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(ABSTRACT) 

This work discusses the design of, and initial experiments with, a MIMO plate con- 

trol testbed. This structure will be u...: as a development and standard comparison 

site for AVC and ASAC and is an extension of previous SIMO control investigations 

which used accelerometers and shakers. This portion of the development process of 

the MIMO plate control testbed is concerned with actuator and sensor materials and 

architecture, modeling approaches and requirements, and initial control experiments. 

The piezoelectric sensors and actuators are arranged on the plate to control the 

first five vibration modes. The sensors measure plate positions using a high impedance 

signal conditioning amplifier. The sixteen-channel design implements a band-pass 

filter to eliminate low- and high-frequency noise. 

The power amplification scheme chosen for the actuators uses low-gain amplifiers 

(~2.5 V/V) in series with a transformer (24:1) to deliver high voltages (up to 150 V) to 

the actuators. Low-pass smoothing filters (200 Hz cutoff) were added on the control 

inputs to reduce the high frequency content of the zero-order-held digital control 

signal. 

Initial methods for system identification of piezostructures are presented. Para- 

metric frequency response approaches (modal analysis) were used and the model 

achieved is compared with measured data and purely analytic models. 

The empirical model was used in initial SIMO control experiments to demon- 

strate the testbed closed-loop performance. A LQG controller was implemented and 

produced 6 dB of suppression for the second mode for a 110 Hz disturbance.
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Chapter 1 

Introduction 

Recent research efforts have been focused on design and control of intelligent struc- 

tures. Intelligent structures are characterized by sensors and actuators which can be 

networked through a control system to produce robust control which can withstand 

or adapt to variations in controlled plant responses, environmental disturbances, and 

control system failures. Such an approach would allow the use of flexible control 

strategies to tune the response of the structure for different control approaches and 

performance measures. 

Of primary importance to such a control system design approach are actuators 

and sensors. Since there are typically a large number of inputs and outputs it is 

beneficial and desirable to have compact sensors and actuators which are simple to 

use and do not greatly affect the open-loop response of a structure. Recent studies 

have shown piezoelectric materials are effective compact actuators and sensors. 

A majority of the vibration control research published to date has been con- 

cerned with bea:s and low-order controllers (SISO & SIMO) which drastically limit 

controller performance. Most MIMO control studies have investigated decentralized 

control. In addition, few experimental studies have approached MIMO control using 

digital control paradigms.



This work discusses the design of, and initial experiments with, a MIMO plate 

control testbed. A simply-supported plate was chosen as the testbed structure for 

medium complexity and well defined behavior. This structure will be used as a 

development and standard comparison site for Active Vibration Control (AVC) and 

Active Structural Acoustic Control (ASAC) and is an extension of previous single- 

input/multi-output (SIMO) control investigations which used more proven technology 

(accelerometers and shakers). This portion of the design process for a MIMO plate 

control testbed develops actuator and sensor materials and architecture, modeling 

approaches and requirements, and initial control experiments. 

The sixteen piezoelectric sensors and five piezoelectric actuators, chosen for both 

their size and effectiveness, are arranged on the plate to control the first five vibration 

modes. At present the controller software is limited to a sample speeds of ~2000 Hz. 

For the simply-supported testbed this limits control to the first five modes (less than 

200 Hz). The sensors have been configured to measure plate positions necessitating 

the design of signal conditioning amplifiers due to the sensors low voltage output and 

high impedance (80 M2) within the operating frequency range. The term position 

refers to plate positions in general, while specific types of positions will be expressly 

stated, e.g. modal positions. The resulting sixteen channel custom design implements 

a band-pass filter to eliminate low frequency variations and high frequency noise using 

a two stage operational amplifier (op-amp) configuration. 

Various actuator power amplification methods for the actuators were considered, 

among them high voltage analog amplifiers and pulse-width modulation. The volt- 

age amplification scheme chosen uses low gain amplifiers (~2.5 V/V) in series with a 

transformer (24:1) to deliver the relatively high voltages (up to 150 V) to the actua- 

tors. This avenue was chosen over more elegant and expensive methods because its



dynamics could be easily modeled and included in the mathematical models required 

to generate control laws. In addition, the amplifier-transformer pairs could be con- 

structed with relative ease and short lead time. Low-pass smoothing filters (200 Hz 

cutoff ) were added to reduce the high frequency content of the zero-order-held control 

signal coming from the computer and are also included in the system models. 

Analytical models, which offer insight and perception into system behavior, are 

typically not accurate enough for to control law calculation of real systems. Exper- 

imentally determined models have proven to be more reliable and are preferred in 

the computation of control algorithms. The identification of piezostructures is com- 

plicated since forces applied to the structure are unmeasurable and quantifying the 

electromechanical coupling provided by piezoelectrics is difficult. Initial methods for 

system identification of piezostructures are presented. Parametric frequency response 

approaches (modal analysis) were used and the model achieved is compared with 

measured data and pure analytic models. 

Lastly, the empirical model was used to design a controller in initial SIMO control 

experiments to demonstrate the testbed closed-loop performance. A LQG controller, 

which combines LQR feedback control with an optimal stochastic estimator (Kalman 

filter), was implemented as the control algorithm and produced 6 dB of suppression 

for the second mode while the structure was excited by a 110 Hz disturbance near 

the second mode resonant frequency. While these experiments did demonstrate the 

testbed under control, more system identification work is required.



Chapter 2 

Literature Review 

Piezoelectric materials, which produce a voltage due to strains in a crystal under 

the direct piezoelectric effect and change shape by the application of a voltage under 

the converse piezoelectric effect, were discovered by the Curie brothers in the late 

nineteenth century. Not much progress was made toward applications of the new 

phenomenon during the first third of a century since its discovery. The advent of 

World War I found applications of piezoelectric crystals as high frequency acoustic 

transducers. Since that time piezoelectrics have found a wide range of applications 

from accelerometers to highly constant time standards (Mason 1981). Most recently 

there has been a push to explore the use of piezoelectrics as both actuators and sensors 

in the implementation and control of intelligent structures. 

Swigert & Forward (1981) performed one of the first studies of piezoelectrics 

in intelligent structures. They used piezoelectrics as both strain sensors and strain 

‘drivers’ in an experiment to add electronic damping to bending modes of a cylindrical 

mast. They showed through numerical and physical experiments that moderate levels 

of damping could be achieved in the first two bending modes at low feedback gains. 

Higher levels of damping were achieved for greater feedback gains and for an increased 

number of orthogonal electronic damping circuits. However, their investigation did



not model the piezoelectric/structure interaction. 

In 1985, Bailey & Hubbard (1985) developed a model of piezoelectric actuators 

and showed that the effective force of a piezoelectric actuator is proportional to the 

voltage and that this constant can be determined from material and structural prop- 

erties. They used their model to design an active vibration damper for a cantilevered 

beam with favorable results. 

Crawley & de Luis (1987) further extended Bailey & Hubbard’s (1985) work into 

more comprehensive analytic models of piezoelectrics as actuators. They developed 

both pure bending and pure extensional models of piezoelectrics as embedded and 

surface bonded actuators. They showed that actuator effectiveness not only depends 

on material properties but also on actuator location and size. A scaling analysis was 

done to demonstrate that the effectiveness of piezoelectric actuators is independent of 

the size of the structure. Experimental results compared well with those found using 

the analytical model. Since their research, numerous models of fundamentally similar 

derivation have been presented (Crawley & Anderson 1989; Crawley & Lazarus 1989; 

Dimitriadis et al. 1991; Im & Atluri 1989; Pan et al. 1991; Tzou 1992; Wang & 

Rogers 1990, 1991). These models have been experimentally verified in de Luis & 

Crawley (1990), Clark et al. (1991) and Flemming (1990). 

While these models apply to various one and two dimensional structures (beams 

and plates) with different assumed thickness strain distributions, all have been de- 

rived using a Newtonian approach. This method considers stress/strain distributions, 

the shear force applied between the piezoelectric/structure interface and the induced 

strain of the piezoelectric to calculate an applied moment which is proportional to 

the applied voltage as mentioned before. This applied moment is shown to act along 

lines at the edges of a piezoelectric actuator patch.



It is typically assumed in models developed using the Newtonian approach that 

the added mass and stiffness of piezoelectrics are small and that the actuator will 

act quasistatically compared to the structure (Crawley & de Luis 1987). Thus, the 

analysis of the applied forces is done with static considerations and then incorporated 

into a larger dynamic model. This may or may not be a good assumption, depending 

upon the relationship between structure mass and stiffness and that added by the 

piezoelectrics. 

When the applied line moment is used in the equation of motion for the structure 

the analysis typically leads to a modal representation of the system. In this case the 

modal force depends both on the magnitude of the applied moment and the slope of 

the structure at the edges of the patch. Typical representations of the modal force 

are a function of the applied moment and the difference in the slope from one edge 

of an actuator to the other. It is often difficult to determine the modal rotation 

eigenvectors experimentally for physical structures, thereby restricting the usefulness 

of this approach. Also, the static models do not account for the charge generated 

by a piezoelectric patch. The dynamics associated with the movement of this charge 

to and from the electrodes of a piezoelectric can be quite useful, especially when 

designing passive damping circuits (Cudney 1989; Hagood & Crawley 1989; Hagood 

& von/F lotow 1989). 

—Hagood et al. (1990) used energy methods to develop a model that considered 

both the coupled dynamics between the structure and piezoelectric sensor/actuators 

and electrodynamics of the piezoelectrics. Mechanical energy terms (kinetic and 

potential) were found for both the structure and piezoelectrics. In addition, the energy 

stored in electric fields was included. Introducing constitutive equations and applying 

variations to Hamilton’s principle, they arrived at two equations which describe the



electromechanical interaction of the piezoelectric/structure system. 

Mr+Cr+Kr = B;f + Ov 

O'r+Cyv = Bq 

where M,C, K are mass damping and stiffness matrices respectively, © is the elec- 

tromechanical coupling matrix, C, is the piezoelectric capacitance matrix, B;, B, are 

the mechanical and electrical forcing matrices and r,v,q, f are the generalized coordi- 

nate, piezoelectric voltage, piezoelectric charge and applied point forces respectively. 

A derivation following Hagood et al. (1990) is included in Chapter 3. Similar deriva- 

tions have been shown in Burke & Hubbard (1991), Tzou & Gadre (1989), and Tzou 

& Tseng (1990a, 1990b). The above equations are easily incorporated into state space 

equations and will be used throughout this work. The majority of the investigations 

mentioned have been concerned with controlling simple one-dimensional beams. The 

model developed by Hagood et al. (1990) adapts well to multi-dimensional structures. 

As previously stated the main thrust of recent piezoelectric research has been to 

investigate uses in intelligent structures. Through the use of programmable control 

algorithms structural responses can be tuned as desired. One major area of interest 

is the control of structural vibrations and structural acoustics, both transient and 

steady state. 

The majority of investigations into intelligent structure implementation of piezo- 

electrics has been with rate feedback control algorithms (Bailey & Hubbard 1985; 

Chaing & Lee 1989; Crawley & de Luis 1987; Hanagud et al. 1988; Lee et al. 1989, 

1991; Sung et al. 1990; Swigert & Forward 1981; Tzou 1992; Tzou & Gadre 1989; 

Tzou & Tseng 1990a, 1990b). Rate feedback schemes investigated include propor- 

tional feedback and constant amplitude feedback. These control laws have the benefit 

of only adding damping thus guaranteeing stability. The ability of piezoelectric to add 
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damping is promising, also indicating that inclusion into more complicated control 

laws could be done. Piezoelectrics are attractive to rate feedback algorithms since, 

if their signal is properly conditioned, a strain rate signal can be obtained (Lee & 

O’Sullivan 1991). 

The LMS algorithm has also been used with piezoelectrics as a means of reducing 

the effects of persistent disturbance (Gibbs & Fuller 1990; Clark & Fuller 1991). A 

Filtered-X version of the LMS algorithm was used with multiple sensors and actua- 

tors (Clark & Fuller 1990). In principle this method has the benefit of not having 

to explicitly model the piezoelectric/structure interaction. However, work done by 

the preceding authors has included numerical simulations which compared well with 

experimental results and used previous theories. 

The Modified Independent Modal Space (MIMSC) control algorithm has been 

studied with piezoelectrics as sensors and actuators (Baz & Poh 1987, 1988, 1990). 

The method minimizes the vibrations in a beam as well as the control effort needed 

to control vibrations. The method also accounts for the effect that piezoelectrics and 

bonding layers have on the elastic and inertial properties of a structure. The MIMSC 

algorithm relies on one actuator to control multiple modes of vibration by using a 

unique time sharing algorithm. 

Hanagud et al. (1987) investigated optimal vibration control using a quadratic 

cost functional. They used output feedback rather than full-state feedback in their 

control law and calculated feedback gains using a solution procedure outlined in 

Moerder & Calise (1985). A function of the control gains was added to the cost 

functional to ensure a diagonal gain matrix and collocated control. Only numerical 

experiments were performed for control of a cantilevered beam. While their collocated 

output feedback method had favorable results, they observed that systems with cross



feedback terms have better performance. 

De Luis & Crawley (1990) also investigated optimal vibration control minimizing 

a quadratic cost functional. Velocity and curvature were selected as states. This 

selection of states resulted in the the optimal control at a particular actuator location 

(for a diagonal Q and £) is a function of the collocated velocity and collocated curva- 

ture. This result is particular to the choice of states and induced strain actuators, i.e. 

piezoelectric actuators. This formulation allows highly decentralized controllers to be 

designed without an increase in the performance cost functional. De Luis and Craw- 

ley performed MIMO control experiments on a cantilevered beam with satisfactory 

results. 

Both of these studies pursued optimal controls using collocated feedback. Imple- 

mentation of the control scheme was accomplished using analog amplifiers. Drawbacks 

to the schemes are that they provide little ability to change and adapt to account for 

unmodeled dynamics, changing design criteria (acoustic v. vibration control), and the 

existence of persistent disturbances. They also limit the controller authority by only 

allowing collocated feedback. A digital realization of the control schemes would allow 

for more flexibility in altering the controller to produce the desired closed loop char- 

acteristics and also allow for easy implementation of disturbance rejection methods 

and adaptive schemes. 

A study conducted by Rubenstein (1991) investigated state-space vibration con- 

trol of steady disturbances on a simply supported plate. This research implemented 

an LQG/Kalman filter state feedback approach to cancel persistent disturbances. 

The experiment was single-input /multi-output (SIMO) using shakers for disturbance 

and control forces and accelerometers as sensors. Rubenstein demonstrated control of 

vibrations caused by both harmonic and narrowband disturbances close to first mode



resonance. 

Rubenstein’s work used proven technology in shakers and accelerometers to de- 

sign a SIMO plate control testbed. Modal properties of light structures can be drasti- 

cally changed by adding comparatively heavy actuators and sensors. Also, actuators 

such as shakers are bulky and difficult to implement on many real world structures. 

MIMO control strategies, using shakers, would be impractical considering their size 

and weight and even relatively light accelerometers alter passive eigenproperties dras- 

tically thus confusing the designed simplicity of a simply supported plate testbed. 

Piezoelectrics are small and light weight and offer promise as actuators in intelligent 

structures (Crawley and de Luis 1987). 

The work reported here discusses the design of a MIMO plate control testbed 

which takes advantage of light, compact piezoelectric sensors and actuators. Modeling 

issues associated with incorporating piezoelectrics in a structural model and using 

them as actuators and sensors will be discussed first. Since piezoelectrics couple 

electrical and mechanical systems a discussion of the electrical circuitry designed 

for the experimental test bed will be considered. System identification techniques 

and initial results will also be explained. Finally initial experimental results using 

piezoelectrics in an LQG control scheme will be shown. 
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Chapter 3 

Modeling 

In order to design an Active Vibration Controller (AVC) or Active Structural Acous- 

tic Controller (ASAC) the electromechanical interaction offered by the piezoelectrics 

must be modeled. While this is a prerequisite for controller design, it will also allow 

for performance prediction and parametric studies to optimize characteristics such as 

size, location, and thickness. The method used to characterize the piezo/structure 

interaction follows the method outlined in Hagood et al. (1990). The plant controlled 

in the experimental work is a simply-supported plate. The selection and design of 

a simply-supported plate is discussed in Rubenstein (1991). This chapter discusses 

the Hagood model and its application to a simply-supported plate and the issues 

associated with using piezoelectrics as sensors and actuators. 

3.1 General model 

This section discusses the modeling method developed in Hagood et. al. (1990). This 

method uses an energy approach to find the equations of motion and will be repeated 

here. It accounts for the mass and stiffness loading of the piezoelectrics as well as the 

electrodynamics associated with coupling the piezostructure to electronics. 

From Hamilton’s principle for coupled electromechanical systems (Crandall et al. 
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1968): 

[ [5(Uke ~ Upe + We — Wn) + 6W]at = 0 (3.1) 

for piezoelectrics the magnetic term, W,,, is negligible. The other terms are defined 

as follows. 

Use = if spuiiTt + IL petit (3.2) 

Une = [ SST + I 5ST (3.3) 

we= [ 5ETD (3.4) 

If we consider only discrete point forces and a finite number of piezoelectric elec- 

trodes then, 
nf ng 

ébW = 2, bu(zi) ‘ f(%i) - 2 bp; * 95 (3.5) 

introducing constitutive equations for the structure material, 

T=cS (3.6) 

and the piezoelectrics, 

D = ésE+eS (3.7) 

T = -e’E+czS (3.8) 

where in the above relationships 

e = dcg (3.9) 

€s = ep —dcgd? (3.10) 

From the theory of elasticity a strain-displacement relationship can be introduced. 

S = L,u(z) (3.11) 

12



where L,, is the linear differential operator specific to the problem being solved. Also 

the field-potential (field-voltage) relationship is 

E=Lyp(z) = -V- (z,y,z) (3.12) 

here L, is the gradient operator. 

The displacement at position z can be represented in terms of the generalized 

coordinates. 
rT} (t) 

u(z,t) = W,(2)r(t) = [V,, (2) ++ ¥,, (2)] (3.13) 
ra(t) 

Here the assumed displacement distributions, i.e. mode shapes, only have to satisfy 

the geometric boundary conditions. 

A similar approach is taken with the electric potential (voltage): 

Vy (t) 

pla,t) = ¥(z)o(t) = (2) W(2)) |: (3.14) 
Un(t) 

Here it will be convenient to have the v; represent the physical voltages of the elec- 

trodes. 

The equations of motion can be derived by substituting equations 3.2-3.8 into 

Hamilton’s equation (3.1) and taking variations: 

ii I. birt [ppb — f sste,5— f 6ST epS 

+f OST B+ I OES + L SBT esE 
nf ng 

+ ¥ bul fe) — 365-0 dt = 0 (3.15) 

The first two terms in equation 3.15 can be integrated by parts with respect to 

time and then substitute in equations 3.11-3.14. Allowing for arbitrary variations in 

13



r and v two matrix equations in the generalized coordinates are found. 

Actuator Eqn. Mr+ Kr=B;f + Ov (3.16) 

Sensor Eqn. O7r+C,v = Big (3.17) 

These are the so called actuator and sensor equations, respectively. The coefficient 

matrices are defined as follows: 

M = [ v¥pu,+ [07 p,¥, (3.18) V, Vp 
—_— Ty7T Ty7T K = [ VL eLuWs + [VP Ulep LW, (3.19) 

C, = [ Wi Ufeskel. (3.20) 

0 = Wire LW, 3.21 [VLE L, (3.21) 
B;;; — W? (x;,) (3.22) 

By; = Wy, (zq,) (3.23) 

3.2 Simply Supported Plate 

The general equations for a piezoelectrically coupled electromechanical system will 

be applied to an ideal simply supported plate. A Bernoulli-Euler plate model will 

be assumed. The emphasis here will be on the matrices which characterize the elec- 

tromechanics, 0, C, and B,. 

Structural mode shapes are assumed now. It is possible to determine the elec- 

tromechanical coupling matrix © and the capacitance matrix C, experimentally thus 

having a more accurate model of the system. This will be explained in more detail 

later. For our purposes we will complete this analysis with ideal simply-supported 

plate mode shapes. The solution of the two-dimensional wave equation with simply- 

14



supported boundary conditions yields mode shapes, 

  

  

  

  

  

  

V,;(x,y) = sin(kz;x) sin(ky,y) (3.24) 

kei = —= (3.25) 

ky, = = (3.26) 

and the first five modes are ordered as follows. 

2 Mm, | 1; 

1; 1j)s1 

2; 2/1 
31112 (3.27) 

41 21]2 

5) 3] 1           

Using these modes and assuming the displacements are separable in space and 

time the transverse displacements can be represented as, 

r1(t) 

u(z,y) =[Vri(z,y)---Va(zy)] |: (3.28) 
r,(t) 

The strain field under Bernoulli-Euler assumptions is, 

—20" (dx? 
S=Lyu(z,y) = | —20?/dy? | u(z,y) (3.29) 

—z0" /Ordy 

The electric field can be represented similarly as 

0 Blew) = Leple.n2)=|-3-| olen) (3.30 
v(t) 

p(x, y,2) = [War(z,y, 2) ++» Von(z,y, 2)] : (3.31) 

va(t) 
The voltage modes are assumed to vary linearly through the thickness of each piezo- 

electric. 

tp; 
Ww; = 

0 elsewhere 

{ * Hiyz~@SUtlrg iz Sy Sy; (3.32) 
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Applying the gradient operator to the voltage yields a field proportional to the voltage 

applied to the electrode. 

1,575 73 Nj SyY Sy 
1 

——v; 

= tp; * ° E(z,y) 0 elsewhere (3.33) 

The materials constants e and és are 

T 
e¢ = €31 €32 0 (3.34) 

Es = 6&3 (3.35) 

The electromechanical matrices are now represented as integral functions over the 

area and thickness of the 7** piezoelectric. Substituting equations 3.28, 3.29 and 3.34 

into equation 3.21 yields 

a= 5; f° [ Cee + 9p, ot | dydz (3.36) 
wiz Jy; Ox? Oy? 

The first area moment S; is defined to be 

h+tp, 
se [7 ade (3.37) 

ty; J 

using the ideal simply supported mode shapes gives 

2 2 
€a1,jk2; + €32,jky; . 

6; = —S; [eet eet cos re ed cos ky .y 
kziky; 

  
m4 (3.38) 
Yl; 

The cosine terms can be further simplified to give 

hb? hk? 
6;; = —S; (St teu + es2iPyi (3.39) _ koiky; 

4sin kg;o; sin ky yo; sin kei 5 2 sin ky, 5 d 

where (zo, yo) is the center of the piezoelectric and w, and w, are the widths of the 

piezoelectric in the z and y directions. 

The actuators and sensors used on the MIMO plate testbed are small compared 

to modal wave lengths for the first five modes. The actuators are (30.48 x 25.40) mm 

16



and the sensors are (25.40 x 27.94) mm. Equation 3.39 shows that the effectiveness of 

the piezoelectrics should increase as the wave number increases (provided kw < 4). 

In addition the expression 

es1,jhey + €324 ky; (3.40) 
Raiky; 

changes with each mode. It is important to realize that a piezoelectric is more effective 

on the higher modes. The response of a piezoelectric to the lower modes could be 

improved by covering more area of the plate, but while this will help the response to 

the lower modes it introduces spatial aliasing. 

In order to maximize a piezoelectric’s effectiveness for a particular mode, given 

the piezoelectrics size, the center location of the piezoelectric should be chosen such 

that 

T As 
to = 2k, = 1 (3.41) 

™ Ay 
= —=— A2 

that is, placed on an antinode for the mode. Table 3.2 lists the actuator locations 

and table 3.2 lists the sensor locations. The actuators were placed in the antinodes 

of the first five modes. 

Solution for the capacitance matrix C,, yields a diagonal matrix with entries 

E;E0 A; 
Cp; = 5 ” 

  (3.43) 

The charge matrix B, is the identity matrix since the generalized voltages were 

defined to be the physical electrode voltages. Since the capacitance matrix is diagonal 

the voltage and charge in the sensor equation are uncoupled electrically and a linear 

combination of the modal positions. 

Ofr + Cy,Vi = Gi (3.44) 
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Table 3.1: Actuator locations (mm) 
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299.40 | 250.82 

450.21 | 250.82 

450.21 | 125.41 

100.96 | 123.82 

434.34 | 346.07 
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Table 3.2: Sensor locations (mm) 
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133.35 | 64.77 

133.35 | 214.78 

133.35 | 316.23 

133.35 | 413.00 

253.20 | 64.77 

253.20 | 214.78 

253.20 | 316.23 

253.20 | 413.00 

373.06 | 64.77 

373.06 | 214.78 

373.06 | 316.23 

373.06 | 413.00 

485.70 | 64.77 

485.70 | 214.78 

485.70 | 316.23 
485.70 | 413.00 
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and we can consider each piezoelectric to act electrically independent. That is, the 

charge/voltage combination on a given piezoelectric is a direct function of the modal 

position only and not of charge/voltage combinations on other piezoelectrics. This 

might not necessarily be the case for a complicated electrode arrangement where 

electrodes on the top and bottom of a piezoelectric may overlap. 

At this point expressions for the control system electronics can be included. The 

electronics couples dynamically through the piezoelectric voltage and charge, v and 

q. Hagood et al. (1990) discuss, in general terms, how to incorporate electronics into 

a state-space representation of the piezosystem. Much effort was used in the design 

of the MIMO plate control testbed to insure that the sensor and actuator electronics 

would be simple to model and integrate well with the piezostructure. 
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Chapter 4 

Piezo-Electronics Design 

Investigations into piezoelectrics as both sensor and actuators have been pursued be- 

cause of the reasonably simple electromechanical coupling between a structure and the 

electronics associated with passive and active controllers. Hagood et al. (1989 1990) 

discuss modelling of piezoelectric systems coupled with electronics. This coupling 

could be incorporated in active and/or passive control schemes. Passive electronics 

can modify the dynamics of the mechanical system through the electromechanical 

coupling offered by the piezoelectrics and have been used to add passive damping to 

a structure. This chapter is concerned with methods for regulating voltage-driven 

actuators and measuring sensor voltage correlated to modal positions. 

4.1 Actuator Amplifiers and Smoothing Filters 

The actuator equation (3.16) shows that, for voltage-driven actuators, the force input 

is proportional to the patch voltage and that the current does not influence modal 

forces. Current will flow to or from a patch depending upon the modal velocities. The 

flow of current either with or against the forcing voltage is analogous to deflections 

either with or against a point force resulting in energy flow to or from the structure. 

Piezoelectric actuators typically require large voltages and relatively small cur- 
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rents. Several techniques for providing a control voltage were considered, among 

them: High voltage analog amplifiers, pulse width modulated amplifiers. Due pri- 

marily to the high cost high voltage amplifers were eliminated. It was unknown how 

pulse width modulated amplifiers would affect a piezostructure and were also disre- 

garded. The voltage amplification scheme chosen for the MIMO test bed is a power 

amplifier in series with an audio transformer (see figure 4.1). Audio transformers were 

chosen since they have flat frequency responses over a large bandwidth (2-20,000 Hz). 

The power amplifier is needed since most D/A boards do not provide sufficient power. 

The transformer steps up the control voltage as necessary. Admittedly, the current 

on the patch side of the transformer is low but this is satisfactory since piezoelectrics 

are low power actuators. The fact that the transformers do not transfer DC voltages 

is of little concern since we are dealing with harmonic and narrowband sinusoidal 

disturbances. 

  

u | K > lia 

| piezo 

  —[
UI
- 

  a 

Figure 4.1: Filter-Amplifier-Transformer Diagram 

The effective amplifier gain is the voltage amplifier gain multiplied by the turns 
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ratio of the transformer. 

Vout = ak Vir, (4.1) 

The transformer selected has a turns ratio a ~ 24: 1 and the voltage amplifier 

has a gain of K ~ 2.5V/V. 

To reduce the effect of the staircased nature of the control signal output from the 

D/A board on higher modes of the plate, the control signal is filtered using a single 

pole passive low pass filter (see figure 4.1) with transfer function 

Vout _ 1 

Vin ~ sRC+1 (4.2) 

The smoothing filter pole was selected at 200 Hz. At present, the controller 

software runs at approximately 2000 Hz, allowing control of strucutral frequencies 

one decade below, at 200 Hz. The smoothing filter sufficiently attenuates the high 

frequency components of the staircased control signal. 

Burst random testing of the smoothing filter-amplifier-transformer combination 

was performed. A curve fit of the data resulted in a transfer function 

Vout = 0.514 (s/18.9 + 1) 

Vin (8/38 + 1)(s/1260 + 1) 

Figure 4.2 shows the curve fit versus the measured data. 

    (4.3) 

4.2 Sensor Design 

It is possible to impose appropriate boundary conditions to piezoelectric sensors such 

that the voltage is a linear transformation of modal positions. This can be achieved by 

imposing an open circuit across the sensor patch electrodes. This forces the current, 

thus the charge, flowing from a patch to be zero. Using this boundary condition the 

sensor equation (3.17) becomes, 

{= => Cy Ofr (4.4) 
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Figure 4.2: Curvefit and Experimental FRF’s for Filter-Amplifier-Transformers 
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In a practical sense it is difficult to impose real open circuits and still be able to 

measure the voltage of interest. Large impedances placed across electrodes can cause 

impedance mismatches with voltage measuring equipment and load the piezoelectric 

changing the quantity to be measured. Also conventional A/D boards do not measure 

the typically small voltages output by PVDF which fill only a few bits of information 

on the A/D board. Therefore it is desirable to amplify the signal. 

Imposing the boundary condition and amplifying is possible using operational 

amplifiers (op-amps) by connecting the piezoelectric to a non-inverting amplifier (see 

figure 4.3). The infinite input impedance and zero input bias current of ideal op- 

amps satisfies the open circuit boundary condition. In reality op-amps have finite 

input impedance and allow current to flow into the inputs of the op-amp. It is 

necessary to choose an op-amp with sufficiently large input impedance such that the 

cutoff frequency (1/27RC,) for the resulting high-pass filter is as low as required. 

The gain of the non-inverting amplifier is selected as needed. 

| " Vout 

piezo Co 

= R, 

R, 

Figure 4.3: Noninverting Amplifier Schematic 
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The PVDF sensors used on the plate test bed have small capacitances (2.5 pF) 

with correspondingly large impedances over the frequency range of interest (40- 

250 Hz). This required the use of high input impedance JFET op-amps (Burr Brown 

OPA 602) to keep the cutoff frequency sufficiently low. Also the low bias currents 

provided by junction field-effect transistor (JFET) op-amps are a benefit. The non- 

inverting amplifier was designed to have a gain of 11 V/V. 

Experimentation showed that a low pass filter would also be required to eliminate 

high frequency noise. A single pole active low-pass filter was designed to have a cutoff 

at 40 kHz. The sensitivity of the PVDF sensors to very low frequency vibration ne- 

cessitated the use of a high-pass filter in the signal conditioning amp. This was added 

as a second stage and follows a Sallen-Key design, see figure 4.4. The second stage 

was designed with a gain of 1.8 V/V, making the overall amplifier gain 20 V/V. The 

final sensor signal conditioning amplifier design is shown in figure 4.5. A frequency 

response of a sensor signal conditioning amplifier is shown in figure 4.6. The spikes 

in the frequency response of the signal conditioning amplifier are a result of noise at 

60 Hz harmonics. 
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Figure 4.4: Sallen-Key High Pass Filter Schematic 
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Figure 4.5: Signal Conditioning Amplifier Schematic 

Table 4.1: Signal Conditioning Amplifier Component Values 

  

  

  

  

  

  

  

  

  

      

Ra 1.00 k2 
Re | 10.00 kQ 

R; | 22.00 M® (1-8) 
10.00 M® (9-16) 

Ci 0.41 nF 

R, | 100.00 kQ 
R, | 100.00 kQ 
Rg } 220.00 kQ 

R, | 390.00 kQ     
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Chapter 5 

System Identification 

Essential to the success of modern feedback control methods is an accurate mathe- 

matical description of the system to be controlled. Research conducted to date has 

relied on reasonably accurate analytical models to describe physical systems. This 

approach is insufficient when dealing with more complicated structures found outside 

the laboratory. The author has found no research conducted which provides a method 

to determine piezoelectric system parameters, such as O, experimentally. This chap- 

ter describes system identification methods which can be used to determine models 

of piezostructures experimentally. Initial system identification results for the MIMO 

plate control test bed are also shown. 

5.1 Model Generation Method 

Considering the piezostructure as a MDOF system with the sensor outputs a linear 

combination of the generalized coordinates r, the system can be described as follows, 

Mr+Cr+ Kr = Ov (5.1) 

v= — Cy@Tr (5.2) 

At this point the generalized coordinate, r, can be considered to be arbitrary. 
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Performing a change of basis into a modal domain changes the system represen- 

tation to 

G + {2C.wr}G + {wi }q = 07 Ov (5.3) 

v= — Cr107 bq (5.4) 

where the generalized coordinate r is a linear combination of the modal coordinates 

q. 

r= q (5.5) 

The eigenvector matrix ® is mass normalized such that 67M = I. The matrices 

{2¢,w,} and {w?} are diagonal and represent damping and natural frequencies for the 

r* mode. 

So far it has not been necessary to know the parametric matrices that describe the 

piezosystem. The above modal equations are similar to those developed for a point 

force response. The quantity which is as yet undetermined is the electromechanical 

coupling matrix, 0. 

Using the modal sensor equation the i** sensor voltage as a function of the j** 

actuator can be represented as, 

N 
V2.4 = — CP i ; > 5595 (5.6) 

rr 

and from the modal actuator equation 

r r . 

Tr $2,590,5 Va,i 
  

  

= iw) + jeGaw) oD) 
Combining equations 5.6 and 5.7 gives 

N 6° bt gr gr. 
Ve5 _ —~cCr7! 8,41 353 ond a,j 4 

BN DER uh) + Ram) 8) 
Let 

OF = Og (5.9) 
30



which is, in reality, the electromechanical coupling matrix in the new modal basis. 

Now we can represent equation 5.8 in a pole residue model, 

    

V.. >| Aj At.* | 
at _ _ On 22 5.10 Vag 7 OP te Gop t Gem (5.10) 

where 

6r 6. 
AL, = ——*t ot (5.11) 

7 jw, — ¢ 

Pr = — Cry + jury 1—¢? (5.12) 

Now curve fitting algorithms can be used to estimate values of w,, ¢, and 6 and 

use them to form a modal state space model. It is assumed that the capacitance of 

the sensor, C,, is known. 

5.2 Initial Testbed System Identification Results 

The transputer based D/A system was used to acquire data from the plate sensors. 

The 17 frequency response functions (includes a drive point), calculated by the 12- 

channel analyser TFAS12. TFAS12 is a custom frequency analyser, writen in C, that 

utilizes the T800 Transputer microprocessor to provide 12 simultaneous frequency 

response functions. The frequency response functions were then uploaded to the 

VAX for the curve fitting routine MODHAN. This routine provides estimates for the 

poles and residues of the system, using a viscous damping model. 

The calculated data was then down-loaded to a personal computer for calculation 

of the electromechanical coupling coefficients. Of primary importance is the drive 

point. Since the sensors were constructed with PVDF and the actuators with PZT 

the electromechanical coupling coefficients 67 are different. 

OT = e515; / / (+5 ake dz (5.13) 
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The difference between the actuators and sensors is the product €3,5;. This is because 

the materials have different electromechanical properties and are of different thickness. 

The evaluation of the integral does not change for the drive point since both actuator 

and sensor act over the same strain field. It was assumed for the PVDF that the 

field-stress constant e is the same in the 1 and 2 directions. This is not true and in 

fact they differ by about a factor of 2, and an average value was used in the analysis. 

This assumption does not appear to affect the results. 

The product e3:5; was factored out of the residuals and the eigenvectors were 

found. Then the quantity was multiplied back in to yield estimates for 0. Figures 5.1 

and 5.2 compare measured FRF’s with those found using the curve fit, and an ana- 

lytical model. As expected, the curvefit matches zeros in the structure much better 

than the analytical model. This is important since the position of the zeros is di- 

rectly affected by the electromechanical coupling coefficients. The model developed 

from the system ID can now be used in the design of a controller. 
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Figure 5.1: Curvefit and Experimental FRF’s for Sensor # 1 
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Chapter 6 

SIMO LQG Control 

The empirical model developed in chapter 5 was used in initial SIMO control ex- 

periments to demonstrate the testbed closed-loop performance. A Linear Quadratic 

Gaussian (LQG) controller, which combines Linear Quadratic Regulator feedback 

control with an optimal stochastic estimator (Kalman filter), was used. This feed- 

back controller minimizes a quadratic cost functional which weighs system states 

against controller effort (Rubenstein 1991). 

Using a discrete representation of the augmented state equations described in 

chapter 4 a LQR feedback control law was computed using MATLAB’s DLQR func- 

tion. The feedback control law is of the form 

Ut, = —K Lh (6.1) 

The Kalman filter gains were calculated using MATLAB’s DLQE function which 

yields an estimator of the form 

Eek—-v = OFp-1 4-1 + Dup-1 (6.2) 

Ye = Crky-1 (6.3) 

Tek = Lepr + Ks(ye — Ye) (6.4) 

Rubenstein (1991) discusses in greater detail the formation of continuous and discrete 
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system representations, the development of discrete time controllers, and the analysis 

of discrete compensators for transient control and disturbance rejection. 

The SIMO control experiment studied vibration control of the testbed using Ac- 

tuator #4 and all sixteen piezoelectric sensors. A 110 Hz, 1 volt harmonic disturbance 

was applied to Actuator #5. The simulated and experimental responses for modes 1 

and 2 are shown in figures 6.1 and 6.2. Experimental results for modes 3, 4 and 5 as 

well as the control voltage are shown in figures 6.3-6.6. The active vibration control 

results in multi-mode suppression, with approximately 6 dB reduction in mode 2, 

whose resonant frequency is close to the excitation frequency. 

The discrepancies between the simulation and the experiment indicates the need 

for a better system identification. Better eigenvectors and electromechanical coupling 

coefficients would produce improved estimates of modal states. This would directly 

affect the closed-loop response of the system not only in the SIMO control scheme 

discussed here, but also in MIMO control work done in the future. 
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Figure 6.1: MIMO Plate Control: Experiment and Simulation for 110 Hz Disturbance, 
Mode 1 
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Mode 2 
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Figure 6.3: MIMO Plate Control Experiment for 110 Hz Disturbance, Mode 3 
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Chapter 7 

Summary 

This work discusses the design and development of a MIMO plate control testbed. 

This testbed will be utilized as a development site and a standard comparison site for 

Active Vibration Control and Active Structural Acoustic Control. The testbed con- 

structed is an extension of a SIMO plate control testbed developed in the Smart Struc- 

tures Lab at VPI&SU (Rubenstein 1991). While the SIMO plate used proven tech- 

nology in shakers and accelerometers, the new MIMO testbed implements piezotech- 

nology, taking advantage of piezoelectrics’ compact size and weight. 

An analytical model which represents the electromechanical interaction between 

the structure, piezoelectrics and electronics is developed (Hagood 1990) and used in 

the design of amplifiers for both piezoactuators and piezosensor signals. This model 

is also used in an initial approach to an effective piezosystem identification. 

A single pole passive smoothing filter was used to reduce the effect of the zero- 

order-held control signal. The smoothing filter was used in conjunction with a voltage 

amplifier and transformer to provide the relatively high voltages required by piezo- 

electric actuators. Measured dynamics of the filter-amplifier-transformer (FAT) com- 

binations was curvefit and the resulting transfer function was used in the design of 

control laws for the plate. While the FAT’s are simple to build, low frequency dynam- 
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ics should be modeled. The low frequency pole and zero are thought to represent the 

transformer dynamics. Other amplification schemes, such as pulse width modulation, 

may only require modeling of designed smoothing filter and could draw less power, 

both benefits which may be necessary in large scale applications of this technology. 

Sixteen PVDF sensors were conditioned to measure plate position. This required 

the design of high impedance signal conditioning amplifiers. It is also possible to 

measure plate velocities using current-to-voltage (I-V) amplifiers. The PVDF sensors 

used on the MIMO plate deliver small currents (less than 1 ~A) which requires high 

gain I-V amplifiers which may be more subject to various sources of noise. 

PZT sensors deliver ~25 times the voltage and ~250 times the current as PVDF 

sensors of similar area. Both of these properties indicate that PZT is a better trans- 

ducer than PVDF. Recent studies have investigated the used of piezoelectric sen- 

soriactuators which use a single piezoelectric element to provide measurement and 

control. There are also indications that sensoriactuators could be used effectively in 

system identification schemes to provide drive point responses. 

The initial results in the system identification of the MIMO plate testbed provided 

electromechanical coupling coefficients used in the state space representation of the 

system. The model was used in initial experiments and simulations of SIMO control of 

the plate. The results of the closed-loop control experiments and simulation indicate 

that a better identification of the plate is required to achieve improved closed-loop 

estimation and response. In addition, a better system ID is necessary to design and 

build MIMO controllers. 

The MIMO plate control testbed will be used to investigate not only other actu- 

ator and sensor materials and architechtures, but also differenct control approaches 

and improved computational hardware. Control approaches include: reduced order 
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control, robust control, on-line adaptive control, advanced hybrid techniques, and 

hierarchical control. 
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