of
the physics of actively-controlled material systems, especially the power consumption and
energy transfer mechanisms. The newly-developed impedance approach, which has a
great advantage over conventional approaches, such as the quasi-static and equivalent
thermal-force approaches, was further developed with particular attention to structures with
impedance characteristics similar to aircraft structures.

Major Technical Achievements:

Impedance methodology for active control systems

The impedance methodology was further refined and extended to plate and shell
structures. As for the beam model previously developed, an impedance-based model to
predict the dynamic responses of plates and shells subjected to excitation from surface-
bonded induced-strain actuators was developed. For the case of plate structures, only the
common pure bending loading was modeled. For the case of shell structures, the pure
bending, pure extension, and unsymmetrical loading was modeled using the shell
governing equations. The plate and shell models were verified experimentally.

Technical details of the work described above can be found in the attached papers,
entitled, “An Impedance-Based System Modeling Approach for Induced-Strain Actuator-
Driven Structures,” and “Impedance-Based Modeling of Actuators Bonded to Shell
Structures.”

Power consumption and energy transfer mechanisms

A coupled electro-mechanical system model for beam and plate structures was
developed to determine the power consumption and actuator energy conversion efficiency.
The model has been used to predict the power factor, the power dissipation, and the power
requirement of the system. The model has been verified experimentally. This modeling
approach has been helpful for understanding the power flow in active structures and can
assist in the design of energy efficient actuators and associated control systems.

Technical details of the work described above can be found in the attached paper,
entitled, “Power Flow and Consumption in Piezoelectrically-Actuated Structures.”

Influence of actuator parameters on the energy efficiency

The actuator power factor, defined as the ratio of the total dissipative mechanical power
of a PZT actuator to the supplied electrical power to the PZT actuator, was used to optimize
the actuator location and configuration on a complex structure. A comparison between
experimental and theoretical power factor results was used to analyze the capabilities and
limitations of the actuator power factor algorithm as a tool for determining the optimal
configuration and location for a PZT actuator for simple, as well as complex, structural
vibration control applications.

Technical details of the work described above can be found in the attached papers,
entitled, “Experimental Determination of Optimal Actuator Locations on Complex
Structures Based on the Actuator Power Factor;” and “Experimental Verification of
Optimal Location and Configuration Based on the Power Factor.”




Thermal dissipation and thermal stress of induced strain actuators

A simple analytical approach to estimating temperature increase and thermal stress in
PZT patch actuators due to dynamic excitation was developed. Case studies have
demonstrated that when the PZT actuators operate at system resonance, or with a relatively
high electrical field, the heat generation and temperature rise of the PZT is significant and
may cause thermal degradation, even damaging the PZT elements.

Technical details of the work described above can be found in the attached paper,
entitled, “Heat Generation, Temperature, and Thermal Stress of Structurally-Integrated
Piezo-Actuators.”

Integration and design of piezoelectric actuators

The design of induced-strain actuators is a comprehensive issue, involving not only the
materials and geometry of the actuators, but also the behaviors of the coupled host
structures. In particular, the design of the actuators is essentially related to the prediction of
induced strain or stress in the actuators. A high stress level in the actuators is useful to
excite the host structure but can lead to degradation or fatigue of the actuators. Thus, to
include this design issue, the mechanical peak stress was added to the other issues
previously addressed (energy efficiency, power requirements, and thermal stresses) in the
dynamic modeling.

Technical details of the work described above can be found in the attached paper,
entitled, “Integration and Design of Piezoceramic Elements in Intelligent Structures.”

Analysis of other types of actuators

The impedance-based approach was extended to other types of actuators, showing that
it can be applied to various actuators. First, the dynamic transduction characterization of
magnetostrictive actuators was made, including the mechanical dynamics and the electro-
magneto-mechanical interaction of the actuator. Second, the impedance approach was
applied to dynamic modeling of piezoelectric stack actuators. The electro-dynamic
behavior of the stack was first modeled in a free configuration and then integrated into a
complex structure.

Technical details of the work described above can be found in the attached papers,
entitled, “Dynamic Transduction Characterization of Magnetostrictive Actuators,”
“Electro-Dynamic Transduction Equations for Piezoelectric Stack Actuators,” and
“Dynamic Output and Structural Response Prediction for Stack Active Members
Integrated in Complex Structures.”




Impedance methodology for active control systems

Zhou, S.W., Liang, C., and Rogers, C.A., “An Impedance-Based System Modeling
Approach for Induced Strain Actuator-Driven Structures,” Journal of Vibration and
Acoustics, Vol. 118, January 1996, pp.

Lalande, F., Chaudhry, Z., and Rogers, C.A., “Impedance-Based Modeling of Actuators
Bonded to Shell Structures,” Journal of Intelligent Material Systems and Structures, Vol.
6, November 1995, pp. 765-775.




A dynamic model of piezoelectric actuator-driven thin plates
Suwei Zhou, Chen Liang and C. A. Rogers
Center for Intelligent Material Systems and Structures

Virginia Polytechnic Institute and State University
Blacksburg, VA 24061-0261

ABSTRACT

This paper presents the theoretical development and the experimental verification of a dynamic model of distributed ;
piezoelectric (PZT) actuators locally coupled with two-dimensional structures. The model includes the dynamic interaction
between PZT actuators and their host structures. An analytical solution of the moment (or force) outputs of the PZT patch
actuators has been developed based upon the input impedance of the piezoelectric actuator and the mechanical impedance of .‘3;'1‘
host structures. A simply-supported thin plate with surface-bonded PZT patches was built and tested so that the ability of the '5/:.
impedance approach to predict the dynamic performance of the actuator and intelligent structures has been verified. Whea
compared with conventional static models or quasi-static models, the impedance modeling method offers insight into the &

dynamics and electro-mechanical coupling of the integrated PZT/substrate systems and more accurately predicts the actuation 3
of induced strain actuators.

1. INTRODUCTION

Recent research efforts have focused on the use of piezoelectric materials (PZT) as actuators and sensors in imelligeni_
structures to tune the response of the structures since the compact PZT actuator and sensor allows a more flexible design -?: ;
control systems. A mathematic description of a PZT/substrate adaptive system is desirable and beneficial for perfonnancé
prediction and parametric optimization of the actuator,and sensor. In the modeling of these distributed piezoelectric actuators V
locally coupled with two-dimensional structures, static strain or stress-based analytical approaches have been used to estima ‘
the induced loading (Dimitriadis et al., 1989; Wang et al., 1990; Crawley et al., 1991; Kim et al., 1991). Itis typically assum
in the static models that the piezoelectric actuators do not significantly alter the inertia mass and the stiffness of the nsi
structures. The dynamic interaction between PZT actuators and the structures is thus ignored. The static analysis usually vaui:,.

to the conclusion that the amplitude of the excitation force of the PZT actuator is frequency independent.

A more realistic and accurate model of an adaptive structure mus: include the dynamic interaction between actuators
host structures. When a control voltage is applied to the PZT patch along the polarization direction, the dynamic strain
induced on the host structure. The active force is then generated as a result of the mechanical interaction between the act
and host structure. The dynamic mass loading and stiffening effect of the PZT patch should be considered. This 2
dynamic effect plays an important role in the actuation on the host structure and may significantly change the mecha
resonant frequencies of the original system. Therefore, a dynamic model which relates the actuator dynamics to th
structure dynamics is desired. Liang et al. (1993a) suggested an impcdance model and derived the formulation of th
output of a piezoelectric actuator-driven one-degree-of-freedom spring-mass-damping system. Then, the impedance m el
approach is expanded to one-dimensional structures, such as beams (Liang et al., 1993b) and circular rings (Rossi et al,
For generic two-dimensional structures, the mechanical impedance coupling in different coordinate directions should be ir Clodes
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:- the cross impedance of the host structures has an impact on the actuator dynamics. Therefore, a couplec machanical
gmpedance model for generic two-dimensional smart structures is required. Such a coupled impedance analysis anplicable to
fthin cylindric structures was performed by Zhou et al. (1993).

. This paper will further expand the impedance modeling method to piezoslectric actuator-driven two-dimensional stractures.
I irst, a generic impedance analysis will be developed to obtain the dynamic outputs of the PZT actuator based upon the input
pedance of the PZT patch and the mechanical impedance of the host struciure. Then, an analytical solution for the
Fadmittance and impedance of a simply-supported thin plate excited by a pair of moments will be derived. Furthermore, a
v‘bration excitation experiment is conducted on the plate to verify the theoretical model. The comparison of the conventional
; static approach and the impedance method is also performed to demonstrate the significant difference between these two types
l modeling approaches. It should be noted that the current work is focusing on the prediction of the dynamic output behavior
g of the PZT actuator using a structural impedance analysis. To estimate the power consumption and energy efficizncy of the
E PZT actuator-driven intelligent structures, a coupled electro-mechanical impedance model is needed to include the electrical
& properties of the PZT actuator. Such a coupled electro-mechanical impedance model for two-dimensional adaptive structures
has been developed and the results will be published elsewhere (Zhou et al., 1994). '

2. A DYNAMIC MODEL FOR PZT ACTUATORS INTEGRATED WITH 2-D STRUCTURES

Figure 1 illustrates the equivalent dynamic model of a PZT actuator-driven two-dimensional sﬁ‘uctnre. The dynamic
performances of the host structure in the x and y directions is represented by the direct impedance Z_, and Z,, as well as the
cross impedance Z,, and Z,,, respectively.

L L L L L7 L L

Y, V.2
Zyy Zyx
/ FV( /
Z,wW,3
£ 4/ 7
PZT patch
bo
% 2 N
4
(@) (@) (@) (@) @) .
77 A A A S A A A 4 >
X, U1
Zyxx ,Zyy — direct impedance of a two-dimensior.al structure
Zyy,Zyx — cross impedance of a two-dimensional structure

Figure 1: A model of dynamic interaction between a PZT patch actuator and a two-dimensional structure represented
by mechanical impedance.

When a voltage is applied to the PZT patch along the polarization direction (3), the dynamic displacement is induced in
both the x (u) and y (v) directions. The active force provided by the PZT actuator, F, and F, may be expressed *.y.




AT A {a]
F Z, Z|\v
where the minus sign indicates that the structura! reactions are equal and opposite to the output forces of the PZT actuatnr :

& and v are the in-plane velocity response of the PZT actuator. The equation of motion of the PZT actuator may be descn -'
by: ,

45
,'
g

o%u YE ou ;
o= Yoigs (

azv YE oy
P ™ oy

in which the subscript p refers to the parameters of the PZT patch and the subscript 11 (22) indicates the direction of
piezoelectric material. p is the mass density and Y* is the complex Young’s modulus at a constant field:

YE=Y(1+m) ,

where 7 is the structural loss factor, j is the complex number, and Y is the real Young’s modulus. The displaceinent re:
of the PZT actuator is written as:

u=[Asin(k,, x)+B cos(k )] e
y= [C sin(k ;) +D cos(fcpzzy)] e,
where A, B, C and D are unknowns and can be determined by the boundary conditions. Considering the isotropy of the

material gives the wave number, k... *

P
b=k =ky=0 |2
YP

where o is the input angular frequency. Applying the displacement boundary condition, u,.,=0 and v,.,=0 to Eq. (4):
B=D=0. The displacement response of the PZT actuator is reduced to: ;

u= Asin(k x) el

v=Csin(ky) e

e) | 3| | %o y,, at, 1‘ d,,
e, g:J A 1- F’/ d,| ’
Y Y bt Yyap, _ :

where €, is the dynamic strain. a,, b,, and 1, are the length, the wicith, and the thickness of the PZT patch,
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applied voltage. Note that the Poisson’s ratio of the PZT material, v, is introduced so that the mechanical coupling of the in-
-" plane motions in the x and y directions of the PZT actuator can be included in the modeling. Substituting Eqs. (1) and {6) into
F- Eq. (7) and taking the algebraic operation to rearrange A and C yields:

of k,cos(ka P)(l-"r %22y keostkp ,)(o_Er:-v %)
_‘__‘. P L ez, Z. L 4 z 'Z, [A} (dsx}f ®
' 12, Z, z, Z |\C ’
k cos(k,a ) = Z” -vp_z_) kcos(k b )(1 -vpa..zl_+7£) s
pxx pxx (224 Y
o . . . ST
t where a=ay/(b,) is the ratio of the length to the width of the PZT paich. Z,_ and Z,, are the short-circuit input impedance of
? the PZT actuator in the x and y directions, defined as:
' z = Ex Ke K 92)
= % o anka)
* z Do Ko Kb (9b)
v o tan(kb)
with the static extension stiffness of the PZT actuator in the x and y directions, K, and K, :
| Y bt ‘
o K =Pl (10a)
\ px | —
\ %
E
K =% (10b)
124 bp X
| ® Solving for A and C from Eq. (8), the dynamic force output of the PZT actuator is determined from Eq. (1) with the substitution
of the velocity response:
F, i F, e i Z, Zx’ Asm(kpa') jor (11)
F, F, Z,, Z, |\ Csin(kb)
L
Accordingly, the amplitude of the line moments per unit length created by a pair of the PZT actators, M, (in N'm/m), can
be obtained by:
s - (= . :
PS M, - i) F./b, _— het, az, aZ \Asinka) 12)
: P LF> fa, ab, \bZ, bZ, Csin(k,b)
where 4 is the thickness of the host structure. The distributed line moments are thus expressed by:
® M = M_(8(x-x,)~8(x-1,)] [h(y-y,)~h(-y)le™ (132)
(13b)

M,= M, [8(y-y,)-8(y=y,)] [h(x-x)-h(x-x)le™ ,

where 8(x) and §(y) are the Direc delta functions. h(x) and h(y) are the Heaviside functions. x,, x;, ¥, and y, are the location
coordinates of the edge of PZT patches on the plate, as illustrated in Fig. 2. Notice that the coefficients A and C as well as

® | 77
o



the mechanical impedance of the host structure in Eq. (12) are functions of frequency. Therefore, the moment outputs of P
actuator must be frequency dependent.

Thus far, the dynamic forces and moments of the PZT actuator have been obtained based upon the impedan
characteristics of the PZT itself and the host structure. This dynamic model is also called the impedance model. The inp
impedance of the PZT actuator is given by Eq. (9). The mechanical impedance of the host structure depends on the Io
of the actuation and the geometric configuration, the physical and material properties, and the boundary condition of thes
structure. As a numerical example, the next section will address how to calculate the admittance ofa simply-supported_
plate actuated by the line moments. For complex structures, the structural impedance can be determined from eithed
experiments or finite element analysis.

3, ADMITTANCE ANALYSIS OF A THIN PLATE ACTUATED BY LINE MOMENTS

A geometric representation of a simply-supported thin plate with a pair of PZT actuators is shown in Fig. 2. Th 3
patches are assumed to be perfectly bonded on ths top and bottom surfaces of the plate. When the PZT actuators are act
out-of-phase, a pure bending moment excitation is created at the edges of the PZT patches.

front view

+ d%fﬁ—f 1
B Gaat | " PZT patch

. y,v.2
/ SS /*h

SS

a=12*, b=8", h=0.06", 1,=0.0075"
X =2°, X2=4", y1 =1" y2=3'

Figure 2: A geometric configuration of a simply-supported (ss) thir. plate with surface-bonded PZT actuatorg

Under the actuation of M, and M,, the total angular velocity response of the plate at the edge of the PZT patch
written as:

VBx= —l(T)x-g (‘5— x-x].. —.\Hnjd xMy)
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VB,= -[(%ﬁi)m,- (%v)m.]: ~HMHM) (14b)

',where H_ and H, are the direct moment admittances of the plate. H_ and H,, are the cross moment admittances of the plate
*"and indicate mechanical impedance coupling of the host structure in the x and y directions. The moment admittance here is
@ P defined as:

TR (=) . as)

!
Usmg the relation of the force and the moment, M, =(h+t,)F ,, as well as the geometric relation of u(v)=(h+t,)oVB, /2, as
g illustrated in Fig. 3, Eq. (14) is rewritten in terms of the force admittance matrix:

F) o [H. H,,’u 0. 0,7 16)
F,| ey, H ) e, o, |

The coefficient 2/(h+t,)’ in Eq. (16) is developed for transformation of the moment admittance to the in-plane force admmance
® The corresponding force impedance matrix is thus determined by

1
Z)x Z” Q” Q”
{ Under the actuation of distributed moments normal

to the surface of the plate, the governing equation for
the forced transverse motion of the plate may be written

based upon Love’s theory and Hamilton principle
(Soedel, 1981):
e
a_Mz] @)
where w is the transverse displacement response of the
o plate. L(w) is the Love operator, which can be evaluat-
ed from the eigenvalue analysis: ' X, u
S
= -pho? (19)
Lowy= ~phonw » Figure 3: The geometric deformation of a plate aciuated by a
pair of moments.
® where @, is the complex resonant frequency of the
plate because the damping factor of the system is
introduced through the complex Young’s modulus in Eq. (3). The subscript m and n refer to the mode numbers ir the x and
y directions. The forced response of the plate may be expressed by the modal expansmn series solution:
. - -
w= Y 3 P W) » (20)
m=1 n=1 _
o ;

cpIC \/~nl 210N 1 €EEC



where p,,, is the modal participation factor which determines the amount of participation of each mode in the total Lransvase
dynamic response. W, is the eigenfunction. Substituting Egs. (19) and (20) into Eq. (18) results in: 3

P
§§‘P"ﬁ e

For a simply-supported plate, the eigenfunction W,,,(x,y) can be described by:

) W_(xy)= sin™ y cos_mly ,
‘ a b
where a and b are the length and the width of the plate. Substituting Eq. (22) into- Eq. (21) and using the usuz! mi
expansion_ technique yields:
. ﬁm+ m’?'"ﬁpm= Fmeim *

where the equivalent forcing function, F_, is the form of

Applying Egs. (13) and (22) into E3. (24) yields:

F =% (bmyg.ony
™ ‘abph an * bm

mn nmn nn
’)(coc X, = COS - rl)(cm 7 Y, ~€0s 3 yz) .

The steady-state solution of the forced vibration of the"plate is thus obtained by:

P (7 TR (2| S
- F,.sin__xsin__ye

Wiy )= 3 o

mnl aw] (1),2,“ - (02

® is the flexural stiffness of the plate.
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Recalling the definition of the admittance in Eq. (15) and the relation of Qu=(h+t,)’Hu/2 (lk=xy), the dircct force
¥ admittance of the plate at the edge of the PZT patch is obtained by:

. .
mnx mmx, n(y,+y,) nmy.
o - | m¥cos 1_ 2 1 T _ 2
Q.= 2n(hﬂp)2mz: E (co a c0s a ) sin— 2b (co< b c0s b ) i 30)
% pha’h, mei a (0%, -0
® and
5, MmX, rrnvc2 mr(x, +x.) nmy, nmny,.,
21t(h+tp) o = n*(cos - ~COS. ) sin 5 (cos 5 -COS. 5 ) 31)
0,= E Yy , e™?
mwl pwl m(mmn— 0_)‘)
® o ‘
Similarly, the cross admittance is determined by:
mmx, T, . MW(X, +X,) nmy, nmy,
w | M(COS. -COS. sin : - 2
0- 2"(””?)“)22 ( ~ azi 1 5 (cos. - cOS. 5 ) - (32)
° » pha’bb, mi aei w5~ 00
and
2 . | n(cos——2-cos i ) sin " (y, +53) (cos " —cos ’my‘)
2n(h+t Y0 & 3 a b b . (33)
. ny Y\ E ' e"‘” .
phab* a, o ey (0, - 0.)2)
The thin plate is usually assumed to be a linear system, hence, the cross admittances are equal, that is, Q,=0Q,., which is proved
by the numerical calculation.
® 4. DYNAMIC OUTPUT CHARACTERISTICS OF THE PZT ACTUATOR

In the static models, the amplitude of the moment outputs of the actuator are assumed to be independent of the frcquency
and the dynamic behavior of the host structure. In addition, the same amplitude of the moment is assumed to be in both the
x and y directions even though the mechanical impedance of the structure may be quite different. There are scveral static
® mode!s for the actuation of PZT patches on two-dimensional plate structures. (Dimitriadis et al., 1989; Wang et al,, 1990;
Crawley et al., 1991; Kim et al., 1991). One of which was developed from the stress-based pure bending model (Dimitriadis
et al., 1939) is used in this paper to compare with the dynamic model.

A simply-supported thin plate is used in the numerical calculation. The thin plate is made of aluminum and the PZT
o material is G1195. Their geometric parameters are shown in Fig. 2. The basic material properties are listed in Table 1

Figure 4 demonstrates the difference of moment outputs of the actuator predicted by the dynamic model and the static
model. In the dynamic model, the amplitude of the moment varies significantly near the resonant frequencies of the system
because of the dynamic interaction between the 2ctuator and the plate. This interaction can be explained by the impedance

® matching, as shown in Fig. 5. When the input impedance of the PZT actuator approaches to and matches with the structural //




impedarce of the plate, the moment output of the actuator varies significantly. Therefore, the actuation is greatly strengthened 3
In the static model, however, the amplitude of the moment output is constant over the whole frequency band as shown in
4 and the dynamic output of the actuator can not be predicted. In addition, Figure 5 shows that the mechanical impedance '_ 4
the plate is different in the x and y directions because of the asymmetric geometry of the plate. Therefore, the actuation’Q
the PZT actuator is not equal, i.e, M, # /. :

Table 1: Material Properties of PZT™ and Aluminum

Young’s Modulus Mass Density Poisson’s Piezoelectric Constant
N/m? (kg/m®) Ratio (m/volt)
PZT 6.3x10%° 7650 03 1.66x10™°
Aluminum 7.1x10%° 2800 0.33 N/A

“From Piezo System, Inc.

10¢

C 3
r 1
f  — impedance mode! Mx i 4 r
’E: !: ----- impedance model My : b (RN }
Z«_', - -+ static model Mx=My :; 1 K’E Ny
8 E
g I e e
= 3
g 104 g m‘é
= i E
< 50
3 L - T
A R Yy
£ i P Zxy=Zyx
P - “ i R
| ;~
102 - 102 - ; .
50 100 150 200 250 300 350 40 450 500 50 100 150 200 250 300 350 400
Frequency (Hz) Frequeacy (Hz)
Figure 4: The comparison of the predicted raoment Figure 5: The input impedance of the PZT actuator s
cutputs of the PZT actator. mechanical impedance of the host structm
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- ‘one-dimensional structures. It is assumed that the mechanical coupling terms of the host structure, i. e., the cross impedance
Z,,and Z,, in Eq. (8) is zero and the Poisson effect of the piezoelectric material is also ignored. A decoupling analysis is then
k- obiained. The force output of the PZT actuator predicted by Eq. (11) is reduced to:

z
=T 34
F, 2 )stm E » (34)

where S,,,) is the cross section area of the PZT patch. This result is exactly same as that derived by Liang et al. (1993a).
Therefore, the two-dimensional impedance analysis presented in the previous sections is more general and applicable to one-
dimensional structures if the motion of the PZT patch is considered in only one direction.

5. EXPERIMENTAL VERIFICATION

A simply-supported thin plate was built and tested to verify the dynamic model. The experimental setup of vibration
excitation of the plate is illustrated in Fig. 6. The thin plate in the experiment is made of aluminum and the PZT material is
G1195. Their geometric parameters are shown in Fig. 2. The basic material properties are listed in Table 1.

0.08"
sensor location # and geomctry of the plate
#1 #
P ™ 8 das g_ga
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Figure 6: The experimental setup for measuring velocity of the plate integrated with PZT patch actuators.
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A pscudo-random signal was used in a burst mode to activate the plate. The transverse velocity response of ihe plate isg
accurately measured using a noncontact laser sensor such that the effect of the added mass and stiffening effect of the se ’.(:'»
on the plate has been eliminated. The response is picked up at two different locations: x=6", y=4", and x=9", y=4", as show R
in Fig. 6. The coherence of the actuation voltage and the velocity response is used to examine the accuracy of the ex :
modes.

Figure 7 illustrates the measured and predicted frequency response function of the plate at the sensor location #1.
important results have been observed:

First, the theoretical prediction based upon

2 -
the impedance analysis (dash line) agrees well o ' o pcri;mmlal d;u ' ' ' '
with the experimental data (solid line). The static L e impedarce model sensor location #1
maodel (dashed-dotted line), however, misrepre- e gtatic mode)
sents the velocity response of the plate and is nct 10 ;
able to predict the 2nd (2,1) mode and the 3rd g !k fﬁ\ .
mode (1,2). The reason is that the sensor loca- - H HE
tion #1 is on the nodal lines of these two modes 100 b

and, assuming a constant moment input in the
static model, misses these two modes. As a
matter of fact, the input moment is a function of 10
frequency and is maximized at the resonant
frequencies of the integrated system. The 2nd

and 3rd modes are thus excited.
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Second, Figure 7 clearly demonstrates that Frequency (Hz)
the dynamic performance of the original system i . i . I
is altered due to the added PZT patches. The Figure 7 ;‘1!::6 predicted and measured velocity Tesponse,

rescnant frequency of the original plate is shifted
to high values. The maximum frequency shift happens to be at 4th mode (1,3) and the resonant frequency increases 2|
Hz within the frequency band less than 1000 Hz. At the same time, the amplitude of the system response decreases.
‘be explained by the observation that the PZT patches bonded on the surface of the plate stiffen the structure and;
parasitic mass in the original system. In general, the stiffening effectiveriess will increase the resonant frequenci
structure while the added mass has the opposite influence. However, the stiffening effect may have the greater impac]
dynamic characteristics of the plate than the added mass. Consequently, the resonant frequencies of the integrated
shifted to the higher value. The intensity of the variation of the frequencies depends on the extent of the impedance
between PZT and the plate. In static model, the dynamic behavior of the plate is assumed to be unchanged,

phenomena of resonant frequency shift can’t be observed in the experiment. E

happens. This time, the sensor location #2 is placed on the nodal line of only 3rd mode (1,2). Thus, the static
up the 2nd mode but misses the 3rd mode, as shown in Fig. 8. The resonant frequency shift and the dynamic respo:
of the original system caused by the bonded PZT actuators still exist. However, these dynamic performance variatig
predicted by the static model. g
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Figure 8: The predicted and measured velocity response of the plate at the sensor location #2.
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6. SUMMARY

* A dynamic model for the ac:uation of two-dimensional structures has been developed using the mechanical
impedance analysis. The impedance moceling approach has clearly demonstrated its advantage over conventional
static models and its potential in the design and the application of PZT actuators. It reveals the dynamic essence
of the actuation of the PZT actuators and offers more accurate prediction. '

*  Theexperiment has verified the accuracy of the impedance model to predict the dynamic outputs (forces or moments)
of the induced strain actuators and the vibration response of the adaptive structures,

*  The dynamic performance of the adaptive structures may be strongly affected by the stiffening effect of the dis-
tributed piezoelectric actuators.
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Impedance-Based Modeling of Actuators
Bonded to Shell Structures

F. LALANDE, Z. CHAUDHRY AND C. A. ROGERS*
Center for Intelligent Material Systems and Structures
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061-026]

ABSTRACT: When discrete piezoelectric actuator patches bonded on structures are used for active
shape, vibration, and acoustic control, the desired deformation field in the structure is obtained
through the application of localized line forces and moments generated by expanding or contracting
bonded piezoelectric actuators. An impedance-based model to predict the dynamic response of
cylindrical shells subjected to excitation from surface-bonded induced strain actuators is presented.
The essence of the impedance approach is to match the actuator impedance with the structura! im-
pedance at the ends of the actuators, which will retain the dynamic characteristics of the actuators.
A detailed derivation of the actuator and structural impedance is included. It is found that the actua-
tor’s output dynamic force in the axial and tangential direction are not equal. Various case studies
of a cylindrical thin shell are performed to illustrate the capabilities of the developed impedance
model. Out-of-phase actuation is shown to be the most efficient in exciting the lower order bending
modes of shell structures. The paper is concluded with a finite element analysis verification of the

derived impedance model.

INTRODUCTION

IN any mechanical system with moving parts, special at-
tention must be given to reducing vibrations and accom-
panying noise. If the system cannot be balanced or is sub-
Jected to random vibrations, passive or active control of the
structure can be considered to reduce vibrations. One way
to perform active control is to use shaker type actuators, but
this involves many moving parts external to the base struc-
ture. By fully integrating the vibration control components
within the base structure, self equilibrium of the complete
system is insured and simplifies the overall design of the me-
chanical system. Piezoelectric (PZT), and other induced
strain actuators are one type of actuators which can be
easily integrated in the structure. When PZT patches are
bonded or embedded in the structure, they apply forces or
moments which are concentrated at the edges of the actua-
tor. Using those forces and moments on the structure, the
vibrations can be reduced by modifying the apparent struc-
tural impedance.

The piezoelectric actuators are often used in pairs,
bonded on opposite sides of the structure. By controlling the
voltage applied on each actuator it is possible to drive the
actuators in-phase (both actuators expanding or contracting
together), which creates an extensional deformation of the
middle surface or out-of-phase (one actuator expands while
the other contracts), which creates bending deformation of
the middle surface. In between these two extreme cases,

*Author to whom correspondence should be addressed.

unequal voltage application will create a combination of
bending and extension. An actuator bonded only on one
side of the structure is the most common case of unsymmet-
ric actuation. Out-of-phase and in-phase actuation will have
a different impact on the vibrational response of the struc-
ture, out-of-phase actuation being more suitable for exciting
the structural bending modes and in-phase being more suit-
able extensional modes (Lalande et al., 1995a).

A number of theoretical models have been proposed for
out-of-phase actuation of beams (Crawley and de Luis,
1987; Crawley and Anderson, 1990; Wang and Rogers, 1991,
Dimitriadis et al., 1989) and plates (Crawley and Lazarus,
1989; Crawley et al., 1988). Other models based on the lay-
ered shell theory have also been proposed (Tzou and Gadre,
1989; Jia and Rogers, 1990). For shells actuated with dis-
crete actuator patches, plate models were adapted to shells
(Sonti and Jones, 1991; Lester and Lefebvre, 1991) and other
models directly based on the shell governing equations
(Sonti and Jones, 1993; Larson and Vinson, 1993; Lalande
et al., 1994a). In all of these models, the actuator output
force is computed from static considerations (i.e., local
actuator/structural geometric ard material properties) and,
for vibrational control, the static fixed amplitude actuator
forces are simply applied over the whole frequency range of
interest.

Impedance models based on the dynamic properties of the
actuators and the structure have also been proposed. The es-
sence of the impedance approach is to match the actuator
impedance to the structural impedance along the edges of
the actuators. Impedance models for out-of-phase actuation
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766 F. LALANDE, Z. CHAUDHRY AND C. A. ROGERS

have been derived for beams (Liang et al., 1993), plates
(Zhou et al., 1994), rings (Rossi et al., 1993; Lalande et al.,
1994b), and shells (Zhou et al., 1993). An impedance model
for in-phase actuation of rings has also been proposed
(Lalande et al., 1994c¢).

Even though unsymmetrical actuation can be represented
with simple linear superposition of in-phase and out-of-
phase actuation (Lalande et al., 1994c¢), no model for such
unsymmetrical actuation has been presented yet. In this
paper, an impedance-based model of two-dimensional shells
subjected to in-phase, out-of-phase, and unsymmetrical ac-
tuation is proposed.

IMPEDANCE MODEL DERIVATION

An impedance-based model for a simply supported thin
cylindrical shell excited with piezoelectric actuator(s) is
derived (Figure 1). The impedance model is derived in four
major steps: (1) calculation of the structural impedance at
the edges of the actuators using the shell governing equa-
tions and the appropriate boundary conditions; (2) calcula-
tion of the actuator impedance; (3) calculation of the actua-
tor output force based on the structural and actuator
impedances interaction; and (4) application of frequency-
dependent the actuator output forces to the shell governing
equations previously used to obtain the shell response.

The assumptions used in the following derivation are a
perfect bonding of the actuators to the structure, a constant
stress distribution through the thickness of the actuators,
and a thin shell. Based on these assumptions, the linear
Love-Kirchoff shell theory is used. In view of the mechanics
through which the forces from the actuator are transferred to
the sub-structure, the actuator patches are replaced by dis-
crete line forces and moments along the edges of the foot-
print of the actuators (Crawley and de Luis, 1987).

The pair of piezoelectric actuators can be excited inde-
pendently if the substructure is not used as a ground and
electrical insulation between the actuators and the structure
is introduced (Figure 2). This type of bonding allows the
pair of actuators to be excited in-phase, out-of-phase, one
actuator alone, or unsymmetrically.

Figure 1. Simply supported thin shell with surface bonded actua-
tors.

Electrical Insularion Layers

i F(;urside

E E‘midz

inside

Figure 2. Unsymmetric actuation created by electrically insulating
the actuators from the structure.

The superposition of the in-phase and out-of-phase actua-
tion structural responses will be used to predict the response
due to unsymmetrical actuation. It was shown in Lalande et
al. (1994c) that any unsymmetrical actuation can be ex-
pressed as a linear combination of pure in-phase actuation
and pure out-of-phase actuation. The appropriate weighting
factors for in-phase (£°) and out-of-phase (£°), which are
based on the free induced strains (A) applied on each actua-
tors, are:

Aingige + Aoussiae

£ = T (1a)

— Aute + A
° = ib
¢ 20,0 (ib)

where A.... is the largest of the inside or outside actuator
free induced strain. Based on this definition, the free in-
duced strain ratios £° and £° will vary from —1/2to 1, &° =
1 being pure out-of-phase and £’ = 1 being pure in-phase.
The £ ratios are dependent only on the free induced strain,
assuming identical actuators are bonded on both sides of the
shell. For cases where the actuators do not have the same
thicknesses, the equation derivation becomes more compli-
cated due to different actuator impedances. However, a sim-
ple superposition of the structural response to actuators
bonded on the inside and on the outside of the shell can still
be used to predict the dynamic response using this method.

Determination of the Structural Impedance

The dynamic response of structures can be described
through its impedance or admittance. The structural admit-
tance, which is simply the inverse of the impedance, and is
defined based on the velocity response of the cylinder at the
edges of the piezoelectric actuator, both in the x and the
directions. Making use of linear superposition, the admit-
tance definition [Equation (2)] has been separated into two
parts: pure in-phase actuation admittance and pure out-of-
phase actuation admittance. H.,, and Hy, are the direct admit-
tances which directly couple the forces in the x and 6 direc-
tions, while H, and H,, are the cross admittances which
couple the input forces in the x and 8 directions to the re-
sponse in the § and x directions, respectively. In the case of
one-dimensional structures, the coupling disappears and the
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admittance definition simplifies to a single term instead of
the 2 X 2 matrix involved for two dimensional structures.

i (1, + 1.)* dwe
“ flnpha“ - 2 a‘x Outphase/ | x=x,
. (1, + 1) awe
_(2u ]l,,phuse - 2 aX Omph“t) e,
= —(Hxxe + H Fy) (2a)
(7, | (t, + 1.)? Iwe )
2ve —_ T
Inphase 2 ROO|ouiphase] |oms,
20e U, + 1) 9w |
Y it 2 RO g | o,
= _(onFx + HaaFa) (Zb)

where u°, v° and w° are the axial, tangential. and radial
midplane displacements, respectively.  is the thickness and
subscripts a and s stand for actuator and shell, respectively,
and R is the radius of the shell. F, and F, are the actuator
output forces in the x and § directions. In Equation (2). the
minus sign on the right hand side is necessary to indicate
that the actuator output forces are equal and opposite to the
structural reactions.

The first step of the impedance approach is to calculate
the structural impedance of the cylinder, which will be de-
pendent on the actuator’s location, the boundary conditions,
and the physical properties of the shell. The structural im-
pedance calculations will be based on the modal expansion
method. This method is numerically efficient and accurate
when the natural modes are available, which is the case for
a simply supported shell. The Rayleigh-Ritz method can be
used for more complex shell boundary conditions. Using
the thin shell theory of a circular cylinder, the equations of
motion including the actuator induced forces and moments
are (Soedel, 1981):

L o 4,0 0 o an" 3
e veowe) — o’ = ax (3a)
. dany amy
o ;0 ,0) __ o — 3
Ly(ue,ve,w®) — .Lv Ros T R (3b)
o e . Ne dm, d%mg
Li(ue,ve,w°) — gaw° = — r T a0t Rige (3¢)

where the induced uniform tangential and axial forces can
be written using Heaviside functions:

n.=NfH(x —x;) — H(x - X)[H@O ~ 6,) — H® - 6,)]

(4a)

ne = Ng[H(x — x,) — H(x — x)}){H(E — 6,) — H(6 — 6,)]

(4b)

with an in-phase force magnitude of:
N, = 2F ¢ (5a)
Ny = 2F,¢° (5b)

and where the induced uniform tangential and axial mo-
ments can also be written using Heaviside functions:

m, =M [Hx —x)— Hx —x)][HE - 6,) — HB — 6,)]
(6a)

me = My[H(x — x,) — Hx — x))[H@ — 6,) — H(@ — 68,)]

(6b)

with an out-of-phase moment magnitude of:
M, = (t. + 1)F.&° (7a)
My, = (1. + 1)Fs¢° (7b)

In the solution of the structural impedance, the actuators
forces are transferred to the midplane of the structure, and
the actuators are removed from the structure. It is noted
that. at this stage, the actuator output forces F, and Fj, are
still unknown. For a general unsymmetric actuation, the
shell will be subjected both to in-plane forces [Equations
(4-5)} and out-of-plane moments [Equations (6-7)] on the
edges of the actuators (Figure 3).

Using the modal expansion method, the forced response
of the shell is expressed with the following series (Soedel,
1981):

w6, = 3, pUn(x,0)e™ ®)
k

where p, is the modal participation factor. For a simply sup-
ported cylindrical shell, the axial. tangential, and radial dis-

Foulslde

’ )
¥ inside 15ige

Figure 3. Transfer of the actuator's forces to the shell midplane.
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placements are assumed to be under harmonic loading and
may be expressed as:

Uy = U,y = Amap €Os oux sin nf (9a)
Uy = Vonp = B, sin ax sin nf (9b)
Uy = W.,,, = C.., sin ax cos nf {9¢)

where o = m/l. The subscript p refers to the bending, tor-
sional and extensional modes. Based on the eigenvalue anal-
ysis of the system, the Love operators L,(u°,v°, w®) are ob-
tained, as well as the natural frequencies w,.., and the
displacement ratios A..,/Cn., and B,.,/C..,., (Soedel,
1981).

Liue,ve,w®) = —o,t,wilU, (10)

Substituting Equation (10) in Equation (3), the modal expan-
sion method yields:

Pe + wip, = Fet™ (11)

with the forcing function F;:

1 2x pd P
n
“} Unry
gsIstnp so so [ (ax)

on, am,
+ (Rao * Rzae) Vo

n, 9*m, 0*m,
+ —_

F. =F,, =

R T o T Rup

)Wm,,]Rdedx (12)

where

2x pf
Ny = ConpNA, = s s [Urp + Vi + W2, 1 Rdfdx

0 0

(13)

Solving Equation (11), the modal participation factor is

= (14)

At this point, the forced response of the shell under steady
state excitation is determined as:

3
u°(x,0,n = E E E
p=t m=\| n=1

X {0 Amnp/ Crnnp(So cOs N8 — C; sin n) cos aux}e™

(15a)

3
v = Y 30 o

p=i m=1 n=1i

X A Brnp! Crunp (S sin 18 + C, cos nb) sin ax}e™
(15b)

witn =L LY

p=i m=1 n=1|

X {3{Se cos nf — C, sin nf) sin axje™*

(15¢)
where
R Amnp B
T 0t NX(wh, — wY) [_ ., Wt C,
N M, N, Mo Mg

% (Roz + Rza) + (Rom + n + Rzoz)] (162)
Se = sin nf, — sin nf, (16b)
Cs = cos nf, — cos nf, (16¢)

Based on the admittance definition {Equation (2)], the
direct structural admittances are:

3
1
H“:R_n;::, E

m=1 n=1

(x,n(Amn,,/Cmn,,)z . xau.a’)
n n

X (Ss cos nf, — C, sin nOO)C,} (17a)

E — Xin (1 + 181y / CornpYBrnp ! Conp)
i Ran

+ Xow (N + B....,/C...,)

3 )(S§ + C? sin ax,} (17b)
R«

and the cross admittances are:

Ran

H, = 11 i: Yy {(— Xin (1 + 0)(Aumnp! Coin)Bunnp Conp)

p=1lm=1n=|

+ Xowt (N + B/ Cranp)

R ) (Secosnf, — C,sinnb,)C, l

(18a)

4.0
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(x;n(Am",,/Cmn,,)(Bm,,/cm,,) N x.,u,a)

3
RS 35)0)
¢ p=tm=1n=|

n R
X (82 + C?)sin wc} (18b)
where
Riw 2E¢
Xin = (19a)

T ot N (0, — @?)

Riw (1. + 1,)%¢°
0:L. 2N¥ (Wi, — @)

Xouwr = C, (19b)

C, = cos ax, — COS ax, (19¢)

and (x,,0,) are the coordinates of the actuator center. [, =
x; — x, and R, = R(6, — 6,) are the actuator dimensions
in the axial and tangential directions. Finally, the structural
impedance along the actuator edges is obtained by inverting
the admittance matrix:

[zu Z.o

-1

H. H,
H,, He

(20)
Zex ZEB

Determination of the Actuator Impedance

With the structural admittance now determined, the next
step in the impedance approach is to calculate the actuator
impedance and match it to the structural impedance. Mak-
ing use of the isotropy of the actuator in the 1-1 and 2-2
plane and assuming a thin shell, the Love’s equations of mo-
tion of the PZT actuator vibrating in the axial and tangential
directions can be expressed as:

. de,

QuU® = YE a—i Q1a)
. a

Qv = YE E;% 21b)

where g, is the PZT density and Y is the PZT complex
Young's modulus at zero electrical field. The complex
Young’s modulus is used to include the piezoelectric
material’s damping.

Under thin shell assumption, the piezoelectric patch is
thin with a large radius of curvature. If the actuator patch is
small enough, the actuators can be assumed to be flat and
the strain-displacement relations for flat structures can be
used. This assumption allows us to decouple the radial dis-
placement of the shell from the dynamics of the piezoelec-
tric actuators, i.e.,

ou°
€, ox
{ }: @)
€o Bv"
Ra6

Thus, the equations of motion in the axial and tangential
directions for the PZT actuator are:

d*u°

p.u° = YE 3% (23a)
. al\,o
0.V’ = Yi R96" (23b)

Assuming harmonic excitation by separating the displace-
ments into time and spatial domains, the solution of the
equations of motion will give the axial and tangential re-
sponse of the actuator:

u°(x,1) = [Asin (kx) + B cos (kx)]e™ (24a)
ve(8,1) = [C sin (kR6) + D cos (kRO))e* (24b)

where w is the input angular velocity and k is the wave
number, which is given by:

kP = w? 55 (25)

The short-circuit direct input impedances of the piezo-
electric actuators in the axial and tangential directions are
respectively defined as:

o = LEH_ g
and the short-circuit cross input impedances are:

Zie = 7&% (27a)

Zoo: = E% (27b)

Finally, the constitutive equations of the piezoelectric ac-
tuator:

du°® I — v,
€, ox YEr,R, YEt,l,
€ - ave - Va 1

R0 Yii.R,

F,
F,

ds
d31

+

YEi,l,
(28)

where dj, are the piezoelectric constants of the PZT actua-
tors, E is the electrical field and », is the actuator’s Poisson’s
ratio.

2
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Structural/Actuator Dynamic Interaction

With the structural and actuator impedances now deter-
mined, the third step in the impedance modeling is to con-
sider the structural/actuator dynamic interaction (Figure 4).
The interaction between the actuator is taken into account
by the equilibrium and compatibility equations, which state
the equilibrium of the forces between the actuator and the
structure at the actuator edges. Applying the displacement
boundary conditions (#. = 0, veo = 0) (Zhou et al.,
1993) to Equation (28), B and D are found to be zero. The
remaining unknowns A and C will be determined using the
constitutive equations of the piezoelectric actuator [Equa-
tion (28)] atx = [, and 6 = 6,:

Z,,y Z,_Y er Zx.x
k cos (kla)(l -y, 7. + Zm) k cos (kl,,)(zm -, Zw)

Z Z Zo  Zy
k cos (kR")(Z,,,, -, Za”) k cos (kR,) (I -, Z + ZM)

4 dy,
= E (29)
¢ dy;

Based on the impedance definition, the dynamic actuator
forces output per unit length are:

F, = — % (4 sin (k)Z.. + C sin (kR.)Zs)e™ (30a)
Fo= — ’1—“’ (A sin (kL)Zs, + C sin (kR.)Zes)e™  (30b)

Thus, the dynamic actuator force output has been
calculated based on the structural impedance.

Shell Response Calculations

Using the dynamic actuator force output, the shell re-
sponse can be caiculated based on the shell governing equa-
tions developed above. The axial, tangential and radial dis-
placements are given in Equation (15).

THEORETICAL RESULTS

The derived impedance model that was presented in
Figure 1 will be applied to the thin cylinder, with dimen-
sions and properties given in Table 1. The dimensions were
chosen such that the shell is thin and the actuators are small
enough not to increase the structural stiffness substan-
tially. The shell is made of aluminum and Gl1195 piezoelec-
tric actuator patches are used. Various case studies are pre-
sented, with a particular attention to pure out-of-phase and
to pure in-phase actuation. For comparison purposes, all ac-

Figure 4. Dynamic interaction between the piezoelectric patch and
the shell structure represented by mechanical impedance.

tuators are always excited with a free induced strain (A) of
+ 1000 pstrain.

The structural admittance for in-phase actuation is shown
in Figure 5. The four peaks corresponds to the first four
natural frequencies of the shell, as expected. The reader’s
attention should be drawn to the cross admittances H,, and
H,,. In most cases, one can expect the cross admittances to
be equal. However, it can be easily seen that the cross ad-
mittances are different both in shape and magnitude, having
different antiresonant frequencies. This difference is due to
the admittance definition that was used in Equation (2). In
that equation, the admittance definition was based only on
F, and F,. However, if a special attention is given to the
third equilibrium equation [Equation (3c)], one will notice
the presence of the induced uniform tangential force n,. It
was previously discussed that this loading term n, can be
viewed as an external transverse pressure load, necessary to
maintain the self equilibrium of the shell when actuated in-
phase (Chaudhry et al., 1994). If viewed as such, the admit-
tance definition is not only dependent on the forces F, and
Fs, but also on the radial pressure term — (n,/R). Based on
this observation, the admittance for pure in-phase actuation
can be defined as a 3 X 3 matrix:

Table 1. Material and geometric properties of the PZT
actuator and the aluminum shell.

Aluminum

Shel! PZT Actuator
Young's modulus, Pa 69 x 10° 63 x 10°
Density, kg/m? 2700 7650
Poisson’s ratio 0.3 0.3
Loss factor 0.006 0.001
Piezo coefficient ds,, m/V N/A -166 x 10°%
Applied electric field, V/im N/A 8.20 x 10°
Length/radius, cm 10.65 10°
Width, cm 34 2
Thickness, mm 1.1 0.24

2%
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Figure 5. Structural admittance for in-phase actuation. Cross ad-

mittances are not equal when two dimensional admittance definition
is used.
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where Fis the term resulting from radial pressure term.
Using this definition, the cross admittances will all be ex-
actly equal, as shown in Figure 6. However, for the purpose
of the impedance modeling, it is necessary to lump the
radial pressure term Fj with the tangential force F, in the
admittance definition. This is attributed to the close de-
pendency between the two loads involving F,.

The structural admittance for out-of-phase actuation is
shown in Figure 7. Once again, the cross admittances H.,,
and H,, are not exactly equal. This time, the difference is
due to the transverse shear resultant that is included in the
governing equations (Lalande et al., 1994b). If the shear
stress resultant is omitted in the second governing equation,
the cross admittances will become equal since the admit-
tances will now have only one dependency on M,. For both
in-phase and out-of-phase actuation, an increased shell
radius will reduce the differences between the cross admit-
tances; and for plates, the cross admittances will be exactly
equal. Admittance graphs are not presented for unsymmet-
ric voltages applied to the PZT actuators, since they will be
a simple linear combination of the in-phase and out-of-
phase admittances.

The in-plane forces created by the in-phase actuation of
the piezoelectric patches are shown in Figure 8. In the im-
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Figure 6. Structural cross admittances for in-phase actuation are
equal when three dimensional admittance definition is used.

pedance technique, the force calculations are based on both
the actuator and the structural impedances. In Figure 5, the
direct admittance in the axial direction is different from the
direct admittance in the tangential direction. Thus, if the ad-
mittances are different, the dynamic forces produced by the
actuators should also be different in the axial and tangential
directions. This can be observed in Figure 8 The dashed
line is a static model previously developed (Wang and
Rogers, 1991) agrees well with the impedance model for the
force in the x direction only. However, when this static
model or other static models are used, there is no distinction
between the two directions and the actuator forces are thus
mistakenly assumed to be equal. At the natural frequencies
of the structure, the tangential equivalent force developed is
larger than the axial equivalent force. This behavior is a
simple characteristic of the system, the structural tangential
admittance being smaller than the direct axial admittance.
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Figure 7. Structural admittance for out-of-phase actuation. Slight
difference in the cross admittances due to the transverse shear
stress included in the equations.
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Figure 8. Dynamic equivalent forces produced by pure in-phase ac-
tuation on the structure are not equal in the axial and tangential
directions.

The next figure (Figure 9) shows the dynamic equivalent
moments produced by pure out-of-phase actuation. The
conclusions are similar to those of in-phase actuation, and
produced moments of different magnitude in the axial and
tangential directions.

The radial displacement response to in-phase and out-of-
phase dynamic actuation of the shell at (x = 0.09, § = 90°)
1s presented in Figure 10. For comparison purposes, the
shell response using static modeling (Wang and Rogers,
1991) is also presented. The most remarkable characteristic
of Figure 10 is the greater authority of out-of-phase actua-
tion when compared to in-phase actuation. The displace-
ments produced by out-of-phase actuation are an order of
magnitude larger than the displacements obtained from in-
phase actuation. This behavior is predictable based on the
admittances plots (Figures 5 and 6), since the shell has
greater tangential impedance. Thin shells are more sensitive
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Figure 9. Dynamic equivalent moments produced by pure out-of-
phase actuation on the structure are not equal in the axial and
tangential directions.
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Figure 10. The comparison of the structural response between in-
phase and out-of-phase actuation shows greater authority for out-of-
phase actuation at (x = 0.09, § = 90°).

to transverse loading (out-of-phase actuation) than to in-
plane loading (in-phase actuation). The transverse natural
modes are directly excited when out-of-phase actuation is
used, while they are only excited through the in-plane/out-
of-plane coupling property of shells when in-phase actua-
tion is used. The resonant frequencies of the shell based on
the impedance model are shifted to the right when com-
pared to the resonant frequencies based on the static model.
This behavior is due to the increased stiffness of the actua-
tors on the host structure which is included in the im-
pedance model, as opposed to the static model where the ac-
tuator stiffness is not included.

In Figure 11, the shell response to a single actuator
bonded on the inside and on the outside of the shell at (x =
0.09, 8 = 90°) is shown. Even though the shell is thin, the
shell response is different. The finite element analysis that
will be presented in the next section verifies this shell re-
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Figure 11. Even for thin shells, the structural response to single
side actuation (inside and outside patches) is not equal at (x = 0.09,

6 = 90°).
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sponse, as well as the linear combination of pure in-phase
and out-of-phase actuation [Equation (1)] concept to model
unsymmetrical actuation. Thus, special considerations
should be taken when single sided actuation is used.

A number of other cases were simulated using the im-
pedance model, but only the most relevant information ob-
tained from them will be discussed. Firstly, the stiffness of
the actuator has an important impact on the behavior of the
system. A thicker actuator will produce higher forces on the
host structure, but it will also be more difficult to model the
shell response due to the increased non-uniformity of the
host structure. Changing the type of actuation material also
changes the stiffness of the actuator, e.g., PVDF has a
smaller Young’s modulus than piezoceramic material, and
thus will have a lesser authority on the structure. The size of
the actuator patches bonded on the structure also needs to be
considered when designing such structures. Another design
parameter is the location of the actuator patch on the struc-
ture: the mechanical impedance of the structure is depen-
dent on the actuator location and will thus affect the
dynamic forces produced by the actuators. At a particular
location, the actuator patches will be efficient in exciting
some resonant frequencies, while another location will be
more efficient at exciting other resonant frequencies. Many
cases using different shell and actuator dimensions were
considered and all showed better authority when out-of-
phase actuation is used.

FINITE ELEMENT VERIFICATION

To verify the derived impedance model, a finite element
analysis of the case study presented in the previous section
was carried out. Making use of symmetry, the finite element
model consists of only one quarter of the shell, and uses thin
shell elements. The actuator patches are also modeled with
thin shell elements, and are connected to the shell structure
with rigid elements. The finite element analysis will only

Figure 12. Structural response to static in-phase actuation based
on finite element analysis.

Figure 13. Structural response to static out-of-phase actuation
based on finite element analysis.

consider static actuation and will be compared to the im-
pedance model with an excitation frequency of 5 Hz, which
is well below the first natural frequency of the shell. This
model does not make any assumption on the actuator
stiffness or mass. Three different types of loading on the
finite element model were considered. Firstly, thermal con-
traction and/or expansion of the actuators is used to simulate
in-phase or out-of-phase actuation. The deformed shapes of
the shell under such actuation are presented in Figures 12
and 13.

The second loading type use line forces and moments,
and uniform pressures applied on the elements modeling the
shell structure leaving the actuators elements in the model to
include their stiffness. The magnitudes of the forces and
moments are based on the actuators free expansion and are
given by (Chaudhry et al., 1994):

YEr,

1 —»

Ny, =2

dy,E (32a)

YEe,

I —

M, = +1,) dynE (32b)

The displacements obtained by this second model matches
almost exactly the displacements from the thermal loading
case, and 1s thus the appropriate way to apply the loading
when the actuators are left on the structure. Finally, the
third type of loading also use line forces and moments and
uniform pressures applied on the elements modeling the
shell structure, but the actuator elements are removed from
the model, leaving a uniform structural stiffness. However,
for this case the magnitudes of the forces and moments are
based on the continuity of the strains at the interface of the
shell and the actuators, which is often referred to as the
Euler-Bernoulli model, and are given by (Chaudhry et al.,
1994):

Yo, 2
N, =—8 = 4 F (33a)
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Y.:, 1
1 — v 12 8
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M, =@+ 1) dnE (33b)

where T is the thickness ratio 1,/1,. The deformed shape
based on this loading is the same as the two previous cases,
but differs in magnitude. This magnitude difference comes
from the assumptions made in the derivation of the equiva-
lent forces and moments applied to the shell. In the equation
derivation, the boundary conditions are assumed to be free.
When shells are considered, the structure is a closed body
and does not have free boundary conditions, since stresses
will be present in the whole shell. The same phenomena oc-
curs for simpler structures such as beams (Chaudhry and
Rogers, 1993). When the beam is simply supported, the
boundary conditions will be free and the equivalent loading
based on the Euler-Bernoulli method will give accurate
results. If the boundary conditions are changed to clamped,
the assumed stress free boundary condition in the equation
derivation is no longer valid and will produce errors in the
magnitude of the structural displacements. In Figures 14 and
15, the displacements of the shell at x = 009 based on the
two loading types are presented. It can be easily seen from
the displacements that the deformed shape is similar, but
differs in the magnitude.

The final step in this paper is to directly compare the im-
pedance model at 5 Hz with the static finite element model.
For both in-phase and out-of-phase actuation, the radial dis-
placements based on the impedance model match the finite
element results in shape, but not in magnitude (Figures 14
and 15). In the impedance modeling, the actuator stiffness is
included in the calculations of the actuator forces output. At
that point of the modeling, no assumptions have been made
either on the mass or the stiffness of the actuators. When the
displacements are calculated using the dynamic actuator
forces, the displacement equations [Equation (15)] are based

x10-¢

In-Phase

R,

Radial disptacement (m)

—— Impedance Model
------ FEA, Equivalent force loading
---- - FEA, Temperature loading
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Theta
Figure 14. Comparison of the displacements of the static finite ele-

ment mode! and the impedance model at 5 Hz for in-phase actuation
atx = 0.09.

Out-of-Phase
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—— Impedance Model
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----- FEA, Temperature loading
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Theta

Figure 15. Comparison of the displacements of the static finite ele-
ment mode/ and the impedance model at 5 Hz for out-of-phase ac-
tuation at x = 0.09.

on a uniform shell stiffness, not including the increased
mass or stiffness due to the actuators. Neglecting the actua-
tor stiffness will reduce the stiffness of the integrated
system, and thus produce larger impedance model displace-
ments seen in the last two figures. The discrepancies be-
tween the impedance model and the finite element analysis
will reduce with decreasing actuator size and thickness.

CONCLUSIONS

In this paper, an impedance-based model to predict the
dynamic response of cylindrical shells subjected to excita-
tion from surface-bonded induced strain actuators was pre-
sented. The strength of the impedance model over the con-
ventional static approach is the inclusion of the dynamic
interaction between the induced strain actuators and the host
structure. In its derivation, the impedance model includes
the actuator mass and stiffness for a more accurate represen-
tation of the actual system. The impedance model also con-
siders the different shell stiffnesses in the axial and tangen-
tial directions. Doing so, it was found that the actuators’
dynamic forces in the axial and tangential direction are not
equal and are frequency dependent. However, in the shell
response calculations the actuator mass and stiffness are
neglected to simplify the shell governing equations, and thus
will over-predict the displacements. Out-of-phase actuation
is shown to be more efficient than in-phase actuation in ex-
citing the lower order bending modes of shell structures.
The impedance-based model for low frequencies was vali-
dated by a static finite element analysis.
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Power Flow and Consumption in Piezoelectrically
Actuated Structures
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In a piezoelectric (PZT) actuator-driven adaptive structure, the electromechanical power consumption and
power flow of the system are dominated by the complex electromechanical impedance of the system. The entire
actuator/substrate system can essentially be represented by a coupled electromechanical system model. This paper
presents such a system model to quantitatively determine where the energy goes and how the power is consumed
in an active structure. The formulation of a coupled electromechanical admittance for a generic PZT actuator-
driven two-dimensional structure was developed. The model was then used to predict the power factor, the power
dissipation, and the power requirement of the system. As a numerical example, the modeling approach was applied
1o a simply supported thin plate excited by a pair of PZT path actuators in pure bending mode. A parametric study
was performed to examine the nature and components of electromechanical power flow and consumption in the
active structure. An experiment was conducted to directly measure the complex electromechanical admittance of
an integrated PZT/plate system to verify the theoretical model.

Nomenclature

length of structure

width of structure
piczoelectric constant
electric field

= force output of piezoelectric actuator
= mechanical admittance

= thickness of structure

= current

= imaginary part of a complex number
= wave number

= dissipative power

= reactive power

= lime

displacement in x direction

= voltage

= displacement in y direction

= Young's modulus
electromechanical admittance
mechanical impedance
complex power

dielectric loss factor

strain

structural loss factor
Poisson’s ratio

mass density

= stress

= angular frequency
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Superscript

* = complex parameter

Subscripts

p = parameters of piezoelectric actuator
X = x direction
¥ = y direction
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magnitude of electrical parameters
1,2.3 = piezoelectric material directions

Introduction

IEZOELECTRIC (PZT) materials have been widely used
as actuators and sensors in active structural vibration and
acoustic control because of their compact size and good dy-
namic performance.'”¥ A great deal of effort has focused on
the analysis and optimization of the mechanical performance of
PZT transducers.'~* However, investigations of the power con-
sumption and electrodynamics of PZT actuator-driven adaptive
structures have been limited. There appears to be little in the lit-
erature on the topic of power relations for active structures. In
fact, adaptive structures are complex electromechanical coupling
systems in which electrical energy is converted into mechanical
energy and vice versa. The ability and efficiency of the energy
conversion of the actuators is always of concern in the design
and application of active structures. especially for aerospace ap-
plications. Large and complex aerospace structures may require
a great number of rclatively large actuators, which will dictate
large, expensive power supplies. Thus, minimizing the power con-
sumption and enhancing the energy conversion efficiency of actu-
ators will result in reductions in the cost and mass of the system,
two of the major objectives in designing intelligent structures.” To
achieve this, it is highly desirable to explore the nature and compo-
nents of electromechanical power flow and consumption in active
structures.
Liang et al.'"" suggested a coupled electromechanical analysis for
a piezoclectric actuator-driven spring-mass-damper system and dis-
cussed the concepts of actuator power factor and energy transfer
of the system. Lomenzo et al.'! developed a technique to maxi-
mize mechanical power transfer from stacked PZT actuators to host
structures. Hagood et al.? proposed a dynamic mode! to include
the coupling between the actuator, structure, and electrical network.
The model is based on a finite element analysis using the Rayleigh-
Ritz energy formulation. However, his work does not discuss elec-
tromechanical power relations in active structures, and the actuator
force loading is not explicitly expressed as a function of the in-
put impedance of the actuator itself and the mechanical impedance
of the host structure. A mechanical impedance model applicable
to two-dimensional structures’™* focused on quantifying the me-
chanical outputs of PZT actuators; and this model now needs to be
extended to include system electrical parameters to analyze elec-
tromechanical power flow and consumption in PZT actuator-driven

active structures. 7'
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The concept of energy conversion in a PZT actuator-driven system
involves a two-step conversion: one is the energy transfer from the
support power electronics to the integrated PZT/substrate mechan-
ical system; the other is the energy conversion from the electrical
energy of the PZT actuator to the mechanical energy driving the host
structure. The focus of this current work is on the analysis of the
second-step energy conversion, i.e., the electromechanical power
consumption and power flow in PZT actuator-driven active struc-
tures. In this paper, the formulation of a coupled electromechan-
ical admittance for generic two-dimensional PZT actuator-driven
structures will be derived. The model will be used to analyze the
components of the electromechanical power flow, and to determine
the power consumption and energy conversion efficiency of an in-
tegrated PZT/plate system. A parametric study will examine the
effects of different system elements on power dissipation and en-
ergy transfer, including the effects of damping and geometric pa-
rameters. An experiment on a simply supported thin plate using an
impedance analyzer will be conducted so that the theoretical model
can be validated.

Coupled Electromechanical System Model

A schematic of a two-dimensional PZT/substrate coupling system
is shown in Fig. |. The PZT element is used as an actuator to excite
the host structure. It is assumed that the integrated system is linear,
and the host structure is a generic two-dimensional structure. The
host structural dynamics are represented by the direct impedance
Z,. and Z,,, and the cross impedance Z,, and Z,,, as shown in
Fig. I. When a voltage is applied to the piezoelectric patches along
the polarization direction (3), an in-plane strain is induced in the
PZT actuator in both the x(1) and y(2) directions. This induced
strain applies active forces (F, and F,) on the host structure. Thus,
only the in-plane motion of the actuator is considered in the fol-
lowing development of formulations. Furthermore, it is assumed
that the PZT material is isotropic, which results in di, = d3,. The
in-plane motion of the actuator is similar to an equivalent thermal
expansion or contraction occurring in both x and y directions. The
equation of motion of the PZT actuator, derived from Newton’s
law of motion and strain-displacement compatibility, may be

b,Z, z
k,Col 1 — v, ¢ k,C,,
! ( U, apszx Zp.r.r e

L.C ( bpzxv Z,tr ) k. C (1 (ZI,Z‘.‘ 4 Z‘.\. )
] — =V 4 b —y o —_—
"N @pZpex " Zpe ? "bpZper | Zpe

expressed by

HE L u (12)

— = a
Prigi P yx?

HERY e v (1b)

Prgr =7 ay?

where S7 is the Complex Young's modulus at a zero electrical
field

8, =S,(1 +in,) )

The sinusoidal time response of the PZT aétuator can be solved
from Eq. (1),

u = [Asin(kpx) + B cos(kpx))e™” (3a)
v = [Csin(k,yy) + D cos(k,ny)le’ (3b)

where A, B, C, and D are unknowns and can be determined by the
boundary conditions; and the wave number is expressed by

kp = k{xll = kp22 = w,/ P,:/S} “

ap Zr\' Z vy )
_— - Vp —_—
bl’ ZI'.".“ Zl""‘

Vo sin( @t}

V=

Fig. 1 Coupled electromechanical model of a two-dimensional inte-
grated PZT/substrate system.

Applying the equivalent displacement boundary conditions u,-y =
0 and v,y = 0. as shown in Fig. 1, to Eq. (3), the response of the
PZT actuator is reduced to

i« = Asin(k,x)e (52)
v = Csin(k,y)e*’ (5b)
The unknowns A and C may be evaluated from the constitutive
equation of the PZT material atx = a, and y = b,
au
()% )50 ) (@)
& g S,') —Vp 1 Ty d32
ay
where ds; and ds, are the piezoelectric constants of the PZT material
in the 1 and 2 directions, respectively. The force outputs of the PZT
actuator, F, and F,, are equal and opposite to the reactions of the
host structure. The induced stress at the edge of the PZT patch

() May be expressed using the mechanical impedance of the host
structure

oc\ 1/(byhp) 0 Zex  Zyy u ™
o) 0 1/(aphp) )\ Zyx  Z,y J\ 0

Substituting Eqgs. (5) and (7) into Eq. (6) and taking the algebraic
operation to rearrange A and C yields

()= (i)

where C, = cos(k,a,) and G}, = cos(kpb,). Zpex and Z,y, are
the input mechanical impedance of the PZT actuator in the x and y
directions, defined as

F, Sth, k,b

Zpoo = = = =i LT (8a)
u w tan(k,ag)
F. S*h k

Zpyy = L = —j 28 _T0%0 (8b)
v w tan(k,b,)

Solving the unknowns A and C from Eq. (8) leads to

A _ dyy
_ 9
(C> () (d_n)E ©)

where [M] is the coefficient matrix of A and C in Eq. (8). Substi-
tuting Egs. (5) and (10) into Eq. (7), the dynamic stress output of
the PZT actuator is then determined by

o\ SHE 1oy, . cos(k,x) 0
o,)] 1- v2 v, 1 r 0 cos(k,)
d3 d3
M1 - 11}
X[ ] <d32) (d'qz)] 3é
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The constitutive equation of the PZT material is again invoked in
terms of the electrical displacement field Dj in the z(3) direction®

Dy = 8;3E +d3|(T, +d32(7". (12)
where
8;3=833“—i5p) (13)

is the complex dielectric constant at a constant stress. Substituting
Eq. (11) into Eq. (12) and letting d3» = d3, yields the electrical
displacement field

2 Q=

428
D;:E{s;ﬁ#

1 -v,

x[M]—‘<:) —2)} (14)

where the applied electric field £ can be expressed in terms of the
applied voltage V

(k,,[cos(k,,x) cos(k, )]

E 4 v“ fwt (15)
= — = —¢
hl’ r

The charge in the PZT patch can be obtained by integrating the
displacement in Eq. (14) with respect to x and ¥

ap /1,,
g = / / D;ydxdy (16)
14} It}

The current is thus given by

[ = 10eiml — q

2 Cx
apb/’ e — 2d:”SF d“SI’ _— 2 (17)
h, o= vy 1 —v, | 9 b,

x [M]—-l(:>}eiwl

where 5| = sin(k,a,) and 5; = sin(k,b,). When the PZT actuator
is driven by an active voltage V, the current in the circuit [ is
related to the driven voltage through the coupled electromechanical
admittance, Y = [/ V. Accordingly, rewriting Eq. (17) produces
the coupled electromechanical admittance

apb, lb“ 2d3,S,, + d;,S;
13

hy

Y'=lw

I—v, -y,

LR e
X a, b, (M] ) (18)

It is noted that the admittance Y* represents the integrated elec-
tromechanical characteristics of a piezoelectric actuator-driven sys-
tem, and it is frequency dependent. The complex admittance ¥*
contains all of the parameters concerning the system electrodynam-
ics performance, including mass, stiffness, damping, material and
physical properties, electrical parameters, and boundary conditions.
Once these parameters are selected, the admittance will be deter-
mined. The input structural impedance of the PZT actuator is given
by Eq. (9). The mechanical impedance matrix of the host structure
in Eq. (7) is determined by

Z. Z Hy H,\"
zz(' ”):( g -") (19)
Zy Zy, H,, Hy

where H,, and H,, are the direct mechanical admittances of the
host structure at the edge of the PZT patches. and H,, and H,, are
the cross mechanical admittances.

front view

TPz paich

2, w,3 M,
7w, b
“,(25‘“ }/T Y2
O z
55 x.ul
a Lt

Fig.2 Geometry of asurface-bonded PZT actuator-driven simply sup-
ported (SS) plate.

As an example, we consider a simply supported thin plate, as
shown in Fig. 2. Two PZT actuators are assumed perfectly bonded
on the top and bottom surfaces. When a voltage is applied to the
PZT patches along the polarization direction 3, the PZT actuators
can be actuated out-of-phase. This actuation creates (wo pairs of
line bending moments at the boundaries of the PZT patch. Under
the actuation of the line moments, an analytical solution of the me-
chanical admittance matrix of a simply supported plate at the mid
point of the edge of the PZT patch was derived by the authors *
results were

2 (h + hl,)zw
pha’b,

o (mPCIC, sinnm (y; + ¥2)/ (2b)) 20
* ZZ( n(az)2 —a)z) ) o

m=1 n=| mn

He =i

27r(h +Iz,,) w
pha’a,

ZZ (n C. C sin{mm (x; +x:)/(2¢1)]> @1
o |

mn

Hyy =

H,, = H\-x = i—'—‘—‘—ZN(h + hﬂ)zw
pha®bb,

2 mC, C2 sin[mm (x| + x3)/(2a)]
TR () @

m=1 n=|

where C, = cos(mmx,/a) — cos(mmx,/a) and C, = cos(mmy;/b)
— cos{mmyy/b). As illustrated in Fig. 2, xy, x2. y,. and y2 are the
location coordinates of the edges of the PZT patches on the plate.
The resonant frequency of the plate w,,, can be determined from the
homogeneous equation of the transverse motion of the plate; and m
and n are the modal indices in the x and y directions. respectively.

It is noted that the structural admittance is a function of driving
point location on the structure, and the admittance along the edge of
the PZT patch is different. The numerical calculations have shown
that the midpoint admittance is a very good approximation of the
average admittance along the edge of the path. For simplification
and not losing generality, the admittance at the midpoint of the edge
of the PZT patch is used to represent the admittance characteristics
of the plate, as expressed in Eqs. (20-22).

Once the mechanical admittance (impedance) is obtained, the co-
upled electromechanical admittance of an integrated PZT/substrate
system can be determined from Eq. (18). The electromechanical
power consumption and flow of the system can then be predicted,
which will be developed later.

So far, the assumption made in the derivation is that the sys-
tem is linear, and the host structure is a generic two-dimensional
structure. The formulation Eq. (18) is a generic solution for
coupled admittance of a system and can be applied to general

2/
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two-dimensional structures. For complex structures with irregular
geometry, Eq. (18) is still applicable, although a close-form solu-
tion of the structural impedance is difficult to obtain. In this case, the
structural impedance can be determined from either finite element
analysis or experiments.

Electromechanical Power Consumption and Power Flow

Since a PZT actuator acts as a plate capacitor, when a voltage
V = Vye' isapplied toit, the current in the circuit can be expressed
by

[ — I“ei(wl+¢) (23)

where ¢ is the phase between the current and voltage. The electrical
power supplied to the PZT actuator is actually decomposed into two
components P and (. The real (dissipative) power is

IyVo Vi o e
P=TCOS¢=-7_R6(Y ) (24)

where cos ¢ is called the power factor. The reactive power is

IV, V2
0= %"sinq&: —E”—lm()") (25)

Physically, the real power is the electrical power supplied to the
PZT actuator and converted into mechanical power to drive the host
structure. The reactive power is the power circulating between the
electrical power source and the integrated PZT/structure system.
The total power may be expressed as

W ="P+iQ (26)

The magnitude of the complex power is defined as the apparent
power,

,
H/“=\/P2+Q2=I*“¥=Y2(LY() (27)
where Y, is the magnitude of the admittance Y *. The apparent power
reflects the power requirement of the system which includes both
the dissipative power and the reactive power. The emphasis of the
current work is on the analysis of the dissipative power consump-
tion of a PZT actuator-driven structure. When power supplies are
considered in the system modeling, the reactive power in the system
will exert an important influence on the power requirement. In that
case, a large reactive power is usually expected as a high-current
demand is required from the power supply. In addition, the dissi-
pative power consumed in the power supply itself should also be
considered in the power requirement for the integrated system as a
whole. Future work will include the electronics of power supplies
in order to determine the overall power requirement.
Substituting Eq. (27) into Eq. (24), the power factor is rewritten
as
Re(Y™") P
y() W(l

FP=cos ¢ = (28)
The power factor FP is the ratio of the dissipative power to the
apparent power and represents the energy conversion efficiency from
electrical power to mechanical powerinthe integrated PZT/substrate
system. Itis noted that the dissipative power consumption, the power
requirement, and the energy conversion efficiency of the system are
strongly related to the coupled electromechanical admittance Y*.

The dissipative (real) powerin an integrated PZT/substrate system
includes three parts:

The first is the power dissipated by the structural damping of
the host structure, which is related to the structural loss factor n
in the complex Young’s modulus. This power is proportional to
the mechanical vibration power of the host structure. Second is the
power consumed by the structural damping of the PZT actuator,
which is associated with the mechanical loss factor n, of the PZT
actuator. Third is the power consumption caused by the dielectric
loss of the PZT actuator, which is related to the dielectric loss factor
8, in the complex dielectric constant.

The real power is eventually converted into internal heat in the
system, resulting in heat generation and inducing thermal stress in
the PZT actuator.'? The first two parts of the system power consump-
tion just mentioned are directly used in driving the host structure.
They may be considered to represent the total mechanical power
dissipation in the system. A suggested actuator power factor P F, is
defined as'’

dissipative mechanical power  Re(Y;
PF,= =20 pover _Re) )
apparent power Y

in which Y is calculated by assuming the dielectric loss factor §,, to
be zero in Eq. (18). Apparently, the difference between the system
power factor {Eq. (28)] and the actuator power factor [Eq. (29)]
is that the former includes the dielectric power consumption of the
PZT actuator in the dissipative power consumption. When the power
factor is experimentally determined, the system power factor should
be used because the dielectric foss of the PZT actuator is usually
not zero in a real system. In this paper, the system power factor is
used in the following numerical examples. A comparison between
the system power factor and the actuator power factor will also be
performed.

Parametric Study and Discussion

A parametric study is conducted in this section to quantitatively
examine how the dissipative power is consumed in the system and
how much power is required to drive the system. The influence of
the thickness and the location of the PZT actuator is also discussed.

A thin plate made of aluminum is used in the numerical example.
The size of the plate is 304.8 x 203.2 x 1.53 mm. Two PZT actuators
are symmetrically bonded on the plate and located at x; = 50.8 mm
and v, = 25.4 mm. as shown in Fig. 2. The size of the PZT patch is
50.8 x 50.8 x 0.19 mm. The PZT material is G1195. The basic ma-
terial properties are listed in Table 1. It is assumed in the numerical
case that the magnitude of the voltage applied to the PZT actuator
1520 V.

Figure 3 illustrates the components and distribution of the dissipa-
tive (real) power in the frequency domain. The solid line represents
the total dissipative power. The dashed line is the power consump-
tion of the mechanically loss of the plate obtained from Eq. (24)
by assuming 8, = n, = 0. The dash-dotted line is the power con-
sumption from the mechanical loss of the PZT actuator, found by
setting 8, = n = 0 in Eq. (24). The dotted line is the power con-
sumed by the dielectric oss of the PZT actuator, found by assuming
n=n,=0inEq. (24).

It is clearly seen in Fig. 3 that at the resonant frequencies, the
dissipative power is primarily consumed by the structural damping
of the plate, whereas at oft resonance, it is significantly affected by
the dielectric loss of the PZT itself. The mechanical damping of
the PZT actuator, however, has a slight influence on the real power
consumption because of its small size.

100

g
2
]
3

103

10¢

107

100 200 300 400 500 600
Frequency (Hz)

Fig.3 Dissipative power of an integrated PZT/substrate system:
total dissipative power of PZT/plate system; - - - - mechanical power
consumption (plate); - - - - - - - mechanical power consumption (PZT):

....... dielectric power consumption (PZT). :
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Table 1 Material properties of the PZT and the aluminum

Young's Mass Piezoelectric Dielectric
modulus, density Poisson constants, constant,  Dielectric  Loss
N/m? kgm>  ratio mv F/m loss factor
PZT 6.3 x 10" 7650 03 ~166x 1070 15x 10" 0015 0005
Aluminum 6.9 x 10" 2700 033 N/A N/A N/A 0.005
10° -— 100 ¢ 5
i 3 b
F V0=20 volt S
r H
%
3 / 3 &

A AN—T

/t‘/' v [

Apparent Power (watt)

T

100 200 300 400 500 600

Frequency tHz)

Fig. 4 Apparent power of a PZT/plate system.

Pawcr Factor

103}

104
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Fig. 5 Comparison of system power factor and actuator power factor:
——— system power factor; - - - - actuator power factor.

Figure 4 shows the characteristics of the apparent power of the
system. The peak power appears at the fifth mode in the range of less
than 650 Hz, and it can be used to estimate the power requirement of
the system in this frequency band. The power consumption signif-
icantly goes up when the excitation frequency increases. Once the
interesting frequency band is determined, the power requirement of
the system can be numerically predicted.

Figure 5 demonstrates the difference of the power factor pre-
dicted from Eq. (28) and Eq. (29), respectively. At resonant fre-
quencies, the power factor is maximized because of the minimum
resistance to the structural vibration. Both the system power factor
and the actuator power factor give the same prediction. At off reso-
nance, however, the actuator power factor is much smatler than the
system power factor because the dissipative power is dominated by
the dielectric loss behavior of the PZT actuator. Assuming a zero
dielectric loss gives a very low-power consumption, resulting in a
low-actuator power factor.

When the damping value in the system changes, the basic relations
of the power consumption as shown in Fig. 3 are still applicable.
Figure 6 illustrates that if the loss factor of the plate increases from
0.001 t0 0.005, the dissipative power goes up at resonant frequencies
and increases slightly at off resonance. In contrast, Fig. 7 shows that
if the dielectric loss factor of the PZT actuator doubles from 0.015

Power Factor

300 400
Frequency (Hz)

Fig. 6 Influence of the plate toss factor on the dissipative power and
power factor of a PZT/plate system: loss factor of plate: 0.005;
- - - < loss factor of plate: 0.001.

100

Dissipative Power (watt)

101}

Power Factor

102

100 200 300 400 500 600
Frequency (Hz}

Fig. 7 Influence of the PZT actuator dielectric loss factor on the dis-
sipative power and power factor of a PZT/plate system: dielectric
loss factor of PZT: 0.015; - - - - dielectric loss factor of PZT: 0.03.

t0 0.03, the dissipative power and the power factor increase by about
50% at off-resonant frequencies and remain the same at the resonant
frequencies.

The geometric parameters of the PZT actuator, such as the thick-
ness and the location, have significant influence on the dissipative
power and the power factor because the mechanical impedance of
the system strongly varies with these geometric parameters.”* Un-
der the assumption of the constant magnitude of the applied voltage
(vo = 20 V), when the thickness of the PZT patch increases from
0.19 mm to 2 x 0.19 mm and 4 x 0.19 mm, the real power con-
sumption decreases on the whole frequency band, as displayed in
Fig. 8. The power factor also decreases at off resonance. However,
the power factor has a complicated variation at the resonant fre-
quencies. The observation indicates that when the thickness of the
PZT actuator varies, the maximum power factor will depend on the
individual mode. Another important observation in Fig. 8 is that
the resonant frequencies of the system apparently shift to higher
values when the thickness of the PZT actuator increases. It can be
explained that the added PZT patches stiffen the original plate and
shift the resonant frequencies to the high values.

Figure 9 shows that when the location of the PZT actuator on
the structure varies, the mechanical impedance changes and so dges
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Fig. 8 Influence of the PZT thickness on the dissipative power and
power factor of a PZT/plate system: hp=0.19mm;----hp=0.38
mm;j .-+ hp = 0.76 mm.
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Fig.9 Influence ofthe PZT location on the dissipative power and power
factor of a PZT/plate system: location #1; - - - - location #2.

the power consumption of the system. Note that when the center of
the PZT actuator locates at the node line position in the x direction
(location 2), the corresponding modes. i.¢., the second and the fifth
modes, are tailored off since little mechanical vibrational energy is
supplied to these vibrational modes.

Experimental Verification

A simply supported thin plate integrated with surface-bonded
PZT patches was built and tested to validate the coupled electrome-
chanical system model. The size and physical properties of the plate
and the PZT material are the same as those used in the numerical
calculation in the previous section. An HP 4194 A impedance/gain-
phase analyzer was used to directly measure the coupled electrome-
chanical admittance of the piezoelectric actuator-driven plate. Then,
a comparison between the theoretical model and the experimental
results was performed.

Figure 10 illustrates the measured and predicted complex ad-
mittance of the system in terms of the real part and the imaginary
part, respectively. The corresponding power factor, calculated from
the experimental data using Eq. (28), is displayed in Fig. 11. In
both figures, the theoretical prediction based on the complex system
impedance (dashed line) agrees well with the experimental data
(solid line). The coupled electromechanical system model has pro-
vided a reasonably accurate prediction of the power consumption
and the energy conversion efficiency of the PZT actuator-driven
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Fig. 10 Measured and predicted compiex electromechanical admit-
tance of a PZT/plate system: ____ experimental data: . _ _ coupled
impedance model.

100 . e
- experimental data ! B
. couplc@ impedance model
: '-
el L : :
- :
3 : ; :
H | i
i+ : A0
P
oo o
: AN i \ j
102 )

1000 200 300 400  S00 600 700 800 900 1w

Frequency (Hz)

Fig. 11 Measured and predicted power factor of a PZT/plate system.

system. It should be noted that the maximum difference between
the theoretical model and the experimental results appears at the
fifth mode, i.e., (2, 2) mode. It may be explained that when the geo-
metric center of the PZT actuator locates on the antinode position of
the host plate (x = 76.2 mm, y = 50.8 mm). the excitation of that
mode is maximized. The inertial effect caused by the added mass
loading of the PZT patch is then intensified. The measured resonant
frequency and the response of this mode [the fifth mode (2, 2)] are
thus smaller than those predicted by the theoretical model.

Summary

A coupled electromechanical system model for a generic
two-dimensional piezoelectric actuator-driven structure has been
developed to predict the electromechanical power consumption and
power flow. This modeling approach is helpful in understanding
where the energy goes and in designing induced strain actuators
and energy-efficient intetligent structures.

The coupled electro-mechanical system model has been experi-
mentally verified.

The parametric study has demonstrated that the dissipative power
supplied to the PZT actuator is primarily consumed by the mechan-
ical damping of the host structure at resonant frequencies and is
dissipated by the dielectric loss of the PZT itself at oft resonance.

The thickness and location of the PZT actuator have an impact on
the dissipative power consumption and power factor of the integrated
system because these geometric parameters may cause significant
changes in the mechanical impedance of the system.

Future work on system power consumption will include the elec-
tronics of power supplies in order to determine the overall power
requirement. Additional work will also focus on power flow rela-

tions under closed-loop control. 3 %
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Abstract

The actuator power factor, defined as the ratio of the
structural dissipative mechanical power to the apparent
supplied electrical power, describes the effectiveness of
the electromechanical actuator to convert supplied elec-
trical energy to mechanical energy which in-turn produces
the desired structural response. If measured experimen-
tally, it can be used to optimize the actuator location for
complex structures. This paper describes the actuator lo-
cation optimization for an aircraft panel type structure
with applications in aircraft interior acoustic and struc-
tural vibration control. The experimental power factor
results for this structure were validated by comparing the
maximum power factor in a given region to the specific

panel mode shape as generated by a finite-element model.

The results showed good correlation between the experi-
mentally measured power factor data and the panel mode
shapes. The future implications of this work are towards
the design of a power factor meter for a cost as well as a
time effective means of actuator location optimization .

I._Background

The concept of actuator power factor is based on the
ability of an integrated induced strain actuator such as a
piezoelectric (PZT) actuator to transfer supplied electri-
cal energy into structural mechanical energy.® Fora given
structure, the location and configuration of an actuator
will directly influence the authority of the actuator to-
wards exciting the structure. Therefore by maximizing
the average power factor for a given frequency interval,
the actuator driving authority can be maximized.

Theoretically the actuator power factor is defined as
the ratio of the real part of the PZT actuator electrome-
chanical admittance to the magnitude:

P.F.='—|—Y|—, (l)

where Y, is the PZT actuator electromechanical admit-
tance. The actuator power factor approach has been ana-
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lytically as well as experimentally verified for the simple
case of a cantilever beam " Experimentally, the power
factor was measured using an HP4194 A Impedance Ana-
lyzer and a removable PZT actuator unit as shown in Fig.
1.

CAVITY FOR UNIT
REMOVAL

PZT ACTUATOR : BONDED ONTO
CENTER PIECES

THREADED HOLES FOR MOUNTING
GIDE BUPPORTS ONTO CENTER PIECES

Fig. 1 Removable PZT acwator layout.

The design allows for the relocation of the same PZT ac-
tuator to various locations on the structure to obtain a
power factor map. The power factor results using this re-
movable unit showed good similarities between the ex-
perimental and the analytical results for the simple struc-
ture. The same unit was used to excite the complex struc-
ture described in this paper

II mplex cture Analysi

Since typical low frequency noise within aircraft
occurs due to the side-wall panel or structural vibra-
tions,® a complex structure resembling an aircraft panel
was tested for actuator location optimization using the
power factor approach® The panel model shown in Fig.
2 on the next page, has the pertinent dimensions labeled
on the figure and is constructed of structural aluminum.
The panel skin thickness is 0.0008 m. The stiffeners (L-
section beams) for this panel are 0.0254 m beams for the
outer stiffeners (vertical and horizontal) and 0.019 beams
for the inner stiffeners (vertical, horizontal, and angle).
In order to allow for the removal of the inner angle stif-
eners for alternate panel structural analysis, the inner stif-
eners were attached using 0.0031 m diameter hexagonal
bolts.
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The material designations for the panel parts described
above are shown in Table 1 and 2.

Table 1 Panel parts material designation.

Panelpani | Skin Sdffener | Rivet Stffener | Angle | Connector
bolt connector bolt
Material Alum. Alumn. Alum. Steel Stecl Steel

Table 2 Material property designation.

Material p (kgfm') Y (N/m’) |Poisson rat.
v
Aluminum 2800 69 x 10° 0.33
Stecl 7650 207 x 10 0.29

Holes were also drilled outside the exterior stifener frame-
work to resemble holes for mounting the panel onto the
aircraft structure. The final modification to the panel
model was to attach connectors onto the beam frame-work
as shown in Fig. 2. This modification further stiffened
the complete panet structure. Finally, for the power fac-
tor analysis, the panel was hung on a wooden stand and
connected by elastic cords for a free-free analysis as shown
in Fig. 3.

A finite-element model (f.e.m.) for this aircraft panel
model was next constructed in order to have an analytical
bases for validating the actuator location optimization re
sults. The final f.e.m. for the aircraft panel is shown in
Fig. 4.

Fig. 4 Aircraft panel finite-element model.

This model consists of approximately 2800 elements
and 1700 nodes. The elements for the f.e.m. for the vari-
ous parts are listed in Table 3.

Table 3 Aircraft panel f.e.m. element designations.

Panel part Element designation
Skin ’ Thin shell finear quadrilateral
Stffener Angle beam
Rivet Rigid connection
Bolt Rigid connection
L-angle connector Rigid element
Weights: rivet, bolt, Lumped mass
angle connector.
Weights: Bracket unit blocks Lumped mass
Bracket unit mounted Offset beam

PZT Actvator

For the mode shape analysis, the Guyan-Reduction
Method was used and mode shapes and natural frequen-
cies were obtained using CAEDS. This model had a first
natural frequency at 45 Hz and this mode could be reli-
ably excited and measured, as shown in Fig. 5 on the next

page, in the frequency response plot using a signal analy-
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Fig. 5 Plate frequency response.

zer. The frequency response plots for Fig. S is for PZT
#1 (1=0.0500m, w=0.0130 m,h= 0.0008m) excited at
120 V. The frequency response plot shows that the reli-
ably measurable modes for this panel are (45 Hz, 55 Hz,
64 Hz, 80 Hz, and so forth).

Next, in order to validate the plate f.e.m.,a mode shape
identification of the panel excited by the bracket unit
mounted PZT actator was performed. This was done by
placing the PZT actuator in region #3 as shown in Fig. 6.

s ©
hd ® ©

/ / /

Fig. 6 Aircraft panel region designation.

The midpoint locations for the PZTunit (oriented with
the length direction parallel to the x-axis), relative to the
coordinate system shown on the top left hand corner of
Fig. 6 are shown in Table 4. For Fig. 6 and Table 4, re-
gions 1-12 are labeled and the PZ T-unit midpoint coordi-
nates are given for later reference. Since the panel modes
at 55 Hz and 64 Hz had the strongest amplitude as shown
in Fig. 5, these modes were experimentally measured us-
ing a laser scanner. The experimentally measured mode

Table 4 PZT-unit midpoint location on panel structure.

Locaton # 1 2 3 4 5 [

C(l;(ordzi)nalc 0.14,0.15 [ 0.25,0.29 | 0.42.0.15 053,029 [ 0.65,0.15 | 08 1,0.29
D) m

Locaton # 7 8 9 10 il 12

Coordzx)naxe 014,047 1 0257081 | 042,047 | 0.55.081 | 0.83.047 T 031 0C]
,~L) M

shapes along with the finite-element mode shapes are
shown in Fig. 7.
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Fig. 7b Mode shape 64 Hz.

Notice that although the panel's structure seems symmet-
ric, it however is not because of the spacing of the inner
vertical stiffeners, the alignment of the inner vertical,
angle, and horizontal stiffeners, the inner angle stiffener
holes, and the addition of the bracket unit mass loading
as shown in Fig. 2. Therefore, as displayed in Fig. 7, the
mode shapes are not completely symmetric. The com-
parison between the experimentally measured and the
f.e.m. generated mode shapes shows good agreement in
terms of the general pattern and the direction of the de-
flection within the respective panel regions for all the re-
gions except region 3 for 55 Hz. This region partially
deflects upward and then downward for the f.e.m. gener
ated mode shape. These and any other deviations between
the f.e.m. generated and the experimentally measured
mode shapes could be due to the difficulty in implement-
ing the L-angle connectors because of their points of at-
tachment, the weight distribution of the angle connectors
and because the holes on the panel were not accounted
for. Also, since the 64 Hz and the 55 Hz modes are rela-
tively close together, each one has a significant impacton
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the other one’s mode shape since a single location excita-
tion as by this bracket-unit can only yield an operational
(a combination of other modes) mode shape, whereas the
f.e.m. generated mode shape is a pure mode shape. Be-
sides these inaccuracies, the overall mode shape results
are satisfactory in terms of the general panel deflection
pattern as well as the respective frequency locations for
the given modes for validating the f.e.m. under 75 Hz.
Above 75 Hz however, the specific panel regions vibrate
with more than one type of motion and it becomes more
difficult to match the experimentally measured and f.e.m.
generated mode shapes. Therefore for the subsequent
analysis, mode #2 (55 Hz) and mode #3 (64 Hz) will be
used for the power factor analysis for this panel configu-
ration. '

Using the structural mode shapes, the experimentally
determined power factor results will be analytically vali-
dated by comparing the maximum curvature location with
the maximum power factor location. For example, for
the f.e.m. generated mode shape for 55 Hz with the PZTF
unit placed within the center of the rectangular region 3&4
(without any angle stiffeners) shown in Fig. 7, by exam-
ining the mode shape it can be seen that the maximum
curvature and thus the maximum power factor amplitude
should occur in regions 9&10, (see Fig. 6). Notice, with-
out the PZT-unit mass loading, the modes shift up by ap-
proximately 2 Hz. Therefore for this panel configuration
(without any angle stiffeners), for exciting or controlling
the mode at 55 Hz, the optimal PZT actuator location
would be in approximately 0.55 m from the top (half way
down in regions 9 and 10) as an initial approximation for
single frequency power factor maximization. For mul-
tiple frequency power factor maximization, the same type
of reasoning will be used as well. Finally, in order to truly
optimize an actuator location fora limited number of mea-
sured points, a simple numerical algorithm will be used.
This algorithm will allow for the approximate determina-
tion of the power factor contours for the aircraft panel
structure. The interpolation between each of the power
factor magnitudes will be cubic interpolation. For single
frequency or broadband power factor maximization, this
algorithm will also allow for the control frequency input,
and the output will consist of the approximate location(s)
that will provide the maximum power factor for the speci-
fied control frequencies.

For the experimental work reported here, the mass load-
ing of the removable PZT unit influences the vibration
modes, natural frequencies, and also the power factor This
problem can be eliminated by refining the design of the
PZT unit such that it imposes no more constraints on the
structure than a surface mounted PZT actuator. Also, for
complex full-scale structures, it is believed that the influ-



ence of the PZT unit would be minimum and the power
factor map would not be contaminated by the mass and
stiffness of the removable unit.

HOI. Complex Structure Results

In order to analyze the power factor technique for ac-

tuator location optimization for the panel structure, three

® different configurations of the structure were analyzed,
however, in this paper only two are presented. For these

configurations, both single frequency as well as multiple

frequency power factor maximization was analyzed. The

three tested aircraft panel configurations are shown in

Fig. 8.
]
et —— g *
A 9 .T_—
1O 1O 1O
1 of of oy
® HO 1O O f
O] I
@ © -3 (-]
L
*
- ’ Config. #2
® Fig. 8 Aircraft panel model tested configurations.

The first set-up (Config. #1) consists of only of vertical
and horizontal stiffeners. The second set-up (Config. #2)
consists of four angle stiffeners to analyze the local and
the global effect of adding numerous angle stiffeners. In
® order to analyze the power factor layout for these panel
configurations, the PZT-unit #1 was attached at the twelve
locations as shown earlier in Fig. 6 and Table 4. For the
experimental measurements, an HP 4192A Impedance
Analyzer was used. This impedance analyzer is specifi-
cally designed for low frequency impedance measure-
@ ment (5 Hz - 13 kHz). For the frequency range 40-80
Hz, the maximum error for the admittance measurement

was 3 %. This error was determined by dividing the
maximum variation by the average admittance for the
experimental readings. For the initial analysis, Config.
#1 shown earlier in Fig. 8 was tested.

For single frequency power factor maximization for
55 and 64 Hz the electromechanical admittance was mea-
sured at the twelve points shown earlier in Fig. 6. For
these two frequencies, the maximum power factor at each
of these locations for a interval of + 2 Hz is shown in
Table 5.

Table 5 Power factor; Config. #1

¥reg. Hz JLoc I; % Tloc 2, % [ Loc 3. % | Loc 4. % [ Lo 3: % [ Lo 6 %
55 2.3 2.4 2.7 2.8 2.4 2.3
64 2.2 2.3 24 2.3 22 2.1

Freq. Hz TLoc7: % [ Loc 8: % [ Loc 9: % | Loc10:% | Loc11:% [ Locl 0%
55 2.2 2.2 2.8 2.8 2.3 2.3
64 24 2.4 2.8 2.8 2.5 2.2

The 12 Hz interval was used because typically the power
factor peaks rise and fall gradually over a 3-4 Hz interval
The panel mode shape for 55 Hz and 64 Hz are shown in
Fig. 7. Based on the power factor measurements forTable
5, the power factor mesh as generated by the numerical
interpolation algorithm are shown in Fig. 9 .
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Fig. 9a Power factor mesh; 55 Hz.
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The plots for Fig. 9 show that the optimal actuator loca-
tion at 55 Hz is at x = 0.38 m and z = 0.58 m with a
maximum power factor magnitude of 2.95 % (within re-
gions 9&10). For 64 Hz, the maximum power factor is
2.87 % at x = 042 m and z = 0.53 m (within regions
9&10). Experimentally, the maximum power factor for
a 2 % frequency interval at the respective locations for
the modes at 55 Hz and 64 Hz is 2.9 % and 2.9 %, respec-
tively. These results show good correlation with the in-
terpolated power factor outputs for Fig. 9. By examining
the mode shape for 55 Hz (Fig. 7a), it can be seen regions
9&10 have the maximum curvature and therefore within
these regions the power factor is maximum. By using
the same analogy for the mode shape for 64 Hz (Fig. 7b),
itcan be seen that the optimal actuator location for single
frequency power factor maximization for this frequency
is indeed within regions 9&10. Furthermore, in order to
evaluate the accuracy of this interpolation technique, four
other arbitrary points were tested. The x and z coordi-
nates of these points were (x,z) = pt. #1 (0.23,-0.25 ), pt.
#2(0.79,-0.25), pt. #3 (0.23,-0.59 ), pt. #4 ( 0.79, -0.59
). The interpolated and the experimentally measured
power factor at 55 Hz for these points was; pt. #1 (2.25%,
24 %), pt. #2 (2.55%,2.5 %), pt. #3 (2.14 %, 2.2 %),
pt. #4 ( 2.46 %, 2.4 % ). Therefore this interpolation
algorithm satisfactorily predicts the power factor between
the originally measured locations for Fig. 6.

~ Next, for multiple frequency power factor maximiza-

tion, by averaging the power factor over the frequency
range of 50 - 70 Hz for Fig. 9a and Fig. 9b, the interpo-
lated power factor at the measured locations is plotted in
Fig. 10. The numerical interpolation algorithm for this
plot yielded the optimal actuator location for multiple fre-
quency control for Config. #1 over this frequency range
(50 - 70 Hz) of x = 0.41 and z = 0.55 m (within regions
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Fig. 10 Multiple-frequency power factor mesh; Config.
#1.

9&10). The maximum power factor magnitude at this
location is 2.87 %. Experimentally, the maximum aver-

- age power factor over this frequency interval at the speci-

fied location is 2.9 %. Therefore for multiple frequency
power factor maximization as well, the interpolation al-
gorithm satisfactorily predicts the optimal actuator loca-
tion. By examining the two mode shape plots for Fig. 7,
it can be seen that on average regions 9&10 have the high-
est curvature. Therefore the power factor for multiple
frequency control in these regions is maximum because
the strain energy in these regions is also high. It should
also be pointed out that since the error in determining
these power factor results is + 3 %, other locations that
generate a power factor as low as 2.8 % would also be
adequate.

For this aircraft panel configuration, it can be seen that
this PZT actuator configuration is not as efficient at ex-
citing this structure as compared to the cantilever beam
analyzed in a previous case” For example, on average
the maximum power factor for this panel model for PZF
unit #1 is on the order of 3% whereas for the cantilever
beam it was on the order of 15-30%. The reason for this
difference is that for a given structure the power factor is
maximum when the actuator impedance is close to the
structural impedance. For this panel, because of the rela-
tively low power factor magnitude, it can be deduced that
the actuator and the panel impedance mismatch is much
higher than that for the cantilever beam case. Therefore
in order to ensure that a PZT actuator is a suitable device

.for exciting a structure such as this one, for the frequency

range of 40-70 Hz, the actuator impedance within this
frequency range would also have to be of the same ap-
proximate magnitude. It should be noted that for loca-
tion optimization work it is the relative power factor am-
plitude which is important and not the actual value. There-
fore, as long as the power factor and its variation with
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location can be accurately measured, the power factor
magnitude is not necessarily important. For an actual vi-
bration suppression problem, however, the goal is to maxi-
mize the power factor. This is accomplished by match-
ing the impedance of the actuator to the structural imped-
ance at the location. Several options are available for
this: changing the offset distance of the actuator; chang-
ing the thickness of the actuator.

In order to analyze the effect of adding angle stiffen-
ers, the case with four angle stiffeners, Config. #2 shown
earlier in Fig. 8, was analyzed. For single frequency
power factor maximization, first the finite element model
with the four angle stiffeners was checked to determine
the shift in the natural frequencies. For this configura-
tion, the first three modes shifted to 50 Hz, 73 Hz, and 92
Hz. For this case the modes at 50 Hz and 73 Hz were
analyzed. The maximum power factor at 50 Hz and 73
Hz for a interval of + 2 Hz at the measured locations is
shown in Table 6.

Table 6 Power factor: Config. #2.

Freq. Hz JLoc 1. % [ Loc 2. % Loc 3, % TCoc 4. % | Loc 5. % [ Loc ;. %
50 2.4 2.6 2.5 2.4 2.8 2.9
73 3.4 3.3 3.7 3.8 4.4 4.5

Freqg Hz [Toc 7, % [Loc 8 % Loc 9. % [Loc10:% [ Loci1:% LociZ;
50 2.4 2.4 2.4 2.4 3.0 2.9
73 3.2 3.1 3.5 3.5 4.2 44

The f.e.m. generated panel modes for 50 Hz and 73 Hz
are shown in Fig. 11.

Fig. 11a Mode shape; 50 Hz; Config. #2.

Fig. 11b Mode shape; 73 Hz; Config. #2,

The plots for Fig. 11 show that adding the four angle stiff-
eners first of all shifted the natural frequencies up by ap-
proximately 5 Hz. Secondly, for 50 Hz, the angle stiffen-
ers do not significantly suppress the deflection magni-
tude in the specific panel regions because this mode is a
global mode. For 73 Hz, the angle stiffeners suppress the
vibration in regions 1, 2, 3, 4, 7,8,9, and 10 because this
mode is a local mode. Based on the power factor mea-
surements for Table 7 the power factor contours as gener-

ated by the numerical interpolation algorithm are shown
in Fig. 12.
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The plots for Fig. 12 show that the optimal actuator loca-
tion for narrow-band power factor maximization for 50
Hz is at x = 0.71 m and z = 0.53 m with a maximum
power factor magnitude of 3.52 % (within regions 11&12).
For 73 Hz, the maximum power factor is 4.87 % at x =
0.79 m and z = 0.18 m (within regions 5&6). Experi-

mentally, the maximum power factor fora + 2 % fre-
quency interval at the respective locations for the modes
at 50 Hz and 73 Hz is 3.6 % and 4.7 %, respectively

For multiple frequency power factor maximization, by
averaging the power factor over the frequency range of
40 - 80 Hz for Fig. 12a and Fig. 12b, the average interpo-
lated power factor at the measured locations is plotted in
Fig. 13.
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Fig. 13 Multiple-frequency power factor mesh; Config.
#2,

The numerical interpolation algorithm for this plot yielded
the optimal actuator location for broadband control for
Config. #3 over this frequency range (40 - 80 Hz) should
be at x = 0.68 and z = 0.66 m (within regions 11&12).
The maximum power factor magnitude at this location is
4.32 %. Experimentally, the maximum average power
factor over this frequency interval at the specified loca-
tion is 4.4 %. Again, by examining the two mode shape
plots for Fig. 11, it can be seen that regions 11&12 on
average have the highest strain energy. The results for
broadband as well as single frequency power factor maxi-
mization show good correlation between the experimen-
tally measured and the interpolated optimal actuator lo-
cations with the four angle stiffener. It should again be
pointed out that since the error in determining these power
factor results is 3 %, other locations that generate a power
factor as low as 4.2 % would also be adequate.

IV Conclusion

The results for this paper have shown that the power
factor technique for optimizing an actuator location or
configuration on a complex structure can be used for
single-frequency as well as multiple frequency power fac-
tor maximization This technique relies on experimen-
tally obtaining the power factor for a limited number of
points on a structure. From this limited information,
through interpolation, a power factor contour plot for the
complete structure can be obtained. The contour map
identifies locations where the power factor is maximum
for a given resonant frequency or several resonant fre-
quencies. These locations are points where the maximum
amount of supplied electrical energy is converted into
mechanical energy and, therefore, the best locations for
exciting or conversely cancelling vibrations.

For this paper, the concept was applied to a built-up
structure resembling an aircraft panel. To validate the
experimentally constructed power factor maps, a finite
element model was also constructed. The mode-shapes
predicted by the finite element model were verified
through correlation with laser-scanner obtained mode-
shapes. The best locations predicted by the power factor
maps correspond to the points of maximum strain enegy
and for this structure the points of maximum vibration
amplitude.

This technique for actuator location optimization can
be used to quickly identify, on a complex structure, the
best location(s) for mounting induced strain actuators such
as PZTs in aid of vibration or acoustic control. The only
hardware required for this procedure is a commercially
available impedance analyzer
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Experimental Verification of Optimal Actuator Location
and Configuration Based on Actuator Power Factor
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ABSTRACT: The actuator power factor is defined as the ratio of the total dissipative mechanical
power of a PZT actuator to the total supplied electrical power to the PZT actuator. If measured ex-
perimentally, it can be used'to optimize the actuator location and configuration for complex struc-
tures. The concept of actuator power factor is based on the ability of an integrated induced strain ac-
tuator such as a PZT to transfer supplied electrical energy into structural mechanical energy. For a
given structure such as a beam or a plate, the location and configuration of an actuator will directly
influence the authority of the actuator towards driving the structure. Presented in this paper are the
experimental as well as the theoretical results for the case of a cantilever beam as a proof-of-concept
of this technique. The design of a fixture which allows for the relocation of a PZT patch which can
be used for both actuation and sensing is presented as well. For the experimental case, the elec-
tromechanical PZT admittance was measured by an HP 4194A impedance analyzer for the power
factor analysis. The experimental and the theoretical power factor results were subsequently com-
pared and showed good qualitative similarities over the frequency range analyzed. This initial com-
parison between the experimental and the theoretical power factor results will be used to analyze the
capabilities and limitations of the actuator power factor algorithm as a tool for determining the opti-
mal configuration and location for a PZT actuator for simple as well as complex structural vibration

control applications.

INTRODUCTION

N general, the typical procedure used to determine the
Ioptimal actuator location and configuration for a given
structure is based on themodal domain approach. Com-
pared to the overall power factor approach, the modal
domain approach requires the determination of the re-
sponse characteristics of the complete structure under
consideration. For the modal domain approach, the
interaction between the actuator and the host structure
is assumed to be independent of frequency. Liang, Sun
and Rogers (1993a) have shown that the interaction between
the actuator and the host structure, which depends on the
impedance of the actuator and the structure, is frequency
dependent. The actuator power factor approach is based
on the coupled electromechanical impedance model
for an active material system (Liang, Sun and Rogers,
1994). Compared to the modal domain approach, the
analytical power factor algorithm only requires knowledge
of the actuator and the host structure properties, and
a measurement of the excitation voltage input. For com-
plex structures that can be difficult to model analytically,
the actuator power factor can be determined experimentally
as well.

The concept of actuator power factor is based on the abil-
ity of an integrated induced strain actuator such as a PZT to
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transfer supplied electrical energy into structural mechani-
cal energy. The optimal actuator location and configuration
for a given structure is the point at which the given structure
has the highest strain energy for a given frequency of excita-
tion (Preumont et al., 1991). However since a typical struc-
ture is excited for a range of frequencies, the actuator power
factor, which is a function of the excitation frequency, varies
throughout the given excitation range. Since for a given
structure such as a beam or a plate, the location of the actua-
tor will directly influence the actuator authority towards ex-
citing the structure, the actuator placement and configura-
tion is critical to make maximum use of the supplied
electrical energy.

" In order to determine the effectiveness of the actuator
power factor algorithm as a tool for analytically determining
the optimal actuator Jocation and configuration for a given
structure, the actuator power factor is analytically deter-
mined initially for a cantilever beam set-up for a given exci-
tation range. A complete analysis and description for the
power factor algorithm for the case of a cantilever beam is
included in this paper. The layout of the experimental set-up
to verify the analytically determined results by the actuator
power factor algorithm is also described. The experimental
set-up explanation will consist of a full description of the
configuration of the cantilever beam and the bracket-type
structure to allow for actuator relocation on the beam. The
relocation capability for the PZT actuator allowed by the
bracket-type structure for this case was included to allow for
the verification of the actuator power factor algorithm for
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variations in the actuator location or the actuator configura-
tion. The experimental results for the actuator power factor
are compared to the analytically predicted results by the ac-
tuator power factor algorithm. A three-dimensional plot for
the actuator power factor, versus frequency, versus actuator
location for the cantilever beam is presented. This type of a
plot is presented to demonstrate how the actuator power fac-
tor layout can be practically used in a three-dimensional for-
mat for optimizing the actuator location and configuration
for simple as well as complex structures. .

THEORY AND RESULTS

PZT Actuator Power Factor: Cantilever Beam

In theory, the actuator power factor is defined as the ratio
of the total dissipative mechanical power of a PZT actuator
to the total supplied electrical power to the PZT actuator.
This can be expressed as (Liang et al., 1994):

Dissipative Mechanical Power Re(Y)
Supplied Electrical Power ~  |Y]|

P.F (1)

Here, Y is the electro-mechanical admittance of the PZT ac-
tuator. In order to evaluate the power factor algorithm, for
the case of a cantilever beam with an offest PZT actuator, an
experiment was set up, as shown in Figure 1. The cantilever
beam for this case was a steel beam. The following symbols
for the cantilever beam are stated for future reference: free
length (l5), width (wg), thickness (hs), and mass density
(0s). In order to allow for PZT relocation on the beam as
necessary, a bracket-type structure, as shown in Figure 2,
was designed.

The main function of this bracket structure is to provide a
practical means of relocating the PZT on a cantilever beam
and to ensure that the PZT will not be damaged during the
relocation process. In order to move the PZT as necessary,
the side supporters for the bracket structure are simply
mounted onto the center pieces, and the complete unit can
be removed from or bonded onto the beam as required. The
side supports are designed to ensure that the PZT will not be

CANTILEVER BEAM
CLAMPED EDGE

=g
AT

BRACKET STRUCTURE
CENTER PIECES GLUED
ONTO BEAM

CANTILEVER BEAM
PZT OFFSET FREE EDGE

Figure 1. Experimental set-up.

CAVITY FOR UNIT
REMOVAL

PZT ACTUATOR : BONDED ONTO
CENTER PIECES

THREADED HOLES FOR MOUNTING
SIDE SUPPORTS ONTO CENTER PIECES

Figure 2. Bracket unit set-up.

damaged while being removed from the cantilever beam.
Thus when the complete unit is assembled, a screwdriver
can simply be used to pry the unit off without transferring
any of the prying force onto the PZT.

With the design of the experimental setup for measuring
the actuator power factor complete, the analytical model for
the algorithm for the case of a cantilever beam can next be
evaluated. In order to analytically evaluate the power factor
algorithm, first the coupled electromechanical admittance of
the PZT, Y, for Equation (1) is evaluated. The electrome-
chanical admittance for a PZT actuator is given by (Liang et
al., 1994):

) VA —
“;; Aler - 475 @)
A

Y =iw

Here w is the excitation frequency, w,, L, h, are the
actuator width, length, and thickness, respectively, €], is
the complex dielectric constant at zero stress given by
el(1 — &i), where 8 is the dielectric loss factor, Z, is the
actuator impedance, Z is the structural impedarnce, d, is the
PZT constant, Y%, is the complex PZT modulus at zero
electric field defined by Y4,(1 + in), and 7 is the mechan-
ical loss factor of the PZT. The short-circuit mechanical im-
pedance of the PZT actuator, Z, . is given by (Liang et al.,
1994):

K.(1 + 9i) ki,
- w tan (kL)'

Zy = &)

For this equation, the wave number squared, k2, is given by:
k? = wlp.l Y5 4

Here, g, is the PZT actuator mass density. The PZT static
stiffness, K,. is given by:

K. = Y5 ”;l‘—" (5)
A

In order to calculate the structural impedance, Z, the equa-
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tion of motion for a beam with an offset strain actuator, as
shown earlier in Figure 1, is used:

ot = ~Tde  PED ©

where
wxt) = LW, e N
px,t) = Xp,d.ei ' ®

Here K? is h3/12, ¢, is the normalized eigenfunction given
by ¢(A.x), A, is the eigenvalue, ¥; is the complex Young’s
modulus for the steel beam, and a is the beam cross-
sectional area. For this initial case, the actuator and the
bracket structure mass loading is neglected. Next by substi-
tuting Equations (7) and (8) into Equation (6), the equation
of motion for the beam can be expressed in a matrix format
(Liang et al., 1994): .

- 1
YaK* [ N]aiwe — @*(@a[IDIW] = pa ®

For this case, the eigenvalue matrix is a diagonal matrix, the
[1] matrix is the identity matrix, the [W] matrix is the modal
amplitude matrix for the transverse displacement Equation
(7), and the [ p] matrix is the modal amplitude matrix for the
pressure Equation (8). In order to calculate the modal pres-
sure amplitude for Equation (8), the equivalent PZT effect
on the cantilever beam first has to be modeled. The general
technique for utilizing an actuator for structural excitation is
bonding the actuator onto the beam. By doing so, the in-
plane forces of the actuator are transferred onto the structure
via the bonding material as line moments distributed along
the periphery of the actuator, as shown in Figure 3. Offset-
ting the actuator as done for this case simply eliminates the
line moments from the two sides that are not connected to
the beam and also increases the actuator force transferred
onto the structure (Chaudhry and Rogers, 1993). Note that
in this case the offset is not to enhance actuator authority,

PZT ACTUATOR

PZT MOMENT

TRANSFERRED ONTQ

BEAM PZT FORCE TRANSFERRED
ONTO BEAM : NEGLIGIBLE DUE
TO BEAM STIFFNESS

Figure 3. PZT moment mode!.

but to allow for actuator relocation. Offsetting the actuator
and increasing the actuator thickness also yield a propor-
tional increase in the overall structural stiffness. The overall
qualitative actuator response characteristics, however, are
not significantly changed from the bonded to the offset con-
figuration. This moment distribution onto the beam can be
expressed in terms of Heaviside functions as:

Mx) = M{[Hx — &) — Hx — §&)] (10)

Here £, and £, represent the PZT location from the clamped
edge of the cantilever beam, also shown in Figure 1. This
moment equation can be used to express the pressure func-
tion, Equation (8) as:

am
P = 0 = Mis G - &) — 6 — )
an

The modal amplitude for the pressure equation can be deter-
mined as:

L
s p ()@ (x)dx
0

P,=—7—— (12)
S & (x)dx

0

For a cantilever beam, the eigenfunction is given by
(Shames and Dym, 1985):

W, = cosh (k,x) — cos (k.x)

cos (k.L) + cosh (kL)
" sin (k,L) + sinh (kL)

(sinh (k.x) — sin (k,x))
(13)

For the cantilever beam eigenfunction, Equation (13), &,
represents the normalized eigenvalue. The value of k, for
the eigenfunction equation are the zeros of the equation:
cos (k,L) — cosh (k,L) = —1, where L is the length of
the beam. For n = 5, the eigenvalues can be approximated
by the equation: k, = (4n + 1)w/4. Since the effect of the
PZT actuator can be modeled by a pair of moments at the
PZT edges, as shown in Figure 3, the equivalent rotational
structural impedance due to a pure bending moment is given
by (Liang et al., 1994):

Ze = MI(, — 6,) = MI(§, — 6)iw (14)

Here, 6, and 6, correspond to the rotational angles at £, and
£,, respectively, M is the unit moment, and w is the excita-
tion frequency. The beam rotations can be calculated by:

¢E
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6 = ), W]t (15)

m=1

0 = ), Wnd| me, (16)
m=1\

Since the actuator power factor approach is based on the
concept of mechanical impedance, the actuatotr force onto
the host structure can be expressed as: )

F = Zi (17)

Therefore, the equivalent mechanical impedance Z can be
determined as a function of the equivalent structural im-
pedance, Zg, as:

h h
Z = [le/("zB + PZToreser + f)] (18)

Here, the PZTorrser is the distance from the top of the canti-
lever beam to the bottom of the bonded PZT on the bracket
unit, as shown earlier in Figure 1. Therefore by substituting
Equations (18) and (14) into Equation (2), the actuator power
factor can be determined by Equation (1). This overall pro-
cedure can then be used to analytically plot the PZT actua-
tor power factor variation as a function of the excitation fre-
quency. The analytically predicted results for the actuator
power factor for the cantilever beam set-up will next be
compared to the experimentally measured results for the ac-
tuator power factor.

Analytically and Experimentally Determined
Actuator Power Factor: Cantilever Beam

In order to compare the analytically predicted results for
the actuator power factor to the experimentally measured
_ results, the cantilever beam described earlier was excited at
five points. For these five points, two different PZT actua-
tors were used such that the effect of varying the PZT prop-
erties could also be evaluated. The properties for the canti-
lever beam and the two different PZT actuators used for this
experiment are listed in Table 1. The PZT electromechan-
ical properties are listed in Table 2. Analytically the ex-

Table 1. Cantilever beam and PZT specifications.

) w h e Y
Properties (m) (m) {m) (kg/m3) (N/m2)
Cantilever
beam 0.4572  0.0254 0.0064 7850 207e9
PZT #1 0.0380 0.0190 0.0004 7650 62.7e9
PZT #2 0.0500 0.0130 0.0008 . 7650 62.7e9

Table 2. PZT electromechanical propertiés.

daz Ygz fga
(m/V) (N/m2) (Farads/m) é ,1
- 166 x 102 6.5 x 10" 1.5 x 10 0.012 0.001

pected natural frequencies for this cantilever beam can be
calculated by the equation:

EBIB 172
n = kil — 1
%) (QBAB) (19)

Here, I is the beam moment of inertia, A, is the beam
cross-sectional area. Using this equation, the first four
natural frequencies for this beam are shown in Table 3. The
expected node locations from the clamped edge of the beam
corresponding to the respective natural frequency are listed
in Table 4. A PZT location with respect to a node location
on a given beam is critical in determining which mode can
be excited with maximum efficiency. These node locations,
as shown in Table 4, will later be used to analyze a PZT ac-
tuator’s ability to excite a given mode with respect to the
PZT location on the cantilever beam. The PZT placement
distances given from the beam clamped edge for the five
points at which the experimentally measured and the analyt-
ically predicted results are compared are listed in Table 5
for PZT #1 and PZT #2. These points are selected by simply
dividing the cantilever beam into five equal sections and
measuring £, and &, by centralizing the PZT bonded onto
the bracket unit within each of these sections. For PZT #1,
the offset distance, as shown in Figure 1, is 0.0044 mm; for
PZT #2 the offset distance is 0.0036 m.

Before proceeding further, a brief check was made to see
whether the two PZT actuators buckle or not in the present
configuration during the excitation process. If the PZT actu-
ators do not buckle, the analytical model for the PZT resul-
tant moments will be correct. For an applied sinusoidal volt-
age to a PZT, the PZT response is sinusoidal as well.
However in the offset configuration shown earlier in Figure
3, a PZT can buckle and produce a nonharmonic excitation
force. This nonharmonic PZT excitation force output will
lead to a honharmonic structural excitation and thus a false
structural response. Therefore, for a PZT in the clamped-
clamped configuration, the critical compressive force is
defined as:

_ 472E]

cr. = [z

(20

Table 3. Cantilever beam natural frequencies.

w1 (H2) wn2 (HZ) wn3 (H2) wns (H2)

24 © 149 418 819
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Table 4. Cantilever beam node locations.

Nodes Nodes Nodes Nodes
(wn1) (wn2) (wn3) (wna)
(m) (m) (m) (m)
0 0, 0.357 0, 0.229, 0.402 0, 0.165, 0.293, 0.412

For the PZT actuators used, the modulus of elasticity
E = 627 x 10° N/m?, and /is the PZT moment of inertia.
Thus for PZT #1, P.,. = 170 N, and for PZT #2, P,, =
550 N. For the maximum supply voltage of V,.., = 1 V, as
supplied by the impedance analyzerused for the power fac-
tor measurement, the maximum electric field for PZT #1
will be 156 V/m,and for PZT #2 will be 1250 V/m. The
maximum compressive force for the perfect constraint case
(i.e., blocked) for the PZT can be computed as (Crawley
and deLuis, 1993): ’

Frae = AE(E0:)ds: (2D

Here, A is the PZT cross-sectional area, and d;, = 166 X

107** m/V. Thus for PZT #1, F,... = 0012 N, and for PZT
#2, F,... = 0.135 N. Therefore the compressive forces for
PZT #1 or PZT #2 are small enough such that buckling does
not occur.

In order to experimentally determine the power factor
variation for a cantilever beam, an HP 4194 A impedance
analyzer was used to measure the PZT admittance (Y) for
an excitation range of 100-1000 Hz. The frequency interval
for the measurement was 2.250 Hz (the minimum step
allowed by the impedance analyzer). The impedance ana-
lyzer outputs a +1 V signal throughout the given frequency
range. The current is modulated due to the PZT-structure
interaction and results in a change in the PZT admittance.
The real and the imaginary parts of the admittance can then
be used in Equation (1) to determine the actuator power fac-
tor.

The power factor variation for pt. #1 for PZT #1 is evalu-
ated for the analytical model and the experimental measure-
ment, and the power factor plot is shown in Figure 4. This
plot shows good conformity between the experimental and
the theoretical results. It can be seen that at pt. #1, the
actuator is much more efficient at exciting the fourth mode
of vibration (819 Hz) for the beam, than the second mode
(149 Hz) or the third mode (418 Hz). This can be verified by
checking the node locations for the respective natural
frequencies. Since the node for the second mode is lo-
cated near 0.357 m and for the third mode is located near
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Figure 4. Actuator power factor: pt. #1 for PZT #1.
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0.402 m, the actuator location between £, = 0.389 m and
& = 0437 m fails to efficiently excite these two modes.
The plot also shows that the magnitudes for the analytically
predicted power factor peaks are greater than the magni-
tudes for the experimentally measured peaks. The beam
used for the experimental power factor measurement was
slightly “bowed”. This lack of uniformity in the beam con-
figuration resulted in variations in the power factor peak
magnitudes depending on how the bracket unit was bonded
onto the beam (i.e., bonded onto the concave up or concave
down side). The frequencies at which the analytically pre-
dicted peaks occur are also higher than those for the ex-
perimental results. One explanation for this is that for the
experimental set-up, the additional mass loading of the
bracket structure leads to a decrease in the cantilever beam
natural frequency magnitudes. In relation to the cantilever
beam, the ratio of the weights of the cantilever beam to the
bracket unit without the side supports is (10.4:1 or 583 g:
53 g). For this initial analytical model, the bracket unit
mass loading was not taken into account. Also, as explained
earlier, the increase in the beam stiffness due to the offset
actuator also leads to an increase in the experimental natural
frequencies. For large structures, where the ratio of the
bracket unit weight to the structural weight and where the
effect of the actuator offset on the structural stiffness, can be
negligible, the variations between the experimental and the
theoretical power factor peaks and natural frequency magni-
tudes should be greatly reduced. The baseline for the ana-
lytically predicted results is also higher than that for the ex-
perimental results. This is because of the approximation for
the PZT dielectric loss factor, 8, for the analytical model.
An increase in 6 raises the analytical power factor baseline

Table 5. PZT placement distances ¢, and &, (m).

Locations Pt. #1 (£4,£2) (m) Pt. #2 (&4,£2) (M) Pt. #3 (£1,£2) (m) Pt. #4 (%4,%2) (m) Pt. #5 (£1,42) (M)
PZT #1 0.389, 0.437 0.297, 0.345 0.188. 0.246 0.114, 0.163 0.020, 0.069
PZT #2 0.384, 0.445 0.292, 0.353 0.201, 0.262 0.109, 0.170 0.018, 0.079

Y
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Figure 5. Actuator power factor: pt. #1 for PZT #2.

and a decrease in & will yield a closer analytical model in
terms of the power factor baseline. For the analytical re-
sults, the magnitude of the power factor peaks were also
strongly dependent on the PZT location on the beam (i.e.,
&1, £). Therefore, since the bracket structure contacted the
cantilever beam over an area of approximately 002 x
0.02 m?, the locations £, and £, could only be approximated.
Thus the actual moment locations may not be exactly at £,
and £,, as shown in Figure 1.

The power factor variation for pt. #1 for PZT #2 for the
analytical model and the experimental measurement is
shown in Figure 5. This plot also is qualitatively similar to
the plot for pt. #1 for PZT #1. For this case, even with a sig-
nificant change in the actuator configuration, the experi-
mental results show good conformity to the theoretical re-
sults. As for the case for PZT #1 for these experimental
results, the main reason for the decrease in the experimental
natural frequency values is the mass loading effect of the
bracket unit. Since PZT #2 was longer than PZT #1, a
longer bracket unit was also used for this case. The overall
dimensions of the center pieces for this case, however, are
identical to those used for PZT #1.

The experimentally measured and the analytically pre-
dicted actuator power factor plots for PZT #1 for pt. #2, pt.
#3, pt. #4, and pt. #5, respectively, are shown in Figure 6.
The plots show that as the bracket unit location (i.e., actua-
tor location) is shifted on the beam towards the clamped
edge (i.e., from pt. #1 to pt. #5), the actuator’s ability to ex-
cite a given mode of vibration changes. At pt. #3, which is
close to one of the nodes at 0.229 m of the cantilever beam
corresponding to the third mode of vibration (418 Hz), the
actuator is extremely inefficient at exciting this mode. This
trend for pt. #3 as predicted by the power factor algorithm
is also demonstrated by the experimental data. The power
factor plots for pt. #2, pt. #3, and pt. #4 show reasonably
good conformity between the analytical and the experimen-
tal results. For pt. #5, analytically, the fourth mode of vibra-
tion for the beam (819 Hz) should not occur. However ex-
perimentally, this mode does occur. One reason for this
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occurrence is that, analytically, the bracket unit is located
near one of the nodes for the fourth mode (i.e., at 0 m).
However, the bracket unit location as seen by the beam for
the experimental setup is actually further away from the
clamped edge than represented by &, and £, for pt. #5. The
reason for this effect includes an “imperfect” clamped con-
figuration and a shift towards the free edge of the beam in
the node locations due to the addition of the bracket unit
mass for the experimental setup. Therefore, if the mass
loading effect (weight and location) of the bracket unit were
taken into account, this fourth mode perhaps could have
been predicted analytically.

The experimentally measured and the analytically pre-
dicted actuator power factor plots for PZT #2 for pt. #3, and
pt. #5, respectively, are shown in Figure 7. As for the case
for PZT #1, the analytical and the experimental power factor
results for PZT #2 for pt. #3 shows good correlation. Again
as pt. #3 is close to one of the nodes for the cantilever beam
(node at 0.229 m corresponding to w,; = 418 Hz), the actu-
ator is unable to excite this mode efficiently. For pt. #5, the
actuator in this case analytically should be unable to excite
the fourth mode of vibration (i.e., 819 Hz). However ex-
perimentally, this mode is excited for the given actuator
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Figure 8. Three-dimensional power factor layout.

location. As in the case for PZT #1, if the bracket unit mass
loading effect was taken into account for PZT #2, for pt. #5
this mode perhaps could have been predicted analytically.
Next, the power factor results for PZT #1, as predicted by
the actuator power factor algorithm, are plotted in three
dimensions, as shown in Figure 8. The distance label on the
graph represents the distance measured from the beam
clamped edge. This type of a 3-D plot can be very helpful
as a practical “tool” for a more complicated structure for
evaluating and determining approximately at which location
and for which excitation frequency range a given actuator is
best suited as the actuator location on the structure is varied.

CONCLUSION

In conclusion, the concept of actuator power factor has
thus far proven to be a very helpful tool in determining the
optimal actuator location and configuration for a given
structure, as demonstrated by the cantilever beam example
in this paper. For variations in the actuator location and the
actuator configuration, the analytically determined power
factor results show good conformity with the experimentally
measured results. These results also complement the ability
of the bracket-type unit designed for the actuator plate
relocation to efficiently excite a structure in a manner quali-
tatively similar to a bonded actuator. For the future, the ac-
tuator power factor algorithm will be evaluated for a larger
structure (i.e., plate, cylinder). Again, the relocation capa-
bility of the actuator plate as allowed by the bracket unit will
similarly be utilized for the case of the more complex struc-
ture. These comparisons will lead to a broader understand-
ing as to the capabilities and the limitations of the actuator
power factor algorithm as a tool for determining the optimal
configuration and location for a PZT actuator for structural
vibration control applications.
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Heat Generation, Temperature, and Thermal Stress
* of Structurally Integrated Piezo-Actuators

SU-WEI ZHOU AND CRAIG A. ROGERS*
Center for Intelligent Material Systems and Structures
Virginia Polytechnic Institute and State Universiry, Blacksburg, VA

ABSTRACT : While converting electrical energy into mechanical energy to actuate structures,
piezoelectric (PZT) elements experience a temperature increase due to internal heat generation
caused by their mechanical damping and dielectric loss. In practice, if the actuation is operated at
system resonance or with a relatively high electrical field, the heat generation throughout PZT actu-
ators may be significant. The temperature rise of PZT elements may result in the acceleration of
material aging. even thermal damage. The situation becomes worse if the actuated host structures

@ are made of thermal-resistant materials, such as polymeric matrix composites and glass. In addition,
the temperature distribution in PZT elements induces thermal stress that may increase the overall
stress level and reduce the maximum safe stress. However, investigations done to date on these issues
have been limited.

This paper presents a simple analytical approach to estimate temperature rise and thermal stress
in PZT patch actuators due to dynamic excition. A one-dimensional heat transfer model is developed
for integrated PZT/plate structures. The temperature field of the PZT actuators is analytically found

) and the corresponding thermal stress is predicted. To determine the internal heat dissipation in PZT
actuators. an electro-mechanical impedance model developed by the authors is directly applied. The
dissipative power in the systems. consumed by mechanical damping and dielectric loss of the PZT
actuators, and structural damping of the host structure, is first determined. The dissipative power is
then treated as the equivalent thermal dissipation to create a distributed heat source throughout the
PZT actuators and host structures.

In the case studies, the PZT patch elements were used to actuate a simply-supported plate. The
impact of the thermal stress on the overall stress level is discussed in the paper. The effects of actua-

| tor thickness and material properties on the actuator temperature and the thermal stress level have
also been investigated.

INTRODUCTION (1994) performed a coupled electromechanical impedance
analysis for two-dimensional PZT actuator-driven systems
@ IEZOELECTRIC (PZT) materials have been most com- and discussed the influence of different dissipators on the

monly used as active elements in adaptive structures for system power factor and the system power requirement.

various industrial and research applications. For the pur-
pose of structural actuation. the mechanical output perfor-
mance and dynamic behaviors of PZT elements have been
widely investigated (Bailey and Hubbard, 1985; Crawley
and de Luis, 1987; Crawley and Lazarus, 1991; Dimitriadis
et al., 1989; Liang et al., 1993: Zhou et al., 1993). For
space applications, system power consumption is one of the
major concerns. Enhancing energy conversion efficiency
results in a reduction in the cost and mass of systems, two of
the major obectives of adaptive structures. Stein et al.
(1993) investigated the power consumption of a PZT actua-
tor integrated on an underwater structure that radiates
sound, and considered the power requirements in the active
acoustic control. Lomenzo et al. (1993) developed a tech-
nique to maximize mechanical power transfer from the
stacked PZT actuators to the host structures. Zhou et al.

*Author to whom correspondence should be addressed.

The system dissipative power is eventually transformed
into internal heat energy in PZT elements. An increase in
the temperature of the actuators is thus inevitable. The
phenomenon of temperature rise of PZT actuators has
often been noticed in experiments. When PZT elements op-
erate at a certain temperature. piezoelectric properties,
such as the dielectric constant and the piezoelectric
constant, change because of the strong temperature de-
pendency. Figures 1 and 2 show the variation of piezoelec-
tric constant d,, and relative dielectric constant (K) with
temperature, respectively (Piezo Systems. Inc., 1993). The
material of PSI-5H displays stronger temperature sensitivity
than PSI-5A.

If the temperature is close to the Curie temperature of
PZT materials, which represents a maximum operating
temperature before suffering a permanent loss of piezoelec-
tricity, the maximum safety stress of PZT elements is re-
duced and thermal damage may take place. The Curie tem-
perature is about 350°C for PSI-5A. and about 200°C for
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Figure 1. Influence of temperature on the piezoelectric constant,
ds;, for typical piezoelectric materials: PSI-5A and PSI-5H (Piezo
Systems, Inc.).

PSI-5H. respectively. In practice, as PZT elements are used
for structural actuation at the system resonance or with a
large electrical field, heat generation throughout PZT actua-
tors may be significant. Sometimes, the tin solder points on
the surface of PZT actuators even melt down. The situation
becomes worse if actuated host structures are made of ther-
mal resistant-materials, such as polymeric matrix compos-
ites or glass. In the meantime, the temperature gradient ex-
isting in PZT elements induces thermal stress, which may
have an impact on the overall mechanical stress. Therefore,
the heat transfer analysis of integrated PZT elements in
structural actuation is of practical engineering importance.
Investigation of these issues, however, has been limited.
The emphasis of this current work is on the development
of a simple approach to analyze and estimate temperature
rise of PZT elements because of internal heat generation. A
one-dimensional heat transfer model will be applied to inte-
grated PZT/plate structures. The temperature field of the
PZT actuators will be analytically found and the corre-
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Figure 2. Influence of temperature on the relative dielectric con-
stant, K, for typical piezoelectric materials: PSI-5A and PSI-5H
(Piezo Systems, Inc.).

sponding thermal stress will be quantitatively estimated. To
determine the rate of internal heat generation in PZT actua-
tors, a coupled electro-mechanical system model developed
by the authors is directly used. The system dissipative power
will be predicted and treated as equivalent thermal dissipa-
tion to generate a distributed heat source throughout PZT
actuators and host structures. A piezoelectric actuator-
driven simply-supported plate will be used in the case stud-
ies. A comparison between the thermal stress level and the
mechanical stress level is made to identify the impact of the
thermal stress on the overall stress level. The effects of the
actuator thickness, the magnitude of applied voltage, and
material properties on the actuator temperature and the
thermal stress level will be investigated.

ANALYTICAL MODEL

Figure 3 illustrates the schematic geometry of an inte-
grated PZT/plate structure. Two PZT patches are bonded on
the top and bottom surfaces of the plate. The integrated
PZT/plate system is exposed to ambient room air without an
external cooling source. It is assumed that the thickness of
the plate and the PZT element is much smaller than the
sizes in the other coordinate directions. The flow of heat
through the plate and the PZT element thus depends only on
the coordinate measured normal to the x-y plane, resulting
in a one-dimensional heat transfer problem with no edge ef-
fects. Figure 4(a) shows such a one-dimensional model. The
internal heat generation, Q,, is assumed to be uniform
throughout the PZT element and the plate, respectively. The
steady state temperature distribution of the PZT element
needs to be found, and thermal stress induced in the PZT el-
ement can then be estimated.

Considering the symmetrical condition of heat transfer,
the problem shown in Figure 4(a) may be simplified to the
equivalent situation displayed in Figure 4(b). The mid-plane

front view  (unit: mm)

I=lgsin(w t+@)

plate

dya

Vp3in(@1)
+

e

Figure 3. Schematic geometry of an integrated PZT/plate structure.
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Figure 4. Schematic diagram of a heat transfer model/ for the analy-
sis of temperature distribution of PZT elements integrated with a
plate structure.

of the plate is isolated, that is, d7/dz = 0. The governing
differential equation of the temperature distribution cross
the PZT element is depicted by:

a1,  QF
ot Pl 0 (1)
where the subscript p denotes the parameters of the PZT el-
ement; k symbolizes the thermal conductivity; Q* repre-
sents the rate at which heat is being internally generated in
the PZT patch per unit volume (watt/m*): 0* = Q/Vand V
is the volume of the element; and T is the temperature distri-
bution in the PZT element. Twice integrating Equation (1)
with respect to the coordinate z obtains:

*

- 927,
Tp = a, + b:Z - ZkPZ (2)

where a, and b, are the integration constants.

For the host plate, the governing differential equation of
the temperature distribution and the corresponding solution
are similar to Equations (1) and (2):

da*T *
= ®
and
*2
T=az+bzz—Q2kz2 4

where a, and b, are integration constants. To determine a,,
b, a,, and b,, one may use the boundary conditions,

4.
dz 2=0 B

(@p)ees, = W(T, — T.)

)]

and the temperature continuity and heat transfer continuity
at the interface of the PZT element and the plate,

TF‘I = (TP ):=‘|
(6
Gz, = (Gp )ass,

The constant, A, in Equation (5) refers to the convection
heat transfer coefficient, or film coefficient. For free convec-
tion in air, h = 5-25 w/(m?*-C) (Chapman, 1974). T; and
7, in Equation (6) are the surface temperature of the PZT
element and the air temperature at the ventilated room, re-
spectively. The heat flux ¢ in Equations (5) and (6) can be
found by using Fourier’s law:

= k5 (M)

in which the minus sign indicates that the heat flow is taken
to be positive if dT is negative in the direction of increasing
z; § is the surface area of the plane structure. Substituting
Equations (2), (4) and (7) into Equations (5) and (6) and
solving for the integration constants yield:

(al _Q:—_——Q::IZZ + oF

k, 2k,

-2
L2

1
+ H[Q*Zl + Q:‘(Zz - Zl)] + T,

q b - S -0 : (®)
(e 9F
a;=3(7-— kp)+a,+bl2x

\ b,

where z, and z, are the coordinates of the two surfaces of the
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PZT element; and the heat generation rate, Q¥in the PZT
actuator and Q¥ in the plate, can be obtained from a cou-
pled electro-mechanical system model and will be devel-
oped later. Substituting Equation (8) into Equation (2), the
surface temperature of the PZT element, T,, can be ob-
tained by:

T, = %[Q*zl + 00Xz, — )] + T, )

Equation (9) indicates that the temperature in a PZT ele-
ment increases with the rate of the internal heat generation,
0 Fand Q% respectively. In addition, the temperature is in-
versely proportional to the heat conductivity of host struc-
tures.

The induced thermal stress, o7, is estimated by:

Or = ‘Ypr(Tl - 1) (10

where Y, and v, denote the real Young's modulus and the
coefficient of thermal expansion of piezoelectric materials,
respectively. For PSI-5A-S3 material (Piezo System, Inc.,
1993), v, = 4 x 10" (m/m-°C).

HEAT GENERATION OF THE
INTEGRATED SYSTEM

To estimate the heat generation in integrated PZT/plate
systems, a coupled electro-mechanical system model is
needed to quantitatively predict dissipative power consump-
tion in the system. The power supplied to the PZT actuator
is actually decomposed into two components (Zhou et al.,
1994): one is the dissipative power,

L.V. v?

P = 5 cos ¢ = —2—Rc(A*) an

and the other is the reactive power,

Ve V2
3 sin ¢ = 5

R = Im(A*) (12)

where A* is the electro-mechanical admittance of the
system and the superscript * symbolizes a complex number.
The subscript m denotes the magnitude of the electrical pa-
rameters: the applied voltage, V = V,, e’ and the current
in the circuit, I = [, &/'“"**’; ¢ denotes the phase between
the current and voltage; j symbolizes the imaginary part of
a complex number; and w is the input angular frequency;
and the total electrical power, i.e., apparent power, is ex-
pressed by:

W= VP + R? (13)

The power requirement of the system can be estimated from
the maximum value of the apparent power.

It is clearly seen that the system power consumption is es-
sentially dominated by the coupled electro-mechanical ad-
mittance of the system. The complex electro-mechanical
impedance of the integrated PZT/plate system was derived
by the authors. The detailed theoretical development can be
found in a separate reference (Zhou et al., 1994). The rele-
vant formulations are directly given here. When an electri-
cal field, E = V/H,, is applied cross a PZT element along
the polarization direction (3), the current passing through
the PZT actuator can be derived based upon the capacitor
behavior for the PZT material. Then, following the defini-
tion of coupled electro-mechanical admittance gives:

A* =jwl"w" - R R4 (éé)Naiz(l)]

H1 100, T 1= \Lw, 1

(14)

where S, = sin (a,/,) and S. = sin (e, w,); L, w,, and
H, are the length, width, and thickness of the PZT element,
respectively; dy, is the piezoelectric constant; v, is the
Poisson’s ratio of the PZT material; €% = es(l — j§,) is
the complex dielectric constant at zero stress; J, is the
dielectric loss factor of the PZT actuator; Y* = Y, (1 +
Jju,) is the complex Young’s modulus at a zero electrical
field; 5, is the structural loss factor. The wave number, «,,

is defined as:
Q
o, = w‘{?; (15)

in which g is the mass density. The matrix N,., in Equation
(14) is depicted by: '

N2x2 =

W, 2 Za L, Z, Z,
Cz(l i l,, Zp,, + Zpu) Cw(

aP
w, 2,  Z. L Zy 2,
C’(l,, z. Uz C'(' T, Z 2)

(16)

in which C; = cos (¢,/,) and C. = cos (o, w,); Z.. and
Z,, are the direct impedance, and Z,, and Z,. are the cross
impedance of the plate at the mid-point of the edge of the
PZT element, respectively. For a simply-supported plate,
the analytical solutions of the mechanical impedance of the
system have been derived by the authors (Zhou et al., 1994).
For complex structures, a finite element analysis or experi-
mental approaches is helpful to determine the mechanical

impedance of the system.
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Our current interest is in the system dissipative power. It
basically includes three parts in an integrated PZT/substrate
system: (1) the power dissipated by the structural damping of
the host structure, which is related to the structural loss fac-
tor in the complex Young’s modulus; (2) the power con-
sumed by the material damping of the PZT actuator; (3) the
power consumption caused by the dielectric loss of the PZT
actuator. The dissipative power is assumed to be totally con-
verted into thermal energy to heat the system. The heat gen-
eration rate in the PZT element may be obtained by setting
a zero structural loss factor for the plate in Equations (11)
and (14):

the PZT actuator is calculated using Equation (9). Figure 5
shows the numerical results. The temperature rapidly in-
creases with the applied voltage because the internal heat
generation rises with the order of the square of the applied
voltage. At a constant voltage, decreasing the actuator thick-
ness produces a stronger electrical field, resulting in an in-
crement of the surface temperature.

When a voltage of 120 volts is applied to the PZT actuator
with the thickness of 0.2 mm to excite the 5th mode, the
temperature is up to 216°C which exceeds the melting point
of the tin solder. A simple experiment was conducted to ac-
tuate an aluminum plate of the size 203 X 101.6 x| mm
(8" x 4”7 x 004”) using the PZT patches (H, = 0.19

w_ Pu=o 17 mm). The phenomenon of melting of the tin solder was
0r=1Iw,H, an observed.

Similarly, assuming a zero mechanical loss and dielectric
loss of the PZT element in Equations (11) and (14) gives the
heat generation rate in the plate:

Py s 0

Q* = “JyH (18)

where [, w, and H are the length, width, and thickness of the
plate, respectively.

NUMERICAL CASES AND DISCUSSION

A simply-supported aluminum thin plate integrated with
PZT patch elements is used in the current case studies. The
geometric configuration of the integrated PZT/plate system
is shown in Figure 3. The PZT elements are located on the
plateatx, = 1588 mm (6.25”)and y, = 82.6 mm (3.25").
The sizes of the plate and the PZT patch are 2286 x 127 X
I mm (9” X 5”7 x 004”) and 38.1 X 254 mm (1.5” X
1), respectively. Table 1 lists the basic material properties
of the PZT (PSI-5A-S3) and the plate.

The effect of the applied electrical field on the surface
temperature of the PZT element is first examined. The
thickness of the PZT actuator is selected as H, = 0.1, 0.2,
and 0.4 (mm). The free convection heat-transfer coefficient
h in air at the ventilated room temperature, 7, = 20-C, is
chosen as 7 (w/m?*-°C). The integrated system is assumed
to be excited with a harmonic input at the 5th mode that is
at a frequency of about 800 Hz. The surface temperature of

To identify the impact of the thermal stress on the overall
stress level of the PZT actuator, the mechanical stress needs
to be determined. The induced mechanical stress in the PZT
element, o, and o,, can be calculated as follows (Zhou et
al., 1994):

AN YV, 1,
o  H,(1 — v))\» 1

_ cos (o, x,) 0 o d)
[aP( 0 Cos (apyp) NZ'Z Iz” d32 ¢

19)

where I, is an identical matrix; and x, and y, are the loca-
tion coordinates of the stress point on the PZT actuator. The
mechanical stress is a function of excitation frequency and
the mechanical impedance of the system. It is assumed that
the stress is measured at x, = 3 mm and y, = 19 mm. The
size of the plate is again 2286 x 127 x 1 mm (9" X 5" X
0.04”). The size of the PZT element is 38.1 x 254 x 0.2
mm (1.5” X 1”7 X 0.04"). Figure 6 illustrates the mechan-
ical stress characteristics. The induced dynamic stress is a
complex stress. At the resonant frequencies of the integrated
system, the induced stress levels are very high because of
the minimum structural impedance. While at off-resonance
the induced dynamic stress approaches the static stress that
is calculated using the static model developed by Dimitriadis
et al. (1989).

Ifa2286 x 127 x 4mm (9” X 5” x 0.16”) plate is ex-
cited at the 5th mode and the applied electrical field is main-

Table 1. Material properties of the PZT element* and the aluminum plate.

Young’s Mass Dielectric Thermal

Modulus Density Poisson’s Constant Loss Conductivity

(N/m?) (kg/m?3) Ratio (m/volt) Factor (w/m.c)
PZT 5.7 x 10" 7700 0.3 -18 x t0-% 0.005 23
Aluminum 6.9 x 10 2700 0.33 N/A 0.005 112

“Piezo Systems, inc.
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Temperaturs (C)

Applicd voliage (volt)

Figure 5. Effect of the applied electrical field on the surface temper-
ature of PZT elements.

tained at 250 (volt/mm), Equations (10) and (19) can be used
to obtain the thermal stress and mechanical stress of the
PZT element, respectively. Figures 7 and 8 show the nu-
merical results. The thermal stress induced in the PZT ele-
ment increases when the element becomes thicker and
thicker, as displayed in Figure 7. The mechanical stress,
however, significantly declines when the thickness of the
PZT element goes up, as displayed in Figure 8. It can be ex-
plained that the thicker PZT element has a larger cross sec-
tional area that relieves the mechanical stress. On the other
hand, the thicker element produces a larger temperature
difference, leading to a higher thermal stress. This observa-
tion implies that the thermal stress in a stack PZT actuator
(or a multilayer actuator) may become a major factor to in-
fluence the overall stress levels. It is also noted that the
stress doesn’t linearly change with the actuator thickness
because the structural mechanical impedance is not simply
linear function of the actuator thickness.

x10%

2} . B

Mechanical stress (N/av*2/volt)

.5 “ " " " s "
0 100 200 300 400 S0 600 700 800 00 1000
Proquency (Hz)

Figure 6. The mechanical stress characteristics of the integrated
PZT elements.

12000

Thermal stross (N/*2)
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Figure 7. The thermal stress goes up as the thickness of the inte-
grated PZT element increases (E = 250 voltymm; H = 4 mm).

From a design point of view, one way to reduce the in-
duced stress level in PZT elements is to limit the active volt-
age, leading to a decline in both the mechanical and thermal
stress. In this case, the actuation force also decreases. The
other way is to increase the cross-sectional area of PZT ele-
ments as the voltage increases so that the electrical field is
maintained at a relatively low level to avoid possible thermal
damage and mechanical degradation in the PZT elements.
In general, when a thin PZT patch is used for the structural
actuation, the induced mechanical stress is of major concern
and the surface temperature of the actuator should also be
considered. While a multilayer actuator or a stack actuator

is applied for the actuation, the thermal stress may become

an important factor in the actuator design and application.

To examine the influence of the thermal conductivity of
the host plate on the surface temperature of PZT elements,
three types of materials with different thermal conductivity
are selected: aluminum, nickel steel, and glass. Table 2 lists

x10¢

Mochanical streas (N/m A 2.volt)

Thickeess of PZT (mm)

Figure 8. The mechanical stress decreases as the thickness of the
integrated PZT element increases (E = 250 voltYymm; H =

40
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Table 2. Material properties of the different
plates and the PZT actuators.

Young's Mass Thermal

Modulus Density Conductivity

(N/m?) (kg/m) (w/m-°C)
Nickel steel 21 x 10" 8800 18.6
Glass plate 6.4 x 10" 2300 0.76
Aluminum 6.9 x 10" 2700 112.5

the basic properties of the materials. For simplification, it is
assumed that three investigated plates have the same geo-
metric size and the structural damping. Figure 9 shows the
numerical results. As PZT actuators are used to excite
thermal-resistant material, such as glass and nickel steel,
the temperature rises quickly. Under the condition of a con-
stant magnitude of applied voltage, host structures with a
good conductivity can slow down the temperature hike of
PZT actuators as shown in Figure 9. The possible thermal
degradation can be then relieved.

CONCLUSIONS

e A simple one-dimensional heat transfer model for
piezoelectric elements for structural actuation has been
suggested. The analytical model has been developed to
quantitatively estimate the temperature rise and the in-
duced thermal stress of the PZT elements.

¢ The heat generation of the integrated PZT/plate system
has been determined from the dissipative power con-
sumption using the electro-mechanical system model.

® Case studies have demonstrated that when the PZT actua-
tor operates at system resonance, or with a relatively high

Temperature (C)

20 30 4«0 0 & 70 & 30 100 10 120
Applied vohage (voln)
Figure 9. Influence of the thermal conductivity of the host struc-

tures on the surface temperature of the integrated PZT element (E =
250 voltymm; H = 4 mm; and H, = 0.2 mm).

Su-WEI ZHOU AND CRAIG A. ROGERS

electrical field, the heat generation and temperature rise
of PZT actuators is significant and may cause the thermal
degradation, even damages of PZT elements. The tem-
perature of PZT actuators increases with the applied volt-
age because the heat dissipation is proportional to the
square of the applied voltage. Under the excitation with a
constant voltage, a thinner PZT actuator gains higher
temperature rise due to the higher electrical field.

The thermal stress increases with the thickness of PZT
actuators. When a thicker PZT patch or a multilayer or a
stacked PZT actuator is used for structural actuation, the
thermal stress may become a significant factor influenc-
ing the strength design of the PZT actuator.

When the thermal resistant materials are used for host
structures, the temperature in PZT elements increases
quickly, and cooling measures may be needed to avoid
the possible thermal damages.

NOMENCLATURE

N~I TgulQo v  TI>hax

Electro-mechanical admittance
Piezoelectric constant

Electric field

Convection heat transfer coefficient
Thickness of a structure

Imaginary part of a complex number
Thermal conductivity

Length of a structure

Dissipative power

Heat flux

Heat generation

Surface area of a structure
Temperature

Voltage

Width of a structure

Young’s modulus

Mechanical impedance

Greek

Wave number

Cocfficient of thermal expansion
Stress

Structural loss factor

Poisson’s ratio

Mass density

Angular frequency

Subscripts

m  Amplitude

p Piezoelectric element
x  x-direction

y  y-direction




Heat Generation, Temperature, and Thermal Stress of Structurally Integrated Piezo-Actuators 379

ACKNOWLEDGEMENT

The authors gratefully acknowledge the support of the Air
Force Office of Scientific Research under AFOSR Grant
No. F49620-93-1-0166; Dr. Jim Chang, Program Manager.

REFERENCES

Bailey. T. and J. E. Hubbard. 1985. “Distributed Piezoelectric-Polymer Ac-
tive Vibration Control of a Cantilever Beam", AIAA Journal of Guidance
and Control, 6(5):605-611.

Chapman, A. J. 1974. Hear Transfer. New York: Macmillan Publishing Co.

Crawley, E. F. and J. de Luis. 1987. “Use of Piezoelectric Actuators as Ele-
ments of Intelligent Structures”, AIAA Journal, 29(6):1373-1385.

Crawley, E. F. and K. B. Lazarus. 1991. “Induced Strain Actuation of Iso-
tropic and Anisotropic Plates”, AIAA Journal, 29(6):945-951.

Dimitriadis. E. K., C. R. Fuller and C. A. Rogers. 1989. “Piezoelectric Ac-
tuators for Distributed Noise and Vibration Excitation of Thin Plates™.
ASME Failure Prevention and Reliabiliry, DEVol. 16:223-233.

Liang, C.. F. P. Sunand C. A. Rogers. 1993. “Coupled Electro-Mechanical
Analysis of Piezoelectric Ceramic Actuator-Driven  Systems-Deter-
mination of the Actuator Power Consumption and System Energy Trans-
fer”, Proceedings of Smart Structures and Materials 93, SPIE, Albuquer-
que, NM, Vol. 1917, pp. 286-298.

Lomenzo. R. A., H. Sumali and H. H. Cudney. 1993. “Maximizing
Mechanical Power Transfer from Piezoelectric Stacked Actuators to Struc-
wres”. Proceedings of Adaptive Structures and Material Systems, ASME,
AD-Vol. 35, New Orleans, LA, pp. 229-235.

Piezo Systems, Inc. 1993. Piezoelectric Product Catalog.

Stein, S. C.. C. Liang and C. A. Rogers. 1993. “Power Consumption of
Piezoelectric Actuators in Underwater Active Structural Acoustic Control”,
Proceedings of the Second Conference on Recent Advances in Active Con-
trol of Sound and Vibrarion. Blacksburg, VA, pp. 189-203.

Zhou, S. W., C. Liang and C. A. Rogers. 1993. “Impedance Modeling of
Two-Dimensional Piezoelectric Actuators Bonded on a Cylinder”, Pro-
ceedings of Adaptive Structures and Material Svstems, ASME, AD-Vol.
35, New Orleans, LA pp. 245-253.

Zhou. S. W, C. Liang and C. A. Rogers. 1994. “Coupled Electro-Mechan-
ical Impedance Modeling 0 Predict Power Requirement and Energy Effi-
ciency of Piezoelectric Actuators Integrated with Plate-Like Structures”,
Proceedings of Adaptive Structures. the 35th AIAA/ASME/ASCE/AHS/ASC
SDM Conference. Hilton Head. SC, pp. 259-269.




Integration and design of piezoelectric actuators

Zhou, S.W., Liang, C., and Rogers, C.A., “Integration and Design of Piezoceramic
Elements in Intclhgent Structures,” Journal of Intelligent Matenal Systems and Structures,
® Vol. 6, November 1995, pp. 733-743.

43




Integration and Design of Piezoceramic Elements
in Intelligent Structures

S. Zuou, C. LIANG AND C. A. ROGERS*
Center for Intelligent Material Systems and Structures, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061-0261

ABSTRACT: The design of induced strain elements (actuators) is a comprehensive issue, involv-
ing not only the materials and geometry of the elements, but also the behaviors of the coupled host
structures. In particular, the design of the active elements is essentially related to the prediction of
induced strain or stress in the elements. A high stress or strain level in the actuators is useful to ex-
cite host structures; however, degradation or fatigue damage of the actuators may take place at the
same time. This paper presents a dynamic analytical approach for the design and integration of ac-
tive piezoceramic (PZT) patch elements locally coupled with host structures. Several critical design
issues are addressed. These issues include the determination of the actuator dynamic outputs, the
prediction of energy conversion efficiency, the estimation of system power requirement, and the limi-
tation of induced alternate peak stress. A coupled electro-mechanical analytical model was devel-
oped to reveal the inherent connections among these issues. Both the mechanical stress behavior and
the thermal stress characteristics of the PZT patch elements were investigated. A system power
consumption-based model was developed 10 estimate the temperature and thermal stress distribution
of the elements. The attention in parametric design was directed to the thickness and location of the
elements. A simply-supported thin plate with surface-bonded PZT patches was built and tested to
directly measure the induced dynamic strain of the PZT element so that the prediction accuracy and
ability of the design model has been validated.

INTRODUCTION

ISTRIBUTED piezoceramic (PZT) elements have been

widely used in various research and applications, since
PZT elements have demonstrated competitive characteris-
tics, such as light weight, small size, and good dynamic out-
put performance. When PZT elements, as actuators, are in-
tegrated with conventional engineering structures and used
in scientific research and industrial processes, several basic
and important issues are raised.

First, the actuation ability of the active elements must be
primarily considered. The question is whether host struc-
tures can be sufficiently excited using these elements. This
issue involves the quantitative prediction of output perfor-
mance of PZT actuators, such as displacement output,
forces, or moments. As a matter of fact, the issue was
noticed in the early development and implementation of
PZT actuators. Several static-based modeling techniques
were developed to determine static forces or moments

(Bailey and Hubbard, 1985; Crawley and Louis, 1987;

Crawley and Lazarus, 1991, Dimitriadis et al., 1989; Wang
and Rogers, 1990). The static approaches, however, are
limited to analyzing the static mechanical behavior of the
actuators. An approximate dynamic analysis using the static
models is not accurate because active forces provided by
PZT actuators are usually alternate forces. The dynamic in-

*Author to whom correspondence should be addressed.

JOURNAL OF INTELLIGENT MATERIAL SYSTEMS AND STRUCTURES, Vol. 6~ November 1995

1045-389X/95/06 0733-11 $10.00/0
© 1995 Technomic Publishing Co., Inc

teraction between the host structures and the active elements
always exists and affects the performance of both the struc-
tures and the actuators. Recently, an impedance-based ana-
lytical model developed by the authors (Liang et al., 1993a;
Zhou et al., 1993, 1994a) provides a better understanding of
the dynamic essence of PZT element-driven systems. The
frequency-dependent force output behavior is accurately
predicted in the impedance model.

Second, designers of engineering and space structures
are concerned with how efficiently a PZT actuator, as a tran-
ducer, transforms electrical energy into mechanical energy.
The reason is that minimizing power consumption and en-
hancing energy conversion efficiency result in a reduction in
the cost and mass of systems, two of the major objectives of
adaptive structures (Rogers, 1993). Recently, research
regarding actuator energy conversion and system power re-
quirement has been active. Liang et al. (1993a) suggested an
actuator power factor, defined as the ratio of the dissipative
mechanical power in the system to the total electrical power
supplied to the actuator. This concept was used to optimize
the location of the actuator (Liang et al., 1993b). Stein et al.
(1993) investigated the power consumption of a PZT actua-
tor integrated on an underwater structure that radiates
sound, and considered the power requirements in the active
acoustic control. Lomeno et al. (1994) developed a tech-
nique to maximize mechanical power transfer from the
stacked PZT actuators to the host structures. Zhou et al.
(1994b) performed a coupled electro-mechanical impedance
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analysis for two-dimensional PZT actuator-driven systems
and discussed the influence of different dissipators on the
system power factor and the system power requirement. The
analysis of system power consumption will provide a power-
ful tool to design energy-efficient smart structures.

Third, PZT elements are most often placed under a cer-
tain amount of alternate stress. The question is how to quan-
titatively predict the alternate stress so that a safety design
can be effectively conducted. However, investigations done
to date on this issue have fairly been limited. Intensive strain
or stress is expected for the actuation, but brittle piezo-
ceramic materials may be degraded in such a stress level. In
addition, the stress signs are of concern in the design
because the tensile strength of piezoceramic materials is
much lower than the compressive strength. Another impor-
tant issue, which has been ignored in the design of PZT ac-
tuators, is the estimation of the thermal stress levels and the
temperature distribution of the actuators.

In this paper, the generic principle in the design of active
PZT elements will describe using a coupled electro-
mechanical analytical approach. The discussion will focus
on the issues mentioned above and their inherent connec-
tions. The mechanical stress and thermal stress characteris-
tics of the PZT patch elements will be specifically in-
vestigated. An analytical model for estimation of the
temperature distribution and the induced thermal stress will
be developed. The important design parameters, such as the
location and thickness of the PZT elements will be ad-
dressed. A piezoceramic element-drive thin plate will be
used in the parametric study. An experiment will be con-
ducted on a simply-supported aluminum plate to prove the

INTEGRATION AND MODELING

In this section, an impedance-based analytical approach
will be presented to integrate PZT elements in host struc-
tures. Theoretical formulations will be derived for generic
two-dimensional PZT elements. The design-related perfor-
mance prediction, such as the actuator dynamic output, the
system energy conversion efficiency, and the actuator stress
behaviors will be quantitatively obtained.

Mathematical Model

Figure 1 illustrates a generic model of a two-dimensional
PZT element integrated with a structure. x, and y, represent
a coordinate system of the PZT element, corresponding to
the 1 and 2 directions of the PZT material. The dynamic
performance of the host structure is represented by the
direct impedance Z,. and Z,,, as well as the cross impedance
Z,, and Z,,, respectively.

Using the dynamic force equilibrium between the PZT el-
ement and the host structure, the force output of the PZT el-
ement may be expressed by

F) _  [z. z}]{u "
F\ Z. Z,||v
The minus sign in the equation indicates that F, and F, are
equal and opposite to the structural reaction. u and v are
the in-plane velocity responses of the PZT element and are

related to the input impedance of the element itself, Z,.. and
Z,,, defined as:

accuracy and utility of the theoretical model. A comparison 7 = F_ kY, kb, (22)
will be made to demonstrate the significant difference be- P /7% tan (kpn1a,)
tween conventional static approachies and the developed
dynamic integration method in physical concept and numer- 7 = F, R Y. ka, (2b)
ical results. e =5 T TIT G tan (konab,) ¢
2 /
Zyy Zyx /
/ Fy A
_ /
3 ny
£ bp PZT element - /
J"E / F.\
a ap Zxs
& b4 L.
@) @) @) -
Xpr U 1
Zsx ,Zyy — direct impedance of a 2-D host swucture
Z,y Zyx —  cross impedance of a 2-D host structure

Figure 1. A coupled electro-mechanical model of integrating a two-dimensional piezoceramic ele-
ment with a host structure.
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where the subscript p refers to the parameters of the PZT
element. a,, b,, and h, are the length, the width, and the
thickness, respectively. k., (22, i$ the wave number, w is the
input angular frequency, and j symbolizes the complex
number. The complex Young’s modulus at a constant electri-
cal field, Y is expressed by:

Y2 = L + ju,) ©))

where 7, is the structural loss factor.

To quantitatively evaluate the force output, the displace-
ment (or velocity) response of the PZT element should be
solved from its constitutive equation and the geometric
boundary condition. It is noted that when an AC voltage is
applied cross a PZT element along the polarization direc-
tion (3), an in-plane thermal expansion (or contraction)
is induced in both 1(x,) aid 2(y,) axes of the patch. The
displacement response of the PZT actuator may be de-
scribed by:

u = [Asin (k,;,x,) + B cos (k,i,x,)]e* (4a)
v = [Csin (k22 y,) + D cos (k22 y,)]e”  (4b)

where the wave numbers &,,, and k,, are identical for iso-
tropic piezoceramic materials:

ki = kp = ki = 0?53 )

o in the equation denotes the mass density. To solve for 4,
B, C, and D in Equation (4), the displacement boundary
condition, «,,-o = 0 and v,,-o = 0 is applied to Equation
(4), resulting in B = D = 0. A and C may be evaluated
from the constitutive equation of the PZT patch atx, = a,
and y, = b,:

u 1 v,
r;} — axp - Y;:bphp - Yfaphp {F,} + [d;l}E
€ v v, 1 F, ds,
oy | Yibh  Yigh,
(6)

where E = v/h, is the electrical field and V = Ve’
is the applied voltage. Substituting Equations (1) and (4)
into Equation (6) is performing some algebraic operations
yields:

k, cos (k,,a,)ll - v,ﬁ—z—'z- + é]

{ A} v, Lo Zpw
C =%,

Z
k, cos (k,a,) (%ZZ—” -, 55)
p Lprx ‘pxx
@)

42,  Z,) [
k, cos (k,b, )( b7, V’Z,,,)

@l Z)

k,cos (k,b,) (1 — v,,b—P z Y7z

in which ds, and d;, are the piezoelectric constants. v, is the
Poisson’s ratio of the PZT material. Once the coefficients,
A and C, are determined, the dynamic force output and the
induced strain of the PZT actuator can be predicted using
Equation (1) and Equation (6), respectively.

To estimate the energy conversion and power requirement
of the system, the mechanical impedance model can be ex-
panded to include the electrical parameters of the PZT actu-
ator. The constitutive equation of the PZT actuator is again
revoked for the electric displacement field, Ds, in the axis
direction:

D; = eBE + ds 0, + dy0, (8)

where €35 = €,;(1 — j8,) is the complex dielectric con-
stant at zero stress and §, is the dielectric loss factor of the
PZT actuator. o, and o, in Equation (8) are the induced
stresses, which can be derived from Equation (6). The cur-
rent passing through the PZT actuator is thus given by:

aP bp
I = l.e/ = S \g D;dx,dy, &)

[ 0

It is noted that / is a function of the applied voltage, V. The
complex electro-mechanical impedance of the system, A*
is then determined from its definition (Elgerd, 1981):
A* = I/V. Once A* is determined, the system power con-
sumption and energy requirement can be quantitatively pre-
dicted.

Actuator OQutput Dynamics

Substituting Equations (4) and (7) into Equation (1), the
dynamic force output of the PZT actuator can be deter-
mined by:

Fl _E| . ValZe Z,
Fy T |FI¢ T “hn.lz. 2z,

sin (k,a,) 0 fdsi]
X [ 0 sin (k,,b,,)]N [dn}e (10)

To transform the in-plane force actuation of the PZT actua-
tor to a pair of pure bending moments on a structure, two
PZT patches are symmetrically bonded on the top and bot-
tom surfaces of the structure and then the patches are actu-
ated out-of-phase. The amplitude of the line moments per
unit length created by a pair of PZT actuators, M, (,, (in

Vz;
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N-m/m), can be directly obtained using the basic relation,
M., = (h + h)F,

. (1 + hih)V,
e ab,

F/b]

P

a,z,. sin (k,a,) 0 |
X [b,,z,, b z“ sin(k,5,) |V |dsa

(1D

£ -0en

The distributed line moments are thus expressed by:
M, = M.[5x — x,) — 8(x — x,)]
h(y = y1) = h(y = y)]e (12a)
M, = M,y = y.) — 8y — »)]

[h(x — x)) — h(x — x;)]e (12b)
where &(x) and 8(y) are the Direc delta functions. h(x) and
h(y) are the Heaviside functions, x,, x,, Y1, and y, are the
location coordinates of the edge of PZT patches on the host

structure.

Induced Mechanical Stress

The dynamic stress, o,,, can be determined from
Equation (6), using the relation of the stress and the force,
g, = F/(b,h,) and 6, = F,/(a,h,):

o= T - e
“ra ) 1]

cos (k,x,) 0 . di| ..
L0 o - 2ol

where I,,; is an identical matrix.

System Power Requirement and Energy Conversion

The power consumption and energy conversion efficiency
are essentially dominated by the coupled electro-mechanical
admittance. Substituting Equation (13) into Equation (8) and
using the definition of the complex admittance yields:

1 P b[ 2434, Y2 LYz
* — — .4 P P
A V= h,, \ e — l—v, 1 -,
sin (k,a,) sin (k,b,) . 1
X @ b, N I (14)

The power supplied to the PZT actuator is actually decom-
posed into two components: one is the dissipative power,

2

" cos ¢ = %"Re(A*) (15)

—

P =

and the other is the reactive power,

2V 0 g = L2 pma 16
5 Sin¢ = —FIm(4*) (16)

where ¢ is the phase between the current and voltage, and
1. is the magnitude of the current in the circuit. The total
electrical power, i.e., apparent power, is expressed by:

= VP> + R? an

The power requirement of the system can be estimated from
the maximum value of the apparent power. The power factor
of the system, PF, representing the energy conversion effi-
ciency of the system is defined as:

_ Re(4*)

4] 4

sl

PF = cos ¢ =

In the derivation above, it is assumed that the system is
linear and the host structure is a generic two-dimensional
structure. The developed formulations thus represent ge-
neric solutions. Once the actuator input impedance, the
structural impedance, and the coupled electro-mechanical
impedance of the system are numerically computed or ex-
perimentally obtained, the formulations can be directly used
to design active PZT elements integrated with host struc-
tures. For some typical two-dimensional structures, such as
simply-supported plates and simply-supported cylinders, the
analytical solutions of the mechanical impedance of the
system have been derived by the authors (Zhou et al., 1993;
1994a). For complex structures, a finite element analysis of
experimental approaches are helpful to determine the
mechanical impedance of the system.

MECHANICAL STRESS CHARACTERISTICS
OF PZT ELEMENTS

The mechanical stress induced in the PZT element is a
function of frequency and the mechanical impedance of the
system, and it varies along the location coordinate x,and y,.
However, how significantly the location coordinate (x,, y,)
exerts an influence on the stress distribution, as expressed in
Equation (13), depends on the variation of the wavelength ),
of the PZT element, defined as:

1{ys\'"?
T ®
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Table 1. The stress strength of G1195 material
(Piezo Systems, Inc.)

Tensile Strength (N/m?)
Compressive Strength

(N/m?) Static Dynamic

52 x 108 7.6 x 107 2.1 x 107

where f is the input frequency. Usually, commercial
segmented PZT actuators have a small size, for example,
381 x 63.5 mm (1.5” x 2.5”). Assuming the excitation
frequency, 2,000 Hz gives the ratio of the wavelength to the
maximum length of the PZT patch:

>

B =-L2=46>1 (20)

a,
In this case, the wavelength is much longer than the maxi-
mum size of the PZT element. The coordinate (x,. v,) does
not significantly influence the dynamic stress distribution on
the PZT element. The PZT actuator, thus, can be treated as
a “point” stress source. At very high frequency, or in the
case of a relatively large size of PZT patch elements, the
ratio coefficient, 8, approaches 1. The dynamic strain or
stress may significantly change along the coordinate loca-
tion (x,, y,). The PZT patch then becomes a “line” or a
“plane” stress source.

For the purpose of designing PZT actuators, the dynamic
stress should be required to satisfy the basic stress criteria:

max o, ,, < g, 21

where o, is the stress strength of the piezoelectric material
and max o, ,, is the maximum stress allowed in the design.
It should be noticed that the dynamic tensile strength of the
piezoelectric materials is much lower than the compressive
stress. For example, for G195 piezoceramic material, the
tensile strength is only about one-twentieth of the com-
pressive strength, as listed in Table 1. The peak tensile
stress, g, should be limited to a value less than the dynamic
tensile strength. Otherwise, there is a danger of degrading
the performance and even a crack may take place. The
safety factor, SF, should be considered by:

Q

ps )
3 (22)

max o, ., =

™

THERMAL STRESS ANALYSIS OF PZT ELEMENTS

When other stress factors degrading the performance of
PZT elements are considered in the design procedure, the
thermal stress should be included. The electrical energy,
supplied by PZT actuators in driving host structures, is
eventually transformed into internal heat in the PZT ele-

ments and structures. The dissipators in the system include
structural damping loss and dielectric loss, which create a
distributed heat generation throughout the PZT element and
the host structure. The temperature increase in the system
results in thermal stress in the PZT elements.

We consider a case in which both a PZT element and a
host structure are plane structures. The top surface tempera-
ture of the PZT actuator is specified at room temperature,
T = 20°C. The heat generation rate per unit volume, Q, is
assumed to be uniform throughout the body. The steady
state temperature needs to be found in order to estimate the
thermal stress induced in the PZT actuator.

For simplification, a one-dimensional heat conduction
model (Chapman, 1974) is applied in this case. Figure 2(a)
illustrates the schematic geometry of the integrated PZT/
plate structure. Two PZT patches are bonded on the top and
bottom surfaces of the plate. Considering the symmetrical
geometry and boundary temperature, the problem may be
simplified to the equivalent situation shown in Figure 2(b).
The mid-plane of the plate is isolated at z = 0, that is,
dT/dz = 0. The governing differential equation of the tem-
perature distribution throughout the PZT element is
depicted by:

T 9 _ 2
ot =0 (23)

with the boundary condition, T =7, at z = z, and
T, = 20°C at z = z,. The subscript p in Equation (23)

T=20% y
/ S ihp
\ i
\
h! d o X
| |
! !
/qP Ihy
T=20% L
(a)
A z
T=20% z=29
)’
TI 4 =7,
N \\\
\ N\
AN P X
a1 4 Y
dz~

(b)

Figure 2. A heat conduction model for thermal stress analysis of a
PZT element-driven plate-like structure.
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again denotes the parameters of the PZT element. « sym-
bolizes the thermal conductivity. Q represents the rate at
which heat is being internally generated in the PZT patch
per unit volume (watt/m?®). Solving for T from Equation
(23), the temperature distribution in the PZT element is de-
termined by:

_ _ - Qp(Zz — z;)?
T=T + (T, T,)(z2 . + 2o,
-z [z-2zY
% [Zz -u (Zz ~ z.) ] @)

The highest temperature in the patch element can be found
by:

] —
T =T 4 [ N aT__I._]

27 0@ — )
l _Q_,(Zz - Zl)2
X [2(T2 - T) + o, —a ] (25)
at
_1 %L - T,
L ar = 2(Zx + ) + Qp Z — 2, (26)

where @, can be estimated from the dissipative power con-
sumption of the PZT element: Q, = P,/(a,b,h,). P, here
is calculated from Equation (15), by setting zero structural
damping of the plate. The only unknown in Equations (24)
and (25) is 7,, which can be determined using the additional
-boundary condition at the interface of the PZT patch and the
plate: H, = Hat z = z,. H is the ratio of the rate of heat
flow, g, to the surface area of the structure, s, i.e., H = qls,
and ¢ is expressed by:

dar
q= —as 27

The temperature distribution of the plate, T, is solved from
the same form of governing equation as Equation (23) with
the different boundary condition, (d7/dz) = Qatz = 0and
T = Ty atz = z,. qis equivalent from Equation (27) and H
is obtained by:

aT
(H = —-a—) = (T, — T.)Zg + 20 (28a)

az 2
oT 04 4
H = _— = _ _—— =
( a 32),=0 (To T')z. 5 Q = 0 (28b)
Equation (28) can be reduced to:
H., = Qz (29)

Substituting Equation (24) into Equation (27) gives H,, of the
PZT element:

a, (z
H,).-., = (T, — Tz)zz _—y

- 1)
220, (302

a, (z2
T, — T, +
(7, z)ZI _—

(H)er, = 520, (30b)

Letting Equation (29) equate Equation (30a) yields:

2 —
A

T, =T+ 2200 + Q) —2)] G

The maximum temperature difference in the PZT patch is
then obtained from Equation (25), resulting in the thermal
stress, o7,

or = Y (Toee — T1) (32)

where +y is the coefficient of thermal expansion of piezo-
ceramic materials. For GI195 material, v = 6 x 10
(m/m°C). The thermal stress increases with the thickness of
the PZT actuator and with the rate of the internal heat gen-
eration, Q,, respectively. For a very thin PZT patch, such
as h, = 0.19 mm, the thermal stress may be ignored in the
overall stress analysis. In case of stacked actuators or high
voltage actuation, however, the thermal stress may be sig-
nificant. In this case, a principal stress, o,, or equivalent
Von Mises stress, o., should be used in the safety design of
the actuator:

max o, ., = 0“52;) (33)

PARAMETRIC DESIGN AND DISCUSSION

When a piezoceramic element, as an actuator, is con-
sidered in a design process, its geometric configuration inte-
grated with a host structure should be first determined. The
sandwich-type of PZT/substrate structures are widely used
in intelligent material systems. This type of the configura-
tion is also used in our case study. Once the geometry of an
integrated PZT/substrate structure is selected, the formula-
tions derived earlier can be directly utilized to qualitatively
predict the performance of the PZT actuator.

In current case study, a simply-supported aluminum thin
plate is used. The size of the plate is 381 x 2286 x 1.5
mm (15" X 12” x 006”). Two PZT patches are bonded
on the top and the bottom surface of the plate and located on
the center of the plate. The size of the PZT patch (G1195) is
63.5 x 381 x 019 mm (2.5” x 1.5” x 00075”). Figure
3 shows the geometric configuration of the integrated
PZT/plate system. Table 2 lists the basic material properties
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front view (unit: mm)

+ I l djs b .-‘-—%019
v ,
9 A dnr ! PZT patch A

Figure 3. Geometry of a simply-supported (ss) aluminum plate with
surface-bonded PZT patch elements.

of the PZT and the plate. When the PZT patch is actuated
out-of-phase, a pair of bending moments, M, and M,, is
generated along the edge of the patch. The analytical solu-
tions of direct impedance, Z,, and Z,,, and the cross im-
pedance, Z,, and Z,., along the edge of the PZT patch were
derived by the authors. The formulations can be found in a
separate reference (Zhou et al., 1994a). The numerical
results are directly given in this parametric study.

Figure 4 demonstrates the moment outputs of the PZT ac-
tuator, calculated from Equation (11). The amplitude of the
dynamic moments varies significantly near the resonant fre-
quencies of the system because of the dynamic interaction
between the actuator and the plate. It is clearly demon-
strated that the amplitude of the moment is a function of fre-
quency and M, # M,. A static model developed by Dimi-
triadis et al. (1989) is used here in comparison with the
dynamic model. At low frequencies, which can be regarded
as a static zone, the static moment has a good approximation
of the dynamic moments M, and M, as shown in Figure 4.

The dynamic stress induced in PZT patch actuators is a
complex stress, predicted using Equation (13). The real part
can reflect both stress signs and stress levels. A positive
stress sign represents a tensile stress while a negative sign
indicates a compressive stress. It is assumed that the stress
is measured at the location: x, = 3 mm and y, = 19 mm.

snamic moment Mx

at My

d
- dvramic mo

©ostauc modet My=My

Normalized Amphunde (1(d31°EXN.nvm)
3
Y- SO

R a R TRV

3

100 200 00 400 300 600 700
Fraquency (H2)

Figure 4. The dynamic moment outputs of the PZT patch actuator,
predicted by the static model and the dynamic model, respectively.

Figure 5 shows that the tensile stress is up to 2 x 10°
(N/M?/volt) at some resonant frequencies, while at anti-
resonance and off-resonance, the induced stress is a com-
pressive stress. The potential degradation or damage of the
PZT actuator is most likely caused by the tensile stress
because of the low tensile strength of the PZT material, as
listed in Table 1. It is assumed that the plate is excited at the
2nd mode and a driving voltage of 100 volt is applied across
each PZT patch, the mechanical stress level will exceed the
tensile strength of the PZT material. A crack or degrading
performance of the PZT actuator may take place.

The thermal stress is estimated using Equation (32). The
rate of heat generation is calculated from Equation (I5):
g, = P,. Itis assumed that the plate is actuated by the PZT
actuator at the frequency of 400 Hz and the active voltage of
50 volt for each PZT actuator is applied. The heat conduc-
tivity of the PZT material is assumed to be 23 watt/m-°C.
The temperature increase in the PZT actuator is less than
1°C because of the very thin thickness of the PZT patch,
h, = 0.19 mm. In this situation, the induced thermal stress
can be ignored in the safety design of the actuator. If stacked
PZT patch actuators are considered in the design procedure,
the thermal stress may become an important factor to in-
fluence the overall stress levels.

One way to reduce the induced stress level in the active
element is to limit the active voltage. Declination of the
actuation force then results. The other way is to increase

-

Table 2. Material propertiés of the PZT element and the aluminum plate*

Young's Modulus Mass Density

Dielectric Constant

(N/m?) (kg/m?) Poisson’s Ratio {(m/volt) Loss Factor
PZT 6.3 x 10'° 7650 0.3 1.66 x 10°1' 0.005
Aluminum 6.9 x 10" 2700 0.33 N/A 0.005

*Piezo Systems, Inc.
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Figure 5. The induced mechanical stress characteristics of the PZT
element, predicted by the static model and dynamic model, respec-
tively.

the cross-sectional area of a PZT element as the voltage in-
creases. Figure 6 displays that when the thickness of the
PZT patch doubles from 0.19 mm to 2 x 0.19 mm, the
overall moment output increases in the whole frequency
range (0-750 Hz). While Figure 7 shows that the stress
peak, however, is almost kept unchanged at the resonant fre-
quencies. At off-resonance, the stress increment is not a big
concern because of the relatively low compressive. Increas-
ing the thickness of PZT patch elements is thus recom-
mended to amplify the actuation and to relieve the peak
stress level in the PZT elements.

In addition to the thickness, another important design
parameter is the location of the PZT actuator. When the
PZT actuator is placed in different locations on a host struc-
ture, as shown in Figure 8, the mechanical impedance at the
edge of the actuator changes, and so does the dynamic out-

108 pmm e m e e

[ , My ——  hp=019mm

1 ... hp=2x0.19 mm " 4
1

104

T
R
e
T

Normalized Amplitude (1/(d31*EXN.mv/m)

103 ————c "
0 100 200 300 400 500 600 700

Frequency (Hz)

Figure 6. The influence of the thickness of the PZT element on the
moment output (M, ).
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I :
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Rea) Part (Nfm#2/volt)

}

|

|
0 100 200 300 400 500 600 700 800
Frequency (Hz)

Figure 7. The influence of the thickness of the PZT element on the
dynamic stress.

put performance of the actuator. Figure 9 clearly shows that
the moment actuation is strongly related to the location of
the PZT patch. When the center of the PZT patch is placed
on the nodal lines of the host structure, the maximum mo-
ment output corresponding this mode cannot be achieved.
For instance, when the center of the PZT patch is on loca-
tion #1, which is the center of the plate, the moment actua-
tion on the 2nd mode (2,1) is limited, as illustrated in Figure
9. This mode may be missed in the frequency response func-
tion. To actuate modes at a broad frequency band, the PZT
element should be intentionally placed to be off the nodal
lines of any interesting modes; otherwise, some of them
may be lost in the response. The influence is similar for the
dynamic stress, as shown in Figure 10.
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Figure 8. The geometric location of the PZT element on the plate

(unit:mm).
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Figure 8. The influence of the location of the PZT element on the
moment output (M,).

The system power factor calculated from Equation (18) is
displaced in Figure 11. A small power factor implies that
little electrical energy is converted into mechanical energy
in actuating host structures. A large power factor at a certain
resonant frequency indicates that the actuator has a higher
authority to excite this mode of the structure than the same
actuator to vibrate other modes. This implies that the energy
conversion efficiency of the system is related to specific
modes.

EXPERIMENTAL VERIFICATION

A simply-supported thin plate was built and tested to
verify the design model. The experimental set-up to excite
the plate is illustrated in Figure 12. The thin plate in the ex-
periment is made of aluminum and the PZT material is

x10¢

— - location #1
3 S location #2

Real Part (N/m~2/volt)
<

0 100 200 00 400 500 600 700 800

Real Part (N/mA2/volt)

0 100 200 300 400 500 600 00 |00
Frequency (H2)

Figure 10. The effect of the location of the PZT element on the
dynamic stress.
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Power Factor

N
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102

0 100 200 300 400 500 600 X

Frequency (Hz)

Figure 11. The effect of the location of the PZT element on the
system power factor.

Gl1195. The basic material properties are listed in Table 2.
The geometric size of the PZT patch is 50.8 x 508 x 0.19

.mm (27 x 2”7 x 0.0075"), and the size of the plate is 305 x

203 x 1.5 mm (12”7 x 8” x 0.06").

A pseudo-random signal was used in a burst mode to ac-
tive the plate. The dynamic strain of the PZT actuator was
directly measured using the strain gages. Two strain gages
were placed on each surface of the PZT patches at right
angles to measure the induced strain in the x and y direc-
tions, respectively, as shown in Figure 12. A half-bridge
configuration was used to improve the ratio of the signal to
the noise in the measurement. The coherence of the active
voltage signal and the response voltage signal obtained from
the strain gage was used to examine the accuracy of all of the
excited modes.

simpiv-sugperted aluminum plate (unitmm) side view
1.53
Lo i 305 :
P H i
Pt - ! i
| J PZT pawch !
i 203 !
H v
] =0 1
T % i
= £ ’
L Ey [ ! |
- | i
! !
i ;
" suan gage
: condiuoner
i N S
i ,‘ & amphier
power oscilloscope
amplhifer

ZONIC '
volage . | WA zew22 band pass
actuaton analyzer response voltage filier

Figure 12. The experimental set-up for measuring the dynamic
strain of the PZT patch element.
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Figure 13. The predicted and measured dynamic strain of the PZT
patch element in the y direction.

Figures 13 and 14 illustrate the measured and predicted
strain in the x direction and y direction, respectively. The
theoretical prediction based upon the impedance analysis
(dashed line) agrees well with the experimental data (solid
line). Compared with the static model, the developed
dynamic model provides an accurate prediction of dynamic
output behaviors of the active PZT elements.

CONCLUSION

* A dynamic design model has been developed for the inte-
gration and the performance prediction of the two-
dimensional PZT elements. The model can be used to
quantitatively predict the dynamic outputs, the induced
strain (or stress) and its signs, the system power require-
ment, and the system energy conversion efficiency.

* A system dissipative power consumption-based heat con-

edunce model
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Figure 14. The predicted and measured dynamic strain of the PZT
patch element in the x direction.

duction model has been suggested for the thermal stress
estimation of the PZT elements. The thermal stress may
become a significant factor influencing the strength
design of the PZT actuator when a high voltage actuation
or stacked PZT actuators is considered in the design pro-
cedure.

¢ The parametric study shows that increasing the thickness
of the PZT actuator not only intensifies the actuation,
but also relieves the induced stress. The actuation of the
vibrational modes of the integrated system is strongly
related to the location of the PZT element on the host
structure.

¢ The excitation experiment of the integrated PZT/plate
system has verified the ability and utility of the theoreti-
cal model to integrate and design PZT elements in intelli-
gent structures.

NOMENCLATURE

length of a structure

width of a structure

piezoelectric constant

electric field

force output

thickness of a structure

the ratio of the rate of heat flow to the surface area
of a structure

complex number

wave number

moment output

the rate of heat flow

heat generation rate per unit volume
temperature

displacement in x direction
displacement in y direction

voltage

displacement in z direction

Young’s modulus

mechanical impedance

T oo

N~=I <csr g0 X =«

Greek

thermal conductivity
strain

stress

structural loss factor
Poisson’s ratio

mass density
angular frequency
wave length

>>E M w3 QR

Subscripts

m  amplitude

p  piezoceramic actuator
x  x-direction

y y-direction
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1 1 direction of piezoceramic materials
2 2 direction of piezoceramic materials
3 3 direction of piezoceramic materials

Superscript
E  complex Young’s modulus
*  complex electro-mechanical admittance
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Dynamic Transduction Characterization of
Magnetostrictive Actuators

A. E. ACKERMAN, C. LIANG AND C. A. ROGERS

ABSTRACT

The development of an analysis approach for formulation of transduction or
input/output representations for magnetostrictive actuators is presented. The transduction
model is developed through application of an impedance modeling approach which includes
the mechanical dynamics and the electro-magneto-mechanical interaction of the actuator
device. Experimental behavior correlation has also been presented. The transduction model
allows for in-depth investigation of the frequency-dependent behaviors of the
magnetostrictive actuator such as energy conversion factor, output stroke, and force.

INTRODUCTION

Magnetostriction is the ability of a material to strain in the presence of a magnetic
field. Until recently "giant" magnetostrictions were available only at cryo genic temperatures
for certain materials. The alloying of rare-earth elements with iron produced a
magnetostrictive material known as Terfenol-D which is capable of strains on the order of
1000 micron at room temperature and higher (Clark, 1992). The biased linearized
constitutive equations for Terfenol-D (Butler, 1988) which define the mechanical strain and
magnetic flux behaviors are known as:

S=5"T+dH )
B=dT+H H - )
In the constitutive equations shown above, S is the strain, §H is the complex

material compliance with constant magnetic field, T is the stress, d is the biased material
constant relating applied magnetic field to induced strain, H is the applied magnetic field, B

is the magnetic flux density, and # T is the complex permeability at a constant stress.

Magnetostrictive materials like Terfenol-D that strain in the presence of an applied
magnetic field show great promise in industry applications because of improved stroke and
force capabilities in comparison to piezoelectric ceramics. However, obtaining these
behavior characteristics from magnetostrictive materials is more complex than with the
piezoelectric counterparts and requires the construction of an actuator device.

Center for Intelligent Material Systems and Structures, Virginia Tech, Blacksburg, VA 24061-0261
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The typical actuator consists of a rod of Terfenol-D surrounded by a wire coil or
solenoid that applies a magnetic field to the material when a current is passed through the
windings as shown in Fig. 1. Magnetic biasing is performed either with permanent magnets
or a dc coil current. Also included inside the actuator is a prestress fixture usually consisting

® of a spring or other mechanism and an output shaft. The entire assembly is surrounded by a
casing which serves as a portion of the prestress fixture, and provides magnetic shielding.
Vibration attenuation and base isolation experiments conducted with Terfenol-D
actuators have shown the need for adaptive or ANN (artificial neural network) controllers as
a result of actuator model inadequacies and material non-linearities. Previous modeling
efforts consist of two main concentrations: static-based models (Haynes, Geng, and Teter,
o 1993; Hiller, Bryant, and Umegaki, 1989) and block diagram realizations (Bryant and Wang,
1992; Reed, 1988). The static models assume a frequency-independent relationship between
the applied electrical signal and the induced mechanical output of the actuator. The block
diagram models represent the electrical and mechanical behaviors of the actuator as lower
order transfer functions with experimentally determined feedforward and feedback gains
L representing the electro-magneto-mechanical interaction of the device.

ACTUATOR LAYOUT AND MECHANICAL MODEL

The modeled Terfenol-D actuator is shown in Fig. 1 with the mechanical and electrical

Y subsystems separated and identified. The modeling approach involves developing impedance
relationships for the magnetostrictive element and fixture inside the actuator and to combine

those expressions in order to correctly simulate the behavior of the actuator. Figure 2 shows

the developed mechanical impedance diagram including Terfenol-D rod impedance Z,
prestress fixture impedance Z, output shaft impedance Z,, external impedance Zg, output

e force F,, and velocity X,
ﬁlechanical S“bsymﬂl Casing Terfenol-D Prestress  Output Rod
® Rod Spring
JTOPCaP
o
! | Coil Permanent Magnets IECtricalangneﬁc SubsysteEl
e
Figure 1: Terfenol-D Actuator Configuration Showing Mechanical and
Electrical Subsystems
The equation of motion for longitudinal vibration in the Terfenol-D rod shown in

el Fig. 1 may be expressed as:

7
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where v.. is the displacement of the rod as a function of axial position y and time ¢, C* is

the wave speed given as +/1/ p5" or A/7"/p where ¥" is the complex modulus of
g p p

Terfenol at a constant field and p is the density.
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Figure 2: Generic impedance representation of induced strain
actuator device with pre-stress fixtures

Vibration transverse to the axis of the rod is assumed negligable. The solution to the
equation of motion is:

v, = T;Te"“ = [Asin(xc_y) + B cos(xry)]ej“ @

where k. is the Terfenol-D wave number given by x. = @ c?. A plying the fixed
T g T P o g

boundary condition at the left end of the Terfenol-D rod simplifies the displacement solution
to:

v, (») = [Asin(c,y)]e™ ®

For an arbitrary applied force Fe IO ot y = Iy, the corresponding rod strain is:
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dv; (y) jox
Si,)=—" = [Ax, costic,lp)]e’ ©6)
@ ly=ir
The stress T at y = I is related to both the rod strain S and applied force F as:
— F(,)
T{,) = SUHY" = —-A—"— ™

T
ctional area of the Terfenol-D rod. Plugging Eq. (7) into Eq. (6) and

where A, is the cross-se
yields:

solving for the A constant in terms of the applied force

F( '
A=—; 1) - @®
Y ALK, cos(x . I,)e’

To produce the impedance expression relating applied force to resulting velocity, the
rce. The time derivative

Terfenol-D rod velocity at y = I is found in terms of the applied fo
of the rod displacement Eq. (5) is:

v, () = jo[Asin( L )le™ ©)
into Eq. (9), simplification and rearrangement

Substituting the A constant, Eq. (8),
al impedance as:

yields the Terfenol-D rod short-circuit mechanic

, ) J&{_fr_lr__} 1)
)

T . .
v.(lp) Jo tan(x .,

AY"

l

is the Terfenol-D static stiffness, including the loss factor.

where K, =

T _
When the Terfenol-D rod is placed in the actuator configuration, as shown in Figs. 1
= [, change. Shown in Fig. 3 is the condensed

and 2, the boundary conditions at the y
mechanical impedance diagram for the actuator with Z representing the fixture, rod, and
external impedances. The A constant for the solution to the equation of motion shown in Eq.

(5) must be found for the new boundary conditions.
own in Fig. 3, the stress at the right end of the Terfenol-D rod

In the configuration sh
is calculated as:
F(l -Z v(l -Z . v(l
(T)= H(T)= ”(T)jw an

T(,) =
' A A,

- 29
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Zt : Zy

YA,

AV,

Figure 3: Condensed Actuator Impedance Model

Plugging the Terfenol-D stress, Eq. (11), into the first constitutive equation, Eq. (1),
produces the first rod strain equation. Taking the spatial derivative of Eq. (5) produces the

second rod strain equatlon Setting these equations equal allows for solution of the A
constant as:

dHZ,
A= (12)
x, cos(x, )2, +Z,]

Plugging the A constant Eq. (12) into the solution for the equanon of motion Eq. (5)
gives the Terfenol-D tip displacement as:

z !
%, =v(l,)= dHlT|: o ]l:tan(xr . )] (13)
Z.+Z, K.l

Using one of the strain equations multiplied by the Terfenol-D elastic modulus ¥ "
and cross-sectional area gives the output force as:

- = — Z '
f s _A’YHdH['z_"_z"} o
+ N

The impedance of the actuator fixture is that of a spring k and mass m in parallel and
is shown as:

Z, = jom-= (15)
()

A continuous impedance expression (Snowdon, 1968; Harris, 1988) as a function of

B0
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® the output rod characteristic impedance Z, and actuator external impedance Zg is used for
the actuator output rod and is shown as:

YA iZ l
Z, = zo[ LA )] 16)

Z, +JZg tan(xc 1)

where Z, = AM/YRpR and K is the output rod wave number given by Ky = w/CR . AR
is the cross-sectional area of the output rod, Yy is the modulus of the rod, CR is the wave
P speed for the rod material, and prg is the rod density. The output force and velocity of the

actuator as a function of the Terfenol-D velocity, external impedance, and output rod
characteristic impedance are shown as:

= zox:_l
i, = a7
o Z, cos(x 1) + iZg sin(x /5 )

- Z,ZX

7 7, coslicgly ) + Zg sin(x 1y )
ELECTRICAL MODEL
The total flux @ of the Terfenol-D rod and coil combination is defined as the flux
density times the cross-sectional area of the Terfenol-D rod assuming that the only net

® i" magnetic flux passes through the ends of the rod and that the area contribution of the
: windings is negligable. The total flux is found to be:

® = BA, (19)

o Plugging the second constitutive equation,,Eq. (2), including the Terfenol-D stress,
: into Eq. (19) yields:

: o) = {d27"[ Z, ][COS(KT)’) ]_ 27 + I[T}ATH 20)
e Z,+Z, cos(x'TlT) _

The voltage drop across the actuator leads, found from the integration of @(¥) along
the rod is:

v, = ijATH{sz"[ Z, ][tan(icrlr)}_‘_(ﬁr _ 47" )} @1)
Z,+2, Kl;

i
)
\ | The relationship between the applied magnetic field H and current I (Butler, 1988) is:

4 &/
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H=nl=— @)

where N is the total number of turns in the actuator coil and » is the number of turns per unit
coil length ratio given as n =N / [, . Substituting Eq. (22) into Eq. (21) and rearrangement
provides the electrical impedence of the coil with the mechanical interaction included as:

Z, = Yo VA {dﬁ?"[ Z ][m(x’lf)}(ﬁ’ -d'7" )} 23)

I I, Z,+Z, | x

TRANSDUCTION REPRESENTATIONS

A two-port network representation of a transducer relates the electrical parameters to
the mechanical ones (Kinsler et al., 1982). The canonical transduction equations are:

V=Z,1+T, u , 24)
F=T I+Z u (25)

In the above relationships, T, and T , are the transduction coefficients, Z, is the

blocked electrical impedance, and Z_ is the open circuit mechanical impedance. V and 7

are the voltage and current respectively. F and u are the output force and velocity

respectively. 4 .

Generally, the ability of a transducer to provide a usable electric signal in response to

an applied mechanical quantity, and vice versa, is defined as electro-mechanical coupling.

The coupling coefficient, designated as 4, may be derived from the energy ratio of a
transducer defined as:

k 2 - Teme

Z. 7

EB™" mo

(26)

The device energy ratio defined above is for a transducer device, it'is an index
representing the capability of the transducers to convert electrical energy to mechanical
energy or vice versa. It differs from the energy ratio defined for a transducer material. In
the case of Terfenol-D or any other magnetostrictive material, the coefficients of the
constitutive equation and material-based coupling coefficient are material properties. This
coupling coefficient for Terfenol-D is then:

@7

87/
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The device energy ratio defined by Eq. (26) is frequency dependent, while the ratio
defined for a material is more or less a constant. A representative value of a Terfenol-D
coupling coefficient is in the range of 0.7-0.75 (Butler, 1988). However, because of the
material property dependence on Stress levels, driving field magnitude, and temperature, the
coupling coefficient can vary out of this range significantly. In comparison, lead zirconate
titanate (PZT) has a coupling coefficient in the range of 0.35-0.7.

A rearrangement of the canonical equations, known as the mechanical dual form, is
shown below:

V=IZ, +¢F (28)
F
u=Ip+— 29)
Z

mo

For this form of the transduction equations, a reciprocal ‘transducer shows
T, =T, =0y and ¢ = ¢,, /Zm . An antireciprocal transducer shows oy, =T, = -T,.

The mechanical dual form shown in Egs. (28),(29) will be developed for the Terfenol -
D actuator. The transduction coefficient ¢ is first found from Eq. (29) by setting the applied

force to zero and plugging in the free actuator velocity. The transduction coefficient is found

to be:
VA tan(x ..l
0= deN[ T i\{__(_r_r_)_] (30)
Z + Z,+ Z, KTIT

The other way of determining the transduction coefficient is by setting the applied
electrical current and, therefore, magnetic field to be zero in Eq. (28), yielding:

1% = ¢F 31)

INDUCED

VA woucep is the voltage that develops across the open-circuit actuator coil leads when

an external force F is applied to the actuator output rod. In this case (H =0) the Terfenol-D
constitutive equations Eqs. (1),(2) are changed to:

H

S=5T (32)
B=dTl (33

The force applied to the Terfenol-D rod, F,, in terms of the force applied to the

actuator output rod, F , is:
ZT
Fo=\—" - F (34
Z, +Z, +Z;

&3
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The A constant for the solution to the equation of motion is found again in the same

® manner as described previously for Egs. (11),(12). The voltage induced across the leads of
the actuator coil as a function of the force applied to the Terfenol-D rod is found to be:
_ tan(x/..)
Vivoueen = JM[ F, 35
. K TIT
Substituting the force experienced by the Terfenol-D rod Eq. (34) into Eq. (35) yields
the induced voltage as a result of an externally-applied force shown as:
L z tan(x, I,.)
Vinoucep = J de|: . :||: = IF (36)
Z.+Z.+Z, K.l
Factoring Eq. (36) shows that:
o
Vwoveep = OF €Y
Therefore, the Terfenol-D actuatdr is a reciprocal transducer according to this
formulation. The transduction equations showing the electro-magneto-mechanical.
® interaction are:
. Z tan(x/ F
u=ja)dN[ T ]{ ( TT)]I+ (38)
Z,+Z, Kply Z,+2Z,
® ,
_JaviA | o2 fen(eh)] o . z, Ttan(x) (39)
v I {dZYH[ZT 7, }[ "L, ]+yT szﬂ}I +deN|:ZT +TZ,,, :I[ il F
The actuator blocking force (u = 0) in terms of applied current is found to be:
o
= tan(x, /
F| = jed\z, [—(’—’)]1 (40)
blocked .
KTIT
) The actuator free stroke (F = 0) is found to be:
z tan(x_./
f4l,m = dN T ( TT) I @1
Z,+Z, Kpl,
®
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o EXPERIMENTAL VERIFICATION

Shown on the following section is the correlated actuator free-stroke to voltage
transfer function and the real and imaginary electrical impedances. This correlation includes
implimentation of a system identification procedure used to determine the actual fixture

® stiffness based upon the dynamic characteristics of the actuator. The first actuator resonance
is at 3100 Hz as seen in Fig. 4. At this frequency an impedance match occurs where the
imaginary portions of the Terfenol-D impedance, Eq. (10), and the fixture impedance, Eq.
(15), have imaginary portions opposite in sign.

The correlations of the real and imaginary free electrical impedances seen in Figs. 5

and 6 respectively show the effect of the actuator electro-magneto-mechanical interaction.
g The slight mismatch in resonant peak prediction and curve shape is a result of coil electrical
non-linearity and variation of the "d" constant near actuator resonance. Baseline adjustment
of the electrical model using the dc resistance, effective free permeability, and inductive loss
factor of the actuator coil improved the correlation. A detailed discussion of this correlation

is presented by Ackerman (1993).

®
0 Stroke/Voltage Magnitude vs. Frequency
106 T
®
~ 107} 1
N -
S Theoretical
% _________________
° 3 -
© 103 E
. 10’1,0 10.00 20.00 30(1) 4(1)0 SOlOO 6000
Frequency (Hz)
o Figure 4: Correlated Terfenol-D Actuator Free-Stroke to Voltage Transfer Function

SUMMARY

® This paper has presented an analysis approach for developing the transduction
representations for a magnetostrictive actuator in terms of measurable electrical and
mechanical properties. This model quantifies the mechanical dynamics and the complexity

of the electro-magneto-mechanical interaction in the device.
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Figure 5 Correlated Real Electrical Impedance of the Terfenol-D Actuator
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Figure 6: Correlated Imaginary Electrical Impedance of the Terfenol-D Actuator

The developed transduction model allows for analysis of the frequency and boundary

- condition dependent actuator behaviors including power consumption, output stroke and

force, and efficiency as a transducer. The model also provides a better understanding of the
relationship between the physical actuator parameters and the behavior characteristics.

Use of the Terfenol-D actuator as a collocated actuator/sensor is also realizable with

&b
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® " the mechanical dual form transduction representation. Two easily measured electrical
quantities, voltage and current, allow for simultaneous actuation and sensing by the actuator.
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ABSTRACT

In this paper the transduction equations needed to predict the
electro-dynamic behavior of piezoelectric stack actuators are de-
rived. An impedance approach is used to develop the parameters;
free electrical impedance, transduction coefficient, and short cir-
cuited mechanical impedance, needed to fully characterize thedrans-
duction equations. Methods to experimentally determine the electro-
dynamic transduction parameters are discussed and the developed
theory is shown to match experimental data quite well for a PZT
stack actuator active member. Potential applications of this work
are wide ranging. Some possibilities include optimization of actua-
tor placement in dynamic systems, prediction of power consump-
tion (of particular concern on spacecraft), system ID, and accurate
models for design of structural vibration reduction and isolation
control algorithms .

INTRODUCTION

Since the commercial development of piezoceramic materials,
stack actuators have found applications in many fields. A limited
list of examples include micro-positioning, vibration isolation, fast
acting valves and nozzles, sonic transducers, and gas ignitors. Stack
actuators have been extensively used in experimental studies of truss
structure control (Fanson et al., 1989, Preumont et al., 1990,
Blackwood, etal. 1991, Rahman, et al., 1993). They have also been
studied for use in luxury car shocks (Tsuka et al., 1990), spacecraft
jitter reduction (Glaser et al., 1993) and active engine mounts (Sumali
and Cudney, 1954).

The common feature of all the above stack actuators is that many
thin layers of piezoelectric material, typically PZT, are glued or
cofired together with an electrode between each layer. This arrange-
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ment allows the mechanical displacement to sum in series while the
electrical properties remain in parallel. This leads to large displace-
ments, 0.1% strain, for lower voltage levels than would be achiev-
able with a monolithic element of the same length.

In this paper, a method of predicting the steady state dynamic
behavior of a stack actuator is developed. It is an extension of the
impedance analysis method and is based on a transduction equation
approach. First, a brief overview of typical stack actuator configu-
rations and the design constraints which typically force a stack ac-
tuator to be implemented as an active member is given. A variety of
analysis methods are reviewed with the goal of highlighting the ad-
vantages of the impedance approach which is discussed in some
detail.

Next, the appropriate transduction equations are established and
the three major parameters of the transduction equation (free elec-
trical impedance, transduction coefficient and short circuited me-
chanical impedance) are theoretically derived. It is shown that the
same set of equations can also be used to describe an active mem-
ber after accounting for the impedance of the output rod and pre-
stress spring. -

Each of the three parameters are experimentally measured and
compared to theoretical predictions for an piezoelectric active mem-
ber. The agreement is shown to be quite good. The methods used
to measure the parameters are discussed in detail along with other
possible alternative measurement techniques.

The transduction equations provide a means to study the coupled
electro-dyanamic behavior of the stack actuators. This work can
be extended to the consideration of power requirements and ampli-
fier sizing, dynamic operation self induced heat rise, transmitted
force and structural response, control algorithm development and
coupled optimization of structure, control and power subsytems in
a truely integrated smart structure.

&%



BACKGROUND

In Fig. 1, the typical configuration of a stack actuator is shown.
Multiple layers of electroceramic material are placed together with
alternating positive and negative electrodes in between. Since the
mechanical displacements add in series, the more layers used the
larger the total output displacement. This displacement is limited
by the fact that as number of layers increases the stiffness of the
actuator decreases along with resonant frequencies. Stiffness deg-
radation is primarily driven by the compliance of the glue layers
needed to assemble the actuator. Another effect of this glue layer is
that stack actuators are easily damaged by tensile loads. This weak-
ness is further compounded by the fact that PZT is ceramic and
therefore brittle and weak under tension.

The coordinate system of a stack actuator is typically defined from
the poling direction which is referred to as the 3 or z direction. As
shown in Fig. 1, the plane orthogonal to the 3 direction holds the 1
and 2 (x and y) directions. Corresponding with the coordinate di-
rections are 3 displacement coordinates, u, v and w for the 1, 2 and
3 directions. For stack actuators one is typically only interested in
displacement in the z direction or w.

To help prevent damage from tensile loads, stack actuators are
typically pre-stressed such that even for worst case external loading
the actuator material always remains under compression. This can
be achieved with a large mass in a machine positioning applications
or with pre-stress springs. The latter approach is referred to as an
active member in this paper. '

A representative active member is shown in Fig. 2. The use of a
prestress spring, typically belleville washers, also creates a require-
ment for an output rod to transmit the displacement of the actuator
to the host structure.  Similarly, to provide the initial compression
of the spring and to keep boundary conditions rigid, compared to
the actuator and spring, an actuator housing is required.

Another important feature in most active members is a means of
isolating the stack from bending moments. Such moments candam-
age stacks because they put the actuator in alternating compression
and tension despite the prestress springs. This leads not only to the
possibility of total failure but increased fatigue as well. Solid hinges

T Z,w, (3)

V¥, )

- X,u,

/. /

bp

5|9 4|P
<

ap

FIG. 1 TYPICAL STACK ACTUATOR
Showing reference direction conventions, alternating poling
directions and electrode leads. The stack is arranged in this
manner so that mechanical properties sum in series while
electrical properties remain in paraliel.
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Output Shaft

2l Pre Tension
2l Springs

Solid Hinge
PZT Stack

Sensor Qutput

Power Line
<5, Solid Hinge
End Adaptor

FIG. 2 REPRESENTATIVE ACTIVE MEMBER
Shows the major components of an active member including
the actuator stack, pretension springs, output shaft and mo-
ment isolation mechanisms.

as shown in Fig. 2 or cross blade flexures are typically used to iso-
late the stack actuator.

To analyze the behavior of stack actuators many methods have
been developed. The first are basically static and primarily useful
in micro-positioning and other quasi-static applications. Finite ele-
ment approaches now available on standard commercial software
are very accurate. The stiffness approach of Umland et al. (1993)
provides one method of analysis that is closed form and takes into
account the pre-stress and flexure dynamic stiffness. Marlow (1993)
developed a closed form analysis of the dynamics of actively con- '
trolled optical surfaces starting from Maxwell's equations.

IMPEDANCE APPROACH

The methods discussed above have some disadvantages. Static
methods do not work satisfactorily in dynamic cases. FEM, while
accurate, is time consuming, computationally expensive and cum-
bersome to use at conceptual design levels. The stiffness method
does not explicitly account for the host structure enforced boundary
conditions. Equations of motion do not provide information on
power consumption. The impedance approach can correct all this.
First applied by Liang et al. (1992) to simple one degree of freedom
mass spring damper systems, the approach has since been expanded
to cover beams, rings, cylinders, and thin plates for both structural
and acoustic control. A summary and details of some of this work
can be found in Liang et al. (1993).

In this paper, the impedance approach is extended to the coupled
electro-mechanical analysis of stack actuators and active members.
Some initial work on mechanical power transfer (Lomenzo et al.,
1993) and actuator authority (Sumali and Cudney, 1994) has al-
ready been done in this field. The latter adapted a 3 port transduc-
tion approach presented by Kino (1987) for high frequency acous-

tics work.




Power consumption of stack actuators using the impedance method
has also been investigated (Flint et al., 1994). In fact, this paper
extends and refines that earlier work by creating a coupled analysis
framework for both the mechanical and electrical properties of stack
actuators and active members.

To start, some basics of impedance analysis must be provided
(Harris, 1988). In a mechanical sense, impedance, Z,,,.p, , is the
ratio of force over velocity at a given point and direction in a struc-
ture:

' Force
Vel

1

mech =

The electrical impedance, Z, ., of a device is the ratio of voltage,
V, over current, [:

N‘l <

Zelec = (2)

It is easily shown that a standard lumped approximation mechani-’

cal mass-spring-damper system can be represented in impedance

terms as:
k . .
Z=——i+c+mo, 3)
(0]

where k,C , M are the stiffness, damping and mass of the mass-

spring-damper system, i is ¥—1 and @ is the frequency in rad/
sec.

Equation (3) is strictly valid only for lumped parameter systems.
If a component of a system transmits force from one end to another
then a lumped parameter model is rarely accurate enough. In order
to comrectly model such an element, an transmission line formula-
tion must be used. One particular form of this relation (Harris,
1988) is:

z  =zradiz, | Zas ¥ Zor a0k )
Rod Z,r +iZyg tan(k, 1, )

which can be extended to relate the velocity of the outpui, W4. to

the input velocity, W :

ZorWZ
Z,, cos(k, L) + iZyg sin(k, 1)’

Wy = (4b)

where:
Z, = a,\/Y, Pr+ (5)

y =0 |—, (6)

Z,,, . therod characteristic impedance, and kr , the rod wave speed,
are composed of d,,the rod cross sectional area, Y,. , the rod
Young's modulus and 0 the rod density. [ the rod length. Zps
is the external single point impedance of the host structure seen by
the transmitting rod. Zradj comes from a need to fit data as the
transmission line equation is sensitive to initial conditions.

Using Eq. (3) and (4) it is possible to model most components of
asystem. The individual components are then combined using the
fact that the impedance of components in parallel (Z,;, Zpyp) sum

and when in series the inverse of the component impedances
(Zg1. Z53) sum:
ZPH'PZ =ZP1 +Zp2. O]
i 1
! = — o —. (8)
Zges2  Zs Zs

TRANSDUCTION EQUATIONS

Transduction equations are a standard means of representing the
coupling of two systems that are normally analyzed separately. In
the case of stack actuators, the two subsystems are the mechanical
and electrical. The analysis is coupled because applied electrical
fields produce mechanical strain and applied strain generates elec-
trical fields. While a wide variety of formats of the transduction
equations exist, the most convenient is the following reciprocal for-
mat:

F
p = —+ @V, 9)
w Z. ¢ (
I=¢F+—X—. (10)
Zgr

where W and 1, the output velocity and g;:nerated current respec-
tively, are independent variables and F and V, the force and voltage,

are dependent. Z,,, the short circuited mechanical impedance,

¢, the transduction coefficient, and Zgp, the free electrical im-
pedance are parameters set by the actuator design and operating
conditions.

To fully characterize the behavior of an actuator described by Eq.
(9) and (10), one needs to measure any two of the four variables and
know the parameters Zgp, ¢. and Z,,;. Perhaps the easiest way
to obtain these parameters is to measure them experimentally. Meth-

~ ods to do this will be described latter. However, such measure-
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ments are only valid for the exact conditions at which they were
taken and are not useful for parametric design studies. As is shown
in the following sections, it is possible to derive closed form equa-
tions in terms of actuator material paramters that fully describe

Zgr, ¢' and Z,;.

Free Electrical impedance

The starting point in the derivation of Zgg is the equation of

a0




motion of PZT material in the z direction, W:

(1n

where c is the wave speed. By using Eq. (11) the stack has been
modeled continuously. As a consequence of this, the effect of the
glue and electrode layers are assumed to be negligible.

It can be shown that the displacement of a PZT wafer in the z
direction, W: -

w = [Asin(k,2) + Beostk,2)le'®, (12)

satisfies Eq. (17); where kz , the material wave number and Y;E,
the complex Yoqu's modulus are:

_ p
k, = ’7;—5 (13)

Y E=YF(1+n,0)- 14y

for P, the PZT density, and 1],,,the PZT mechanical loss factor.
The superscripts E, T, and D that are seen throughout this paper
indicate that the property is defined for a constant electrical field
(short circuited), stress, or open circuited condition respectively.
The superscript * refers to complex variables with associated real
terms and imaginary loss factor components.

Due to the assumption that one end of the actuator is fixed
le=0 = (Qand B, a solution constant, is seen to be zero, leaving:

w = Asin(k,z)e’™ (14)

A can be solved for using the fact that the stress, T, of a PZT with
cross sectional area, 4, is:

1. .
T, =-;me (15)

and a constitutive equation in strain (S) and electric field (E) for-
mat::

T, + d53E, (16)

with d33being the PZT dielectric constant. At Z = {n,;, where {
33 {

is the thickness of each of the n; PZT layers, after substituting Eq.

(15) and the appropriate time and displacement derivatives of w

(from Eq. (14)) into Eq. (16):

A= ds3E " a7
k, cos(k,tnp){1 + =2
Z,

where Zz. the input stack impedance, is:

szzml i

= (18)
27 wtan(k,tny)
and K .- the static extension stiffness, is:
a .
K,=Y,E—. (19)
tny

Until this point, the PZT stack was treated as a monolithic ele-
ment for the consideration of strictly mechanical functions. How-
ever, the parallel electrical properties must be treated layer by layer.
It can be shown that the current, I, in the PZT patch is:

I=iw [[Dsda (20)

area

where D, the electric flux density, can be represented as:

n .
Dy = Y(€;] E+dnly). @1)

n=1

The summation in Dj accounts for the parallel electric flux den-
sity in each of the 1, layers. The components of D3 are:

e;T =ef (1+n.i), (22)
T =Y, E(S - dy3E). @3)

for E:T, the dielectric constant with EZ' being the real part and
7] the electrical loss factor. It can be seen that Eq. (23) is just
another form of Eq. (16) that takes into account the individual elec-
trical properties of each layer. Equation (16) is rewritten again to
calculate the average strain of the nth layer:

S™ = dw/ 3z = Ak, cos(k,t(n — 0.5)'.  (24)

Noting that D3 is independent of x and y, the substitution of Eqs.
(21) - (24) into Eg. (20) yields, after integration:

* g V
I=iwal(e)] —d5Y, £ ) (25)
’ll .
+dyak, Yo £ A Y cos(k,t(n — 0.5)e™
n=1

It can be shown that the summation term in Eq. (25) can be replaced
by an integral term equivalent to sin(k,tn Mk,t.
Recognizing that the admittance, Y = I/V.,Y is, after substitu-
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tion for A:

« tan(k,tn
Y = iwal(e, -d5Y, F)2L 4 ddy E L) o)

krP[1+ 28
z

z

Electrical impedance, Z £+ 15 just the inverse of the admittance Y.
Therefore ZEF is:

Zpp = T 1)
* n d Y tan(k tn
i [(€:7 '323Y1E { 334z z

VA
kzlz[l + extIZ}u=0 ]
2

where Z,, is analyzed at Zhs =0. This satisfies Eq. (10) be-
cause for force to be zero the actuator must be free to displace and
there can be no host structure restricting the actuator displacement.

sdu
To solve for the transduction coefficient the easiest method is to
set the force to zero in Eq. (9) and solve for:

w

Taking the time derivative of Eq. (14) yields an expression for the
velocity at the top of the stack:

Wy = ieAsin(kytn,), (29)

where the reference system from Fig. 3 is being followed. Substi-
tuting for A (Eq. 27) and bringing the voltage term in A overto the

other side one gets:
Wy iwdsgtan(k,z)
Vv

. 30)
Z
k1 + ———“’lzm=° )

z

A similar approach can be taken starting with Eq. (10), shorting
out the voltage, V, and solving for ¢ =/ / F. This approach gives
the same result as Eq. (30) (after much manipulation) and verifies

the fact that the active member does indeed follow areciprocal trans-
duction equation format.

Short Circuit Mechanical [mpedance

As the name implies and inspection of Eq. (9) reveals, the short
circuit mechanical impedance, st. is for operating conditions
when there is no voltage applied. Since electrical properties no
longer apply the active member can be treated as a solely mechani-
cal system and:

st =ZZ (31)

Zspring

2Zrod Zhs equiv.

FIG.3 ACTIVE MEMBER IMPEDANCE FLOW
Force and velocity conventions are shown for each intersec-
tion. If just an stack by it self then Zext is the.same as Zhs.
Otherwise the dynamic mechanical characteristics of the pre-
stress spring and output rod must be accounted for.

.Extepnsion to Active Members

As shown earlrer, large systems are analyzed by considering the
impedances of components separately. The analysis of a stack ac-
tuator can be separated into two parts. The first is that of the stack

itself, with the second being the impedance, Z_,,, of all the com-

ponents external to it. For a stack this is simply:
Zoa = Zyg (32)

Analysis of active members can be approached the same way ex-
cept that it is important to consider the behavior of the pre-stress
spring and output rod individually. It is possible to represent the
spring as a mass-spring-damper system following Eq. (3). The out-
put rod is analyzed using the transmission line method of Eq. (4) -
(6). The transmission line representation of Eq. (4) automatically
takes the host structure impedance into account . The extemmal im-
pedance seen by the stack actuator is the parallel combination of
the spring, ZSpring' and rod, ZRod' impedance:

Zew = ZSpring +ZRod (33)

Incorporating this change is sufficient to allow accurate calcula-
tion of ZEF for active members. However, further modification is
necessary for ¢ and Z,, . Using Eq. (1.4b), it is possible to rlate
the ratio of the velocity on either side of lthe output ransmission
line modelled rod whtn the host structure loading is zero to:

e __ 1 a4
wl cos(kRIR)

Using Eq. (34) with Eq. (30) yields:
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iady tan(k,imy) 1

¢ =

s 35)
1%

Zmlz;L,:o ) cos(kplp)
z

z

k(1 +

Similarly, the derivation of the short circuited mechanical imped-
ance is amended to include the effect of having a stack within an
active member. When short circuited, the stack and spring are in
parallel with each other because they have the same boundary con-
dition. Because of the transmission line modeling of the rod im-

pedance, the rod impedance is in series with the spring and stack
both resulting in:

_ ZRod (ZSpring + Zz)
Z; + ZSpring + ZRod)

(36)

ms

where Zspn-,‘g ,

Eq. (3,4 and 18).

Z,oq 8nd Z, are determined exactly as before in

EXPERIMENTAL VERIFICATION

The derivations of the transduction equation parameters, Eq. (27),
(35), and (36), were used to predict the behavior of an active mem-
ber produced by Physik Instrumente. From information provided
by the manufacturer it was possible to fully characterize almost all
of the important constants which are shown in Table 1.

The actuator itself consists of 182, 10 mm diameter PZT wafers,
each 0.5 mm thick held together by glue and prestress. The re-
ported PZT properties in Table 1 are within 5% of the manufactur-
ers supplied data. One exception to this is the Young's modulus
which was reduced 25% from the manufacturer claim of 50 GPa. It
is believed that the reported value is for the material itself while the
behavior of the actuator is influenced and made less stiff by the
presence of the glue layers.

As it was not possible to disassemble the actuator, it was assumed
to have 16 belleville springs which corresponded to the supplied
weight total. This allowed calculation of a stiffness given the known
prestress displacement. The damping ratio was experimentally de-
termined.

The output rod parameters proved to be the most difficult to es-
tablish. It was assumed to be steel matching the rest of the actuator
casing material. Its length was calculated from the known showing
distance and the assumed internal length available from plans and
the amount of space 182 layers of PZT, electrodes and glue had to
occupy. Finally, the known rod cross sectional area was reduced by
a factor of ten to account the moment isolation devices.

The process of establishing the unknown actuator parameters was
an iterative one in which assumed values were used to generate
theoretical predictions that were then compared to experimental
results. While the given parameters agree with all known physical
characteristics of the active member, in the future it is desired to
test an actuator that can be disassembled. This would allow esti-
mates of the stack actuator, spring and output rod characteristics to
be experimentally developed prior to active member integration.
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Table 1 Experimental Active Member Parameters

P71 Symbol Value Units
cross-sectional area a 7.85e-5 m2
wafer thickness t 05e-3 m
number of layers nl 182 —
density pf 7800  kg/m3
Young's Modulus z 36.0e9 Pa
mechanical loss factor| Tg 8.33e-3 .-
dielectric loss €z 1.95¢-8
electric field constant| d33  427e-12m/V
dielectric loss factor | Te 0015 -
Spring (bellvue)
stiffness Ks 9.66e6 N/m
damping Cs 003 -
mass mg 7.3e-3 kg

od (steel)
cross-sectional area - | Ar 5.02e-6 m2
Young's Modulus Yr 190e9 Pa
density ‘ Pr 7689 kg/m3
length I 220e-3 m
Adjustment Factor di 044  ---

Electrical impedance

From Eq. (10) it is easily seen that if the force, F, is zero, i.e. the
actuator is free to displace because there are no constraints, Z EF
is easily determined from the ratio of the voltage over the current.
This measurement is a fairly common one in the field of electrical
engineering. In the experimental results shown below a HP 4194A
impedance gain analyzer was used. It operates by measuring the
current necessary to maintain a constant 2 volt AC signal in the
measured circuit, which in this case is an active member.

Experimentally, the active member was left unconstrained on both

Impedance Analyzer

oooo
oooo O
oooo aog
oooo oo

. oo oooo
oo Doago
oo ooog
oo o0oooo

T

-

Active Member

FIG. 4 Zef EXPERIMENTAL SET UP
The active member is attached to the impedance analyzer
which measures the current needed to maintain+ 2V AC. if
there is no host structure loading this measurement is then
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FIG. 5a MAGNITUDE OF Zef
Theoretical predictions (solid) agree very well with experi-
mental data (dots) over a very wide frequency range. Note -
the capacitive behavior at lower frequencies and the
resoanance arround 5800 Hz which is caused by an elec-
trical resonance of the active material.

and attached to the impedance analyzer (Fig. 4). Because of the
high impedance of the casing compared to the spring and stack, this
is effectively a fixed free boundary condition. Frequency was swept
from 100 to 10,000 Hz in 20 Hz steps and averaged 8 times for each

step. Experimental magnitude and phase results (dotted line) are -

compared in Fig. 5(a&b) with theoretical predictions (solid) gener-
ated from Eq. (27) and the parameters of Table 1.

The agreement between theory and experiment is quite good in
the low frequency range (0 to 2000 Hz). This agreement starts to
drift slightly as the influence of the PZT stack resonance becomes
stronger. It should be noted that when considering impedance, a
valley in the frequency response denotes a resonance. This makes
sense, because at a resonance, the structure vibrates more for a given
force, therefore the velocity is higher and the impedance (F/V) de-
creases. : '

As can be seen in Fig. 5a, the theoretical resonance occurs slightly
after the measured experimental value of about 5800 Hz. The loca-
tion of the theoretical resonance is driven by the stiffness of the
PZT stack (i.e. its Young's modulus) and to some degree the electric
field constant, d33. The steepness of the transition from resonance
to the anti resonance was underpredicted as well. This behavior is
primarily driven by ef - The lack of perfect agreement in the mag-
nitude plot also shows in the phase where the theoretical phase shift
is narrower than the experimental data.

The sources of the unpredicted spikes in the experimental response
are not exactly known but are most likely caused by unmodeled
higher order dynamics in the spring. Other possibilities could be
non extensional mode shapes (bending, torsion, etc.) that are cou-
pling into extension or the effects of nonuniformities in glue layers.
In fact, the possibilities are endless and until each element of the
active member can be characterized seperately it is impossible to

Phase, Deg

e} ... Experiment
___ Theory

1 000 2000 3000 4000 5000 6000 7000 8000 8000 16000

Frequency, Hz
FIG. 8b PHASE OF Zef
The large phase shift corresponds to the electrical reso-
nance. The smaller shifts are most likely due to unmodelled
higher order behavior of the prestress spring. As before,
solid lines are theoretical and dotted lines signify experi-
mental data.

attribute a particular unpredicted resonance to anj' one cause.

Tr juction Coefficient

There are two experimental ways to measure the transduction co-
efficient. The first comes from Eq. (9) and the fact that when there
is no force (i.e. free displacement), ¢ is just the ratio of the output
velocity over the applied voltage. The second is based on Eq. (10)
and involves the ratio of current over force when the actuator is
short circuited so that the voltage is zero. The first proves more

(=]
Quadn
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| WCA Zonic AND
d B IN ouT
9 oogoogoolp
Processor
[] o
° es
Laser
Active Member

FIG.6 PHI EXPERIMENTAL SET UP
The active member is excited with random noise generated
by an internal function generator of the WCA. Applied voit-
age and resulting output velocity (measured with a velocime-
ter) is recorded and turned into a FRF on the WCA.
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FIG. 7a MAGNITUDE OF PHI
Experimental and theoretical results agree well. The large
peak corrasponds to the electrical resonance of the stack.
Other resonances are due to unmodeled system dynam-

ics. As before, they are above the electrical resonance
and therefore above the typical use range anyway.
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0 1000 2000 3000
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desirable in that the velocity can be measured non contactively and
voltage is the standard output of most function generators. If the
second set up is used then a force transducer must be attached with
its corresponding degradation of the free boundary condition.
Experimentally the transduction coefficient was measured from the
frequency response function of velocity over applied voltage. Ve-
locity was measured using a Polytec Vibrometer system with a OFV
2500 Controller and OFV 350 Optical Single Point Head. The la-
ser light path was aimed at the tip of the active member output rod
such that the laser light hit the output rod as close to straight on as
possible. The angle was adjusted until coherent return scatter was
indicated by the laser control system. :

The actuator itself was excited by a 0.5 volt amplitude shaped ran-
dom noise from 0 to 10,000 Hz. Data was gathered on a Quadra
950 based WCA Zonic AND data acquisition system. 1024 data
points were averaged 1000 times with a Hanning window to create
the frequency response function. Once again the actuator was left
unconstrained on both ends and rested on foam. -

As seen in Fig. 7(a&b) the agreement between theoretical predic-
tions (solid line) from Eq. (38) and the parameters of Table 1 and
experimental results (dotted line) are good. Agreement is quite
good until the electrical resonance is reached. After this point there
is strong coupling with unidentified modes arround 8000 and 9500
Hz.

In the phase plane (Fig. 7b) agreement is good as to the general
shape. The predicted 180 degree phase shift occurs exactly at the
experimental electrical resonance. One discrepancy is a down-
ward drift of the experimental phase by about 10 to 15 degrees over
the 0 to 5000 Hz range. This downward drift might account for the
fact that after the resonance induced phase shift, theoretical predic-
tions are 10 to 15 degrees higher than the experiment in the upper

Phase, Deg

a0k Theory ]

Experiment

07000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency, Hz
FIG. 7b PHASE OF PHI
Experimental and theoretical results agree well except for
the phase shift drift of 10 to 15 degrees seen in the
expeimental data. The phase shift at 9500 Hz corresponds
to the unmodelied resonance seen in Fig. 7a.

frequency range. The unpredicted phase shift at 9500 Hz corre-
sponds to resonance in the magnitude.

This parameter proved to be the hardest to measure experimen-
tally. The most obvious method comes from Eq. (9). When the
voltage is forced to be zero (i.e. short circuited) then Z,, is just

| v |
Qudn
950
WCA Zonic AND
\ N ouT|
—— Hooeoogo0
P";“G”“
[l )
° &3

Laser

FIG.8 Zms EXPERIMENTAL SET UP _
The set up is exactly the same as Fig. 6 except that amass I
added to the tip of the active member output rod so a known
force /impedance relationship can be calculated.

s
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FIG. 9a MAGNITUDE OF Zms
The resonance at 5750 Hz corresponds to the electrical
resonance. The magnitude and frequency of the two major

anti-resonances are determined by the output rod imped-
ance.

the ratio of force over velocity. Another more practical possibility
is to rearrange Eq. (9) into:

__F _FIV
Tw—oV WwiV-¢

@37

ms

However the experimental set up can be simplified further by re-
alizing that if a known impedance is applied, say that provided bya
fixed mass, the force and velocity can be related by the standard

mechanical impedance relationship, Eq. (1), repeated here in a modi-
fied format::

F =27, W (38)
This allows further simplification of the experiment because only
one measurement, W/V, is now required to satisfy the modified
Eq. (40):
w/V
As shown in Fig. 8, the experimental set up is almost exactly the
same as that used for measuring the transduction coefficient, Phi.
The only change is the addition of a mass to the actuator output rod
which weighed 24 grams. The aplied voltage was measured on the
WCA Quadra along with the resuiting laser signal. A shaped ran-
dom noise AC voltage from O to 10,000 Hz was applied to the ac-
tuator. As before, the WCA Zonic AND system was used to collect
the data and form the transfer function. Data from 0 to 10,000 Hz

Zms=Z

(39)
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FIG.9b PHASE OF Zms
Agreement between theory and experiments is quite good.
The relatively greater amount of discrepancies comes from

the fact that the experimental values for Zms were deter-
mined from two measurements; Phiand w/V.

was taken in blocks of size 2048, averaged 5,000 times.
After aquisition, the data was used in Eq. (39) along with the
experimental transduction coefficient, ¢, and the weight of the mass

to generate the experimental results shown in Fig. 9a&b. As before,

the agreement is quite good. Electrical resonance at 5750 Hz domi-
nated behavior as in the other two parameters but is modified by the
presence of two anti resonances. The realatively large-amount of
discrepancies can be attributed to the fact that two sets of experi-
mental measurements were combined to generate this data set. This
is especially clear with regards to phase (Fig. 9b). As always agree-
ment above the electrical resonance is the least acceptable.

In order to achieve the fit of magnitude and frequency shown for
the antiresonances of Fig. 9a, the adjustment factor, Zradj was in-
troduced and iteratively tuned until agreement was reached. Intro-
duction of this factor, included in Eq. (4) had minimal effect on the
predictions off Zef and Phi and thus this approach is deemed ac-
ceptable until a more detailed understanding of the physics of the

rod impedance can be developed.

CONCLUSIONS

In this paper, theoretical predictions of the transduction equations
necessary to describe the behavior of stack actuators by themselves
or as active members in host structures were developed. These re-
sults were experimentally verified with good agreements up to the
first natural resonance of the active member system. Agreement
after the first resonance was acceptable but was disturbed by
unmodeled higher order system dynamics.

The impedance modeling approach taken, along with the use of
the transduction equations, offers a great amount of useful informa-
tion within two coupled equations. The mechanical output and elec-



trical behavior of any piezoelectric stack actuator can now be theo-
retically predicted. This information along with that of the power
consumption can be used to develop optimized design at a concep-
tual level.

The methodology shown here can be inversed and used to solve
for the point host structure dynamics and used as a form of system
ID and damage detection. The knowledge of the system electrical
behavior can be used to size amplifiers to prevent saturation and
non linear effects. Also, knowledge of dissipative power allows
predictions of resistive heating induced temperature changes within
the active material. In control applications where the accuracy of
the model is critical, higher fidelity stack actuator models are now
available.

When using the results of this paper it is important to remember
that they depend on several assumptions. First, the theroy was based
on steady state dynamic excitaiton and linear behavior. Thus, the
hysteretic and drift behavior of the actuator material is not consid-
ered. The effect of the glue layer was taken into account by reduc-
ing the PZT Young's modulus. Matenal properties are assumed to
be constant with frequency, temperature and applied voltage. The
single degree of freedom spring assumption limits modeling after
the first actuator resonance. This, however, is not typically of con-
cern as in most applications stack actuators are used well below
electrical resonance.
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Abstract

A closed form method of predicting the
dynamic force and velocity output of stack active
members integrated within complex truss
structures is presented. By active member it is
meant an actuator that is an integral part of the host
structure providing both a structura! load path and
an ability to control. If such an active member is
modeled in terms of transduction equations based
on force, output, voltage and current, along with a
boundary condition imposed by the host structure
it is possible to predict the force transmitted by the

active member into the host structure. A method

of converting the host structure mobility at each
end of the active member into an equivalent host
structure impedance is provided as most
transduction. equations are derived with an
assumption of single point equivalent impedance.
The theoretical predictions are experimentally
tested with a PZT stack active member integrated
in a complex truss structure representative of a
small satellite. This work can be used to provide
accurate predictions of the actuator output applied
to the structure it is integrated within for use in
active control law development or structural
dynamic analysis.

1.0 _Introduction

Integrated strain actuators (ISA) are devices
that take input energy and convert it into a
mechanical displacement output while being part
of the structure they impart the mechanical energy
into. Because the ISAs are within a structure, the
displacement is restricted by frequency varying
boundary conditions. Hence, this displacement is
better thought of as a strain input and thus the

* Wissenshatftler Mitarbeiter, Student Member

t Assistant Professor, Associate Member
¥ Professor, Member

name, ISA. Some common examples are voice
coils and hydraulic actuators. Smart materials, such
as piezoelectrics, eiectrostrictives, shape memory
alloys and mangnetostrictives have aiso been
used as ISAs.

In this paper, a subclass of ISA's known as
piezoelectric stack active members will be
concentrated on. These devices are put in a host
truss structure in order to provide some sort of
shape, vibration contro! or sensing capability to an
otherwise passive truss structure. They are called
members because they replace passive structural
members but remain an integral part of the
structural load paths. The " active" part of the name
comes from the fact that they are most of'gen
placed within a structure as actuators to provide
control authority. "Active" also indicates that the

- so called "smart materials" are used rather than the

more traditional hydraulic, electromagnetic or
compressed air actuators. )

It is important to make clear the distinction
between stack actuators and an active member.
Piezoelectric stack active members use stacks but
also have pre-stress springs and output shafts that
make them useful in structural applications. Thus,
an active member is the whole device while the
stack is just the motor.

Within this paper some of the truss structures
for which active members were considered are
reviewed. This is followed by discussion of
piezoelectric stack active members. A specific
formulation . of the transduction equations for
piezoelectric stack active members is reviewed and
previous analytical approaches are discussed.
These equations are then used in conjunctior)’wnh
an expression for the boundary conditions
imposed by the host structure to develop a set of
equations for the current requirements and force
output of the integrated stack. . .

Most active members are implemented within a
structure with two boundary conditions. A n_1ethod
of accounting for this is and finding the equivalent
host structure impedance is provided based on
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mobility. The models of the admittance signature
and force output predictions are then
experimentally verified with a PZT stack active
member integrated within a complex truss
structure representative of a small satellite.

With theoretical predictions of the force output
available it is possible to perform detailed design
studies prior to prototyping or production. These
results also allow coupled optimization of the
structural control output authority especially with
regards to output saturation and non constant
force output vs. frequency. With this knowledge,
better simulation of the response of the host
structure to active control is possible.

2.0 Background

Interest in the implementation of active
members within truss structures has been high.
Some notable examples include the NASA
Langley Contro! Structure Interaction Evolutionary

Model (CEM) Phases 1-3, the MIT Multipoint

Alignment Test Bed (Blackwood et al., 1991) and
the various JPL test beds (Kuo et al., 1991,
Umland & Chen, 1992, to mention just a few).

2.1 Previous Analytical Methods

Ealey (1991) gives a good overview of most
available active member materials and
implementations. Umland et al. (1993) specifically
reviews the actuator types studied at JPL (PZT,
PMN and Terfenol) and gives an analytical method
to predict the output force and displacement
based on a stiffness analysis. This allows inclusion
of the dynamic nature of pre-stress springs and
moment isolation devices but neglects the
coupling with the host structure boundaries with

‘regards to force output, electrical and mechanical

actuator properties.

Most past research has concentrated on
modeling the behavior of the actuators by
themselves. Others studies have been interested
in force output but mostly in how it affected control
algorithm behavior. In some cases, static models
have been used which is not applicable to dynamic
situations. As finite element modeling routines
become more sophisticated modeling by
computer analysis is possible but computationally
expensive and time consuming. This is especially
true if one wishes to perform optimization
iterations.

The already discussed work of Umland (1993)
is a good step in that it allows consideration of they
dynamic properties of the active member but does
not include host structure imposed boundary
conditions. Lomenzo et al. (1994) provides an
initial analysis based on an impedance approach

zw, (3)

yv. 2)

§

Fig. 2.1 Typical stack actuator
architecture :

that does consider the interactions between just a
PZT stack actuator and host structure.

2.2 Stack Actuators

Piezoelectric and electrostrictive active
members are usually constructed in the same
manner as shown in Fig. 2.1. Thin layers of the
active material are electroded and layered, or
alternatively cofired, together on top of each other.
This is done so that the mechanical properties are
in series while electrical properties are in paraliel.
This arrangement leads to relatively large
displacements for reasonable voltages. This
happens because the applied electric field (which
is what causes the expansions) is directly related to
the applied voltage over the thickness. Thus for a
constant voltage, the thinner the layer the farger
the applied electric field. '

Due to the glue used during assembly, not to
mention the characteristic of the ceramic active
material itself, stack actuators are weak under
tension loads typically found in dynamic
applications. This led to the development of active
memS~rs which include a pre-stress spring to
prot. .t the stack from tension during operation.
Typically, an active member also provides isolation
from moments by solid hinges or flexures in order
to prevent excessive cyclic loading (leading to
fatigue) and alternating tension in the stack. Also,
active members are typically instrumented with
strain gage or eddy current sensors. Another
possibility is to use the active material as a sensor
in addition to actuator. Anderson, et al. (1992) has
studied this specifically with regards to PZT active
members in truss structures. A generic schematic
of a typical active member is shown in Fig. 2.2
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Fig. 2.2
Typical active member architecture

2.3 Mechanical Impedance

This paper depends heavily on an under-
standing of mechanical impedance and its dual,
mobility. Therefore the necessary basic principals
are reviewed here. Mechanical impedance and
mobility, which are simply the inverse of each
other, are the ratios of force and velocity at a given
point and direction in a structure (Harris, 1988):

Force
Z, = . 2.1
M Vel 1)
M= 2.2)
Force

Starting from first principals of mechanical
systems represented by second order differential
equations it can be shown that for steady state
excitation a standard mechanical mass-spring-
damper system can be represented in terms of
impedance as:

Zy =——k—i+c+miw. (2.3)
(D

Alternatively, it is sometimes necessary when
the element to be modeled transmits force from
one end to another to use a transmission line
modeling approach. This results in a final
expression for the impedance of the element as
(Harris, 1988):
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] kl
Z -2 z. ZHS+‘zZo,tan( 1) . @4
“ s Z, +iZygtan(k,l,)

where Z  and k, are:

Zor =ar VYr pr' (25)
= [P 26
k=w i (2.6)

r

Using the above two methods, it is possible to
model most components of a system. The indi-
vidual components are then combined using the
fact that the impedance of components in paralle!

(Z,,Z,,) sum and when in series the inverse of

the component impedances (Zsl,Z,z) sum:

Zp1+p2. = Zpl + Zp2
1 = -1— 1 (2.8)
le+32 Zsl Zs2

(2.7)

As an example of how to use these equations
that will also be useful latter, a model of an stack
active member is now shown. In Fig. 2.3 one can
see the active member shown in Fig. 2.2 in a
schematic component form. The stack imparts
force and displacement to a pre-stress spring and'
output rod. The rod in turn delivers the actuator

‘output to the attached host system which is

assumed to load the active member from one side
only. As the spring is fixed by the rigid (compared
to the rest of the components) active member
casing a mass-spring-damper approximation of its
behavior using Eq. (2.3) is acceptable. However,
since the output rod transfers forces from one end
to another, a transmission line model as provided
by Eq. (2.4) is more appropriate.

Zext .

e e R L LR .

1 ]

' ¢

' F3 ‘

‘ 3 ‘
F1} Zspring '
w1t 1
1 1
Zz ¢
' 1

1 1

1 t

1

: F2 Zrod " Zhs equiv. :

. w2 wé '

1 1

Fig. 2.3 Impedance diagram of typical
active member architecture
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Examination of Eq. (2.4) reveals that the host
structure impedance is already included in the
transmission line impedance model of the output
rod. Thus, the final expression for the impedance

external to the stack actuator, Z_,, is simply :

Z

ext — prn’ng + Zrod' (29)
because the spring and output rod (including the
effects of the host structure) are in paralle! with

each other and hence Eq. (2.7) applies.

In this section the transduction equations
critical to determining the force output are
presented. This work is provided in summary form
as the details are available in Flint et al., 1994b.

3.1 Transduction

The transduction equations that most
accurately depicts the behavior of piezoelectric
stack actuators take the form:

F
hy=—+ V,. 3.1
w Z. ¢ (3.1)
V
I =¢F +—. 3.2)-
¢. 7 (3.2)

The particular representation used here is typically
called the dual form. These equations relate the
velocity and current to the applied force and
voltage through the three transduction
parameters, Zer, Phi and Zms.

3.2 ZcF
The electrical admittance of a PZT stack
actuator can be written as:

1 n oo

Y=—=iwa-t(eT)+ 3.3
v, =i e) o9

iwa™ _RYE LAY tan(k,tn,)

t Z

kztn,[l+ "’:|

ZI

with:

k=0 Y‘fE , (3.4)

z

YE=Yi+n,D),  (35)
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z, =Kkt
o tan(k,tn,)
K,=YFZ, @7
tn,
e, =€l (1+n,). (3.8)

If Zext is calculated using Eq. (2.9) with the
host structure impedance set to zero then Eq.
(8.3) results in an expression for the free electrical
admittance which can be inversed to yield the free
electrical impedance, Zer. If the effects of the
boundary conditions are retained one has a
measure of the coupled electrical impedance. In
either case the impedance is gained by inverting
the admittance of Eq. (3.3) using:

Z = (3.9)

1
v
3.3 Phi

The transduction coefficient, Phi, is:
iad,, tan(k,tn,) 1
cos(kgly)

o= (3.10)

Z
kt(l + —=2s=0
L 7

z

where the cosine term in the denominator
incorporates the influence of the output rod
impedance.

342Zms :

The short circuited mechanical impedance
represents the behavior of the active member
when the member is not capable of behaving as an
active member. The exact form of the short
circuited mechanical impedance is given by:

. :

= ZRod Zhs=0( Spring + Zz) (31 1)
(Zz + ZSpn'ng + ZRod Zh:=0)

Z, is described by Eq. (3.6) and is used in this

equation because when the stack is short circuited
it behaves purely mechanically. As for all of the

transduction equation parameters, Z, , is calcu-
lated for the case of no host structure loading.

4.0 Structural Coupling

Because the host structure loading was not
directly included in the transduction equations

20/




they are strictly valid only when the active member
is free or blocked. However, when integrated in a
structure a force and output equilibrium must exist
at the connection between the output rod and the
host structure. This equilibrium can be expressed
as:

F=-Z,ob (4.1)

With this expression it is now possible to solve for
the any three of the transduction equation
variables in terms of the fourth. If voltage is chosen
as the dependent variable, the current, force and
velocity can be determined. First, Eq. (4.1) is
substituted into Eq. (3.2) resulting in

I=¢(-ZyW)+V/Z (4.2)
which is then rearranged to solve for the velocity

and then set equal to Eq. (3.1) which is another
expression for the velocity:

_I-V/Z, _i
_¢ZHS Zm.r

The resulting expression is then rearranged in
terms of the force:

+¢V. (4.3)

I1-V/Z

F= (___/_E_F.
_¢Zus

which is then substituted into Eq. (3.2) resulting in

an expression that is in terms of the current and
voltage variables only:

-¢V)Z,, (4.9

ﬂigbl -V)Z,, + L (4.5)
“¢ZHs ZEF

Solving for the current in terms of voltage yields:

I'=¢(

I[= (Zp | Zgp - ¢ZZHsZm + Zys [ Zegyr)
(Zys + 2,

V .(48)

This expression can then be substituted back into
Eq. (4.4) and the first half of Eq. (4.3) and the force
and velocity output of the active member are

known for a given input steady state harmonic
voltage.

5.0 Determining Equivalent Host
Structure Impedance

While not explicitly shown, the development of
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Fig. 5.1 Direct mobility points and cross
mobility paths of a host structure that a
active member is integrated within.

the transduction equation parameters assumes
that the actuator has output only at one end as
shown in Fig. 2.3. During implementation in
dynamic structures this will rarely be the case.
Thus a method of accounting for the boundary
conditions imposed on the actuator at both ends
must be developed. In Fig. 5.1 the reference
directions and possible structural paths for force
transmission between each end of the actuator are
shown. Using the mechanical mobility relationship:

W,
M, =— (5.1)
Force,
where i indicates the location of excitation and j the
location of response, it is possible to determine
the displacement at each actuator end:

Wy = Mg Fy+ M, F, (5.2)
Wp =My Fy + M, F, (5.3)

From this, the equivalent host structure
impedance seen by the active member can be
determined by taking the ratio of applied force over
the difference in velocity:

‘Zchs _ F or'ce _ 1 5.4)
Aw My —M,,
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In the derivation an assumption of structural
linearity was made allowing the cancellation of the
cross mobilities, MBP and MPB. It is important to

ensure this assumption is valid when the active
member is integrated in a host structure before
these results can be used with confidence.

Equivalent host structure impedance and
response mobilities can be determined by any
means desired. If the truss structure is simple
enough, closed form analytical predictions are
possible. The host structure can be broken down
into a series of components represented as mass-
spring-dampers whose combined behavior can
then be approximated using standard mechanical
engineering principals discussed in Section 2.3.

If accurate knowledge of the final structural
configuration is available, a finite element model
can be developed to allow predictions. This
approach is also useful during preliminary and
conceptual design stages. Finally, if the host
structure is available the various mobilities and
impedances can be measured directly which is the
approach taken in this paper.

6.0 Experimental Verificati

In this section the results of a series of
experiments performed to verify the predictions of
the previous sections are described and
presented.

6.1 SetUp

In testing the theoretical derivations given
above, a piezoelectric stack active member
produced by Physik Instrumente was used. The
basic parameters needed to describe the stack,
pre-stress spring and output rod behavior in terms
of the transduction equation parameters are given
in Table. 6.1. These parameters were either
provided by the manufacturer or determined from
the measurements. The required damping of the
pre-stress spring can be determined from the

given data by using the fact that c= 2n{nf, , and

nfoes =Vk/m.

The active member was integrated in a truss
structure representative of a small spacecraft with
deployed solar array. This test structure is shown
in Fig. 6.1 in a passive state with the location of
integration and the node reference systems
indicated. One can also see that the test structure
was secured so that it was effectively cantilevered.
Such a boundary condition was beneficial for initial
testing as it forced several main structure bending
modes down out of the high modal density region
that exists above 300 Hz. Additionally it eliminated
potential confusion between rigid body modes
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Table 6.1
PZT stack active member parameters

Symbol  Definfion Vake
t layer thickness 500e-6 m
n number of layers 184
ar cross sectional area 78.54e-6 mA2
p density 7800 kg/mA3
YE Youngs modulus 36e9 Pascals
. mechanical loss 0.0083
e’ electrical permitivity 1.947¢-8
1, electrical loss 0.015
d piezoelectric constant 3.65-14 m/V
Spring .
k stiffness 9.66e6 N/m
m mass 7.3e-3 kg
¢ damping 0.03
Output Rod
Y, Youngs modulus 190e9 Pa
P, density 7689 kg/m#3
a, cross sectional area  5.02e-6 m~2
l length 22.0e-3m

Magi  adjustment factor 0.44

and the solar array dynamics. The test structure
itself consists of anodized aluminum longerons,
battens and diagonals attached between node
balls. These node balls are arranged in a cube
pattern and there is 10" along the edge of the
cube between nodes. The joints were designed
so that individual members could easily be

_removed and rearranged.

6.2 Host Structure Boundaries

All the derivations presented earlier depend
on accurate knowledge of the host structure
boundary conditions. In this section the method
used to measure the required direct and cross
mobilities are described.

As shown in Fig. 6.2 a shaker was suspended
so that it acted along the same axis that the active
member would use when integrated in the
structure. The shaker was excitedby a 1 V ac, 0 to
600 Hz shaped random signal provided by the
WCA built in signal generator. This signal was
routed through a Trek amplifier before being
delivered to the shaker. The exact force input of
the shaker through its attachment stinger and the
resulting host structure acceleration was measured
by a PCP impedance head. Response at the cross
point was measured with a PCP 336 Fiexcel!
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Fig. 6.1

Host structure in its passive state showing the desired active member

integration point, node reference notation and the cantilevered boundary condition.

accelerometer. The data was collected from 0 to

500 Hz with a 1024 divisions per sample as
modified by a Hanning window using a WCA Zonix
AND measurement system running off of a Quadra
950 platform. 150 linear averages were taken for
each measurement. The set up was then reversed
to measure the response in to excitation at the
panel location

The generated frequency response
functions(FRFs) were then integrated in the
frequency domain to yield the desired maobility
functions from the measured acceleration over
force. A total of four FRFs were measured
corresponding to the direct mabilities at and the
cross mobilities.

In Fig. 6.3 one can see the magnitude of the
measured mobilities. The most important fact is
that the two cross mobilities (dotted lines) are very
similar below 300 Hz thus giving confidence that
the structure does indeed behave linearly below
the region of high modal density. in the individual
mobilities one sees a strong resonance near 180
Hz. This corresponds to one of the global bending
modes of the main structure. The effect of this
mode is especially strong in the direct mobility
measured at the base point. Similarly, the effects
of several solar array modes are seen mainly in the
measurement of the direct mobility at the panel
point.

While not shown, the coherence of the measured
FRFs was especially good for the point mobilities

Fig. 6.2 Experimental set up fog_ )
measuring the direct and cross mobilities
necessary to predict ZeqHS
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Fig. 6.3 Magnitude of the measured
direct and cross mobilities at the desired
integration point.

and acceptable for transfer mobility measurements
being above 0.8 above 50 Hz. Below that
frequency noise from the sensors and laboratory
environment corrupted the results.

6.3 Admittance Signature

Shown in Fig. 6.4 is the experimental set up
for measuring the electrical admittance of the
integrated actuator. In this test, the actuator was
integrated into the desired location and a HP
4194a impedance gain analyzer was used to
measure the current required to maintain a 1 Volt
rms signal. Results are not presented for below
100 Hz as the impedance analyzer cuts off at that
frequency.

Figure 6.5 shows the results of this test as well
as the theoretical predictions prepared using Eq.
(3.3) where the direct mobility of the base point
(Mbb) has been inversed to provide the host
structure impedance. The panel mobility was
neglected as it mostly contains information about
the solar array dynamics which occur at
frequencies below the 100 Hz cut off. As one can
see, the agreement, while not perfect, is good in
regards to the magnitude and frequency of the
predicted coupling.

There are many possible sources for the
discrepancies. First, when the actuator is installed
itis possible that it adds some extra stiffness to the
overall structure and removes some slack that
could have caused damping. This is especially
true about the attachment shaft which could not be
tightly secured in the tests for the mobilities.
Additionally, some discrepancies might be driven
by unmeasured structural dynamics that the
coupled impedance measurement is sensitive to.

The final test of the developed theory was its
ability to predict the force output of an integrated
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Fig. 6.4 Experimental set up for
measuring the electrical impedance of
the integrated active member
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Fig. 6.5 A comparison of the

experimental and theoretical electrical
impedance signature for the active
member integrated in the host structure

stack actuator. Figure 6.6 shows the experimental
set up used. In order to generate a measurable

. force, it was necessary to operate the actuator at

high voltages. This was achieved by supplying a
negative DC bias from a HP 62008 DC power
source and a shaped random noise signal from 0 to
600 Hz from the internal WCA signal generator.
These signals were combined with a power
transformer and then sent to a TREK 50/750
power amplifier.




After the amplification stage the resulting -250
V DC bias combined with a narrow band +100 V
p2p noise was applied to the integrated actuator.
The WCA signal analysis program was used to
measure the resulting force and applied voltage
levels (after it was stepped down with a 10*
reduction cable). Two hundred and fifty samples
were linear averaged from 0 to 500 Hz with a frame
size of 1024 (I Hz resolution and 1 second sampie
time) as modified by a Hanning window.

The resulting frequency response of output
force over the voltage is shown in Fig. 6.7 along
with the theoretical predictions generated using
Eq. (4.4) with Eq. (4.6) substituted in place of the
current. The required Zer, Phi and Zms were
calculated using the active member parameters of
Table 6.1 in Egn.'s (3.3), (3.10) and (3.11)
respectively. ZeqHS was calculated, as in the
previous section, using solely the inverse of the
measured base mobility.

As can be seen the results agree in regards to
the general trends but lack a precise fit. Closer

_inspection reveals that the theoretical predictions

appear to be frequency shifted from the
experimental results in most cases. As for the
impedance signature, one possible explanation for
this is that the equivalent host structure
impedance was measured without the pre-stress in
the attachment shaft that comes from incorporating
the active member in the truss structure. Thus the
attachment shaft had less stiffness when the
mobilities were measured as compared to when
the integrated force was measured.

1.0 Summary

In this paper a generic formulation to predict
the dynamic output of piezoelectric stack active
members integrated within structures is derived
and experimentally verified for a PZT active
member. This was accomplished through
transduction equation approach. The important
feature of these equations is that they, in a simple
way, allow the inclusion of the effects of integrating
the active member within structures. As shown
experimentally with the PZT stack active member,
knowledge of the host structure boundary
conditions can be used to predict the admittance
signature. Additionally, as also shown with the
PZT active member, the free electrical impedance,
(Zer) along with Phi, and Zms can be used to
predict the force output of the stack actuator. As
long as the boundary conditions seen by the
active element are only at two ends, this method
can be extended to actuators within any piece of
complicated machinery or structures.

With theoretical predictions of the force and
velocity output available it is possible to perform

DC Power Supply

. Transformer

Charge B4ED

Fig. 6.6 .
Experimental set up for measuring the
integrated active membor force output
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Fig. 6.7

A comparison of the experimental a.nd
theoretical force output for the active
member integrated in the host structure

detailed design studies prior to prototyping or
production. These resuits also allow coupled
optimization of the structural control output
authority especially with regards 1o output
saturation and non-constant force output vs.
frequency. With this knowledge, better simulat[on
of the response of the host structure to a}ctlve
control is possible. Finally, as discussed in Flint, et
al. (1994a and 1995), the methods present.ed
here on how to account for the structural coupling
between the host structure and the electrlqal
admittance signature can be used to predict
resonances in the power supply system needs
and self induced temperature rise due to dynamic

operation.
) 04
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9.0 Nomenclature
D electric displacement
E applied electric field
F actuator force output
Fy force output at base
F, force output at panel
I, 1, current, ms voltage
K, actuator static stiffness
M mobility
My, direct mobility at base

M,, direct mobility at panel
M,, cross mobility atbase excited at panel
M gp cross mobility at panel excited at base

V.V, voltage, ms voltage

Y admittance (electrical)

YE Youngs modulus for a constant electric field
sE E

Y complexY

Y output rod Youngs modulus

Ze JHS equivalent host structure impedance

Zm mechanical impedance extemal to stack
Zg:  free electrical impedance

Zys  host structure point impedance

Z,.  short circuited mechanical impedance

Zy mechanical impedance

Z g transmission line adjustment factor

Z,  outputrod static impedance

Z .,z 2 parallel mechanical impedance components
Z,,;  mechanical impedance of output rod
Z,,Z,, serial mechanical impedance components
Z‘W.mg mechanical impedance of pre-stress spring

Z, stack stiffness

a active material cross sectional area

a, output rod cross sectional area
c damping of mass-spring-damper
d piezoelectric constant

imaginary, v/—1

l

k, output rod wave value

k, material wave value

k stiffness of mass-spring-damper

[ output rod length

m mass of mass-spring-damper

nf,,, mass-spring-damper natural frequency (in rad.)
4 wafer thickness

v rms voltage amplitude

Wy velocity at the base attachment point
W velocity at the panel attachment point

8T permitivity at constant stress
EZT complex permitivity at constant stress
1, capacitive electrical loss
n number of active layers in a stack
N actuator mechanical loss factor
¢ transduction coefficient
P active material density
P, output rod density
(0] frequency in rad/sec
; damping
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