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(ABSTRACT) 

The increasing use of piezoelectric material in the last decade has led to the new discovery 

that piezoelectric devices may be used not only as sensors or actuators individually, but 

also as a sensor and actuator at the same time. This bi-directional phenomenon greatly 

expands the utility of piezoelectric devices, especially in the area of smart material systems 

and structures, such as structural dynamic measurement analysis, structural damage 

detection, active structural vibration and acoustic control, etc. 

Presented in this thesis is a new electromechanical approach for structural dynamic 

analysis. It uses PZT patches bonded on structures as active piezoelectric sensors, and 

acquires the structural information by measuring the electric admittance of the sensors. 

Because of the electromechanical coupling, the electric admittance is mechanically 

modulated by the structural dynamics through the piezoelectric effect. The structural



dynamic characteristics can then be extracted using a mathematical model governing the 

interaction of PZT actuators and structures. 

In this thesis, a multi-input, multi-output mathematical model is derived based on the one- 

dimensional constitutive law of the PZT and the mechanical impedance approach. The 

model yields explicit expressions of structural mechanical mobility in terms of the 

measured electric admittance. Applications of the approach in smart structures are 

presented in the area of mechanical frequency response function extraction, structural 

modal analysis, and structural health monitoring. As a general issue related to the 

application of PZT sensor-actuators in smart structures, the energy conversion efficiency 

of PZT actuators has also been experimentally investigated.
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Chapter 1 

Introduction 

The current status of piezoelectric material and devices for sensing or actuation is briefly 

discussed. The recently-developed technique using PZT as sensors and actuators at the 

Same time for active control is reviewed. A new concept is presented whereby the 

coupled electric impedance of a PZT gives it utility as an active sensing information for 

structural dynamic measurement. 

1.1 Piezoelectricity and its Applications 

It has been more than a century since the discovery of the piezoelectric effect by Pierre 

and Jacques Curie in 1880. Piezoelectricity is a phenomenon in which certain crystalline 

substances develop an electric field when subjected to pressure force, or, conversely, 

exhibit a mechanical deformation when subjected to an electric field. This reciprocal 

coupling between mechanical and electrical energy renders piezoelectric materials useful in 

many applications. 

The existence of this effect has been proven in many different materials. Only very few, 

however, have been found suitable for practical applications. Lead-Zirconate-Titanate,



usually abbreviated as PZT, is one of the most commonly used piezoelectric ceramics. In 

addition to its piezoelectric characteristics, PZT exhibits excellent properties under normal 

working conditions, such as a large range of linearity in piezoelectric effect, long-term 

temperature stability, and low internal friction loss coefficient. In the manufacture of 

piezoceramics, a suitable dielectric material is fabricated into the desired shape, and 

electrodes are applied. The piezoceramic element is then heated to an elevated 

temperature while in the presence of a strong dc electric field. This polarizes or poles the 

ceramic (aligns the molecular dipoles of the ceramic in the direction of the applied field) 

and provides it with piezoelectric properties. 

Because of its distinct characteristics, PZT ceramics have been widely employed in many 

scientific and engineering fields for both sensors and actuators. Typical applications 

include three categories: The first category include ultrasonic acoustic transduction 

devices, which are commonly used in non-destructive evaluation (NDE) and medical 

examination. Sonar probes are another important application. In this category, 

piezoelectric devices are used as both wave emitters and receivers, but not at the same 

time. The devices operate in very much the same way as radar does. It sends out an 

impulsive signal as an actuator and then is electronically switched to receiving mode for 

reception of the signal bouncing back. In the second, category, the piezoelectric material 

is used as either a sensor or an actuator individually, such as piezoelectric accelerometers, 

force gages, mechanical impedance heads, or stack actuators. The third category of



application is electromechanical resonators. This category exploits the high frequency 

stability of a piezoelectric material when operating in an oscillation mode. Typical 

applications are frequency stabilizers, signal filters and oscillating signal sources, which 

are commonly used in electronic circuitry. 

As solid-state electromechanical transduction devices, piezoelectric materials possess 

many superiority over other transduction elements. They are light in weight, low in power 

consumption, fast in response, and high in energy conversion efficiency. Because of these 

characteristics, piezoelectric transducers have been increasingly adopted in aerospace 

engineering, medical diagnostics, automobile industries, civil engineering, nuclear 

industries, etc. 

1.2 Simultaneous Actuation and Sensing by PZT 

New applications of piezoelectric devices for simultaneous actuation and sensing have 

been of great interest in both academics and industries in the last few years. The 

theoretical basis of this type of application is the reciprocity of the piezoelectric effect. 

That is, the applied electric field results in a mechanical deformation of the PZT. At the 

same time, this deformation also creates an additional electrical charge as a feed-back. 

This bi-directional phenomenon exists in many electromechanical transduction devices. A 

de electric motor is, in actuality, an electromechanical coupler between electric voltage,



current, rotational speed, and output torque. The electric current flowing in the motor 

ur.der a constant voltage is a function of the shaft rotational speed, and the speed is in turn 

a function of the load, or the resistance torque. Therefore, the electric current can be 

taken as a sensor signal for the level of the load. An electromagnetic shaker, or a voice 

coil is similar, except, in this case, the mechanical quantities are the force and linear 

velocity, rather than the rotational speed and torque. This effect has been successfully 

adopted in the automatic control of the electrical driving system for stabilizing the output 

in constantly-varying working conditions. An example includes the constant RPM control 

of the main shaft of a lathe machine. The fluctuation of the shaft RMS due to the 

unevenness of the cutting tool feeding can be monitored by sensing the electric current 

of the motor driving the machine, rather than by monitoring the RPM of the shaft directly 

with a tachometer. The self-sensing by a coil-type actuator through velocity feedback for 

active vibration control is also reported (Okada et al, 1995). A similar concept has been 

developed and used in solid-state piezoelectric devices for structural contro! purposes. 

The piezoelectric collocated sensor-actuator has been intensively investigated in the last 

few years (Dosch and Inman, 1991; Anderson and Hagood, 1992; Lee, et al., 1991). The 

technique of using a single piece of piezoelectric material to concurrently actuate and 

sense the structural response in a closed loop has been developed. The theoretical 

background of this approach is that the electric current flowing through a piezoelectric 

interacting with a structure is proportional to the time rate of the mechanical strain, or the 

vibration velocity of the structure. By sensing the current, separating the mechanicaly-



induced portion with a differential circuit and feeding it back to the input commanding 

voltage in an appropriate phase and magnitude, a significant increase in the effective 

damping of the structure can be achieved. This is similar to the electromagnetic damping 

resulting from electromagnetic induction when a closed-circuit conductor is moving 

perpendicular to the magnetic flux, as used in many galvanometers to reduce the 

overshooting of the indication needles. Proper selection of the feed-back, such as rate or 

position feed-back and the frequency band filtering, can suppress the vibration modes of 

the structure selectively while the actuation authority of the piezoelectric is not 

compromised. The motivation behind the technique is that such a self-sensing actuator 

will be truly collocated and has a numbers of advantages in active vibration control of 

structures. The technique has been successfully implemented in a cantilever beam with a 

closed-loop feed-back, and a significant increase in the effective damping has been 

achieved in the first few bending modes. 

1.3 Coupled Electric Impedance Approach — Active Sensing 

A novel approach has recently been developed (Sun, Liang and Rogers, 1995) of utilizing 

the electric impedance of PZT active sensors for structural dynamic measurement. The 

electromechanical coupling of a piezoceramic sensor embedded in a structure allows not 

only for collocated sensing and actuation in control, but also for structural dynamic 

measurement as well. As described in the previous section, the current flowing through a



piezoelectric interacting with a structure is modulated by the structural response, or the 

rate of strain, and the actuation force is commanded by the voltage applied to the 

piezoelectrics. Therefore, the electric impedance of the piezoelectric, which is defined as 

the ratio of the voltage to the current, supplies information about the mechanical 

Frequency Response Function (FRF) of the structure. In other words, the electric 

impedance of the actuator embedded in a structure is a mapping of the dynamic 

characteristics of the structure. The approach is similar to that for the collocated sensor- 

actuator in nature, but is aimed at acquiring the structural properties rather than at 

improving the effective damping through feed-back control. As the PZTs actively 

interrogate the structural characteristics without additional excitation source, it is 

appropriate to call them active sensors. 

This work was originally started as an effort to develop an altemative approach for modal 

testing of small and flexible structures (Sun, Liang and Rogers, 1994). The original work 

was also limited to the acquisition of point mobility as it used a single collocated active 

sensor and a single input model. Later, with a multi-input, multi-output model, the 

technique was successfully expanded to the acquisition of both point and transfer mobility 

(Sun, Liang and Rogers, 1995). This marks the complete evolution of this research as it 

provides a new method for structural dynamic measurement with not only the features of 

conventional approaches but also many unsurpassed advantages. Similar analytical work 

has also been conducted (Cole, Saunders and Robertsaw, 1994, 1995) independently on



the structural modal analysis using piezoelectric elements. In this work, a fundamental 

relation between modal analysis techniques for conventional structures and piezostructures 

is developed by means of electromechanical coupling matrix (EMC). This enables the 

modal testing of piezostructures to take place within the existing framework of modal 

analysis. 

This thesis is a summary of the author’s previous work on this new approach. The central 

focus is the electromechanical modeling through which explicit relations between the 

measured electric admittance and the mechanical mobility of the structure can be derived. 

The structural modal testing using this electromechanical approach is discussed as a major 

supporting section. However, only some features uniquely associated with this approach 

are included; the conventional methods using FRF for modal analysis are not covered in 

the thesis. Structural health monitoring is presented as an excellent application of this 

electromechanical approach. Finally, as a general issue related to the application of PZT 

actuators in smart structures, the energy conversion coefficients of a PZT stack actuator 

were investigated.



Chapter 2 

Structural Mechanical Mobility Acquisition by Electric 

Impedance Measurement 

This chapter presents the major theoretical background of the technique for acquiring 

structural Frequency Response Function (FRF) via measurement of the electric impedance 

of piezoceramic (PZT) actuators. 

A multi-input mechanical impedance model governing the electromechanical interaction 

of PZT actuators with structures has been derived. Both the point FRF of single location 

and the transfer FRF between two locations on a structure can be extracted from 

measured electric impedance. The concept of measuring the "coupled impedance" of-a 

single PZT sensor and two PZT sensors in parallel is presented and used to derive the 

transfer FRF of the structure. The model takes into account the mechanical impedance of 

the actuator. This allows for the removal of the stiffening effect from the extracted FRF. 

The relation between the in-plane FRF and the rotational FRF are discussed. An example 

of extracting in-plane structural FRF of a free-free aluminum beam by surface-bonded 

PZT sensors is given.



2.1 Motivation 

Structural Frequency Response Function acquisition is the key and fundamental portion of 

structural dynamic analysis, system identification, and active vibration control. Numerous 

efforts have been devoted to the acquisition of accurate and reliable FRF in the past. 

Available techniques include the most conventional and popularly used piezoceramic 

accelerometers, force gages, electromagnetic shakers and multi-channel signal analyzer 

schemes. More technologically advanced approaches include the use of noncontact 

sensing such as eddy current sensors and optical fiber displacement sensors. The most 

state-of-the-art technique for acquiring structural FRF is the Laser Doppler Vibrometer- 

based automated FRF scanning system (Agee and Mitchell, 1992). 

One of the major issues in structural FRF acquisition is the effect of mass loading and 

stiffening of transducers on the structure’s dynamic characteristics. This issue is critical 

when dealing with light and flexible structures as the attachment of conventional 

transducers onto the structure may result in considerable errors in the obtained FRF. 

Noncontact sensing solves the problem to some extent, but the effect of shaking facility 

and force gage is still a concern. In addition, the entire process of acquiring FRF always 

requires a set of sophisticated equipment, such as a multi-channel signal analyzer, power 

amplifiers for shakers and various types of signal conditioners for transducers.



A piezoceramic patch, on the other hand, may serve as both a sensor and an actuator at 

the same time as a result of the piezoelectric effect and its converse. When bonded to a 

structure and driven by an alternating voltage, the PZT imposes a forcing function on the 

structure through its longitudinal expansion and contraction, causing the structure to 

vibrate. This structural vibration then in turn "modulates" the capacitative current flowing 

in the patch. Consequently, the electric admittance of the bonded patch, defined as the 

ratio of the current to the voltage, is physically in the same position as its mechanical 

counterparts, such as mobility, in representing the transfer characteristics of a structure 

between the excitation and the response. Previous work has demonstrated the feasibility 

of conducting structural modal analysis with PZT collocated actuator-sensors based on the 

measurement of electric impedance (Sun and Rogers, 1994). The results have shown 

many advantages of this approach over the other methods. First of all, the high sensitivity 

of a PZT patch directly bonded to a structure, together with a sophisticated electric 

impedance analyzer, demonstrates an excellent capability to map the dynamic properties of 

the structure. Second, because of the light weight and the low flexural stiffness of PZT 

patches, their attachment to a structure is essentially non-intrusive. The mass loading 

effect can be completely neglected in most of the practical cases and the limited stiffening 

effect may also be removed afterward by appropriate algorithms. Lastly, as an electrical 

quantity, the electric impedance is much easier to measure than a mechanical frequency 

response function and involves only one transduction device rather than the two involved 

in any other conventional method of structural FRF acquisition. This chapter will develop 
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a multi-input model of electromechanical interaction along with a measurement scheme, by 

which both point and transfer FRF in mechanical mobility can be acquired through electric 

impedance measurement. 

2.2 Modeling of Electromechanical Interaction 

2.2.1 Constitutive Formulation of Piezoelectric Effect 

A piezoceramic material, most commonly known as PZT, short for Lead (Pb) Zirconate 

Titanate, exhibits a bi-directional "piezoelectric" effect. When the motion of the PZT in 

only one direction is considered and the stress, T , and the electric field, E , are chosen as 

the intensive variables, the electromechanical interaction between the stress, strain, electric 

field and flux density is governed by the following constitutive equations: 

S, =siT, + d;,E, (2.1) 

D, = d,,T, + £3,(1-i5)E,, (2.2) 

or, in the matrix form: 

Si} [se da] {fi 23) 
D; dy, €33| [43 
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Figure 2.1 Electromechanical coupling of PZT. 

where, as shown in Figure 2.1, S; is the strain and 7; is the stress in the PZT along the y- 

axis; E3 is the electrical field; and D; is the electric flux density along the z-axis between 

two parallel electrodes. sf, is the complex mechanical compliance at zero electric field; d3, 

is the piezoelectric constant at zero stress; €4, is the dielectric constant at zero stress; and 

6 is the dielectric loss tangent of the PZT. The first equation is called the actuation 

equation and the second is the sensing equation. The two electrical quantities, the electric 

field E; and the flux density D; along the z-direction, are coupled with two mechanical 

quantities, stress 7; and strain S;, along the y-direction by the property matrix of the 

PZT. Here, the stress and the electric field are taken as intensive or independent variables; 

the mechanical strain and the electric displacement are independent variables. 
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2.2.2 Coupled Electric Admittance of Active PZT Sensors 

When PZT actuators are embedded in a structure and activated by an ac field, the 

electromechanical interaction with the host structure can be formulated by a generic 

impedance model with multi-input, multi-output, as shown in Figure 2.2. 
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Figure 2.2 Multi-input, multi-output model of electromechanical interaction. 

Two rod-type PZT actuators, with one end attached to a structure and the other end 

clamped, are driven by the same ac voltage source between their electrodes. Because of 

the induced strain, both PZTs tend to expand and contract along the direction 

perpendicular to the electric field applied. As the actuators are partially constrained by the 

Structure, the reaction forces f, and f, are created. Meanwhile, velocity responses are 

developed at location 1 and 2 on the structure which can be expressed as: 

es het (2.4) 

x, Hy, Hy\\h, 
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where H,, and H,, are the point mobility, and H,, and H,, are the transfer mobility of 

the structure. In a multi-input, multi-output system, the point mobility is defined as the 

velocity response developed by a unit force acting at the same point when all the other 

force inputs are zero. The transfer mobility is the velocity caused by the unit force acting 

on the other location while all the other force inputs are zero. 

For each PZT actuator, the electromechanical interaction is governed by Equation 2.3. 

However, it is not in a convenient format, as the stress, strain, electric displacement and 

electric field are not readily measurable. Instead, the relationship between the electrical 

quantities and mechanical quantities can be formulated in terms of the electric current, 

voltage, force and velocity, which is standard for description of a two-port coupling 

transducer. As in this one dimensional model of the PZT interaction, the mechanical 

quantities are always in the y-direction and the electric quantities are always in the z- 

direction, we will drop all the subscripts in the later derivation. 

The current flowing in PZT1 along the z-direction is the time rate of the total electric 

charge between the two electrodes and can be expressed as: 

I, = [[i@Ddo ; (2.5) 
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where o is the electrode area. For a rectangular PZT patch of width w, thickness A and 

length J, substitution of Equations (2.1) and (2.2) into (2.5) results in; 

I, =iw Me - d?Y)V + wdViolS = OT (2.6) 
= iw F(e ~ d*Y)V + wdYx, 

where V = Eh, Y is the elastic modulus of the PZT ( Y=/s ), and the linear velocity of the 

PZT at its tip is the time derivative of the internal strain times the length X, = iwlS. Here, 

it is assumed that the standing wave along the PZT rod can be ignored. Substituting 

Equation (2.4) into (2.6), one gets: 

I, =Y,V+waY (fifi + Aah) (2.7) 

where 

Y, = iw #4 (e - a’Y). (2.8) 

The two terms in Equation 2.7 have clear physical meanings. The first term is the 

Capacitive current which is solely determined by the material properties and the geometric 

dimensions of the PZT actuator and the energizing voltage. The second is the 

electromechanical interaction of the PZT with the structure. Y, is the electric admittance 

of the PZT actuator when it is completely blocked, and it appears as a baseline in the 

coupled electric admittance, as shown in Fig. 3.5 (see next chapter). This can be proven 

by simply letting H;; and H;2 equal zero in Equation 2.7, as an infinitesimal Hz; means 

an infinite stiff structure. 
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The internal blocking stress of the PZT, 7, may be obtained by letting strain S=O in 

Equation (2.1), and the maximum output force (when the actuator has zero mechanical 

impedance) to the structure can then be determined by: 

F, = -Twh = wdYV (2.10) 

Note that a minus sign is added to indicate that the output force is opposite to the internal 

stress. However, when the mechanical impedance of the PZT is considered, the force 

actually delivered to the structure by the PZT no longer equals the blocking force, but is a 

scale-down by the mechanical impedance of the structure and the actuator: 

Z 
f =x,Z,, =F, = 1 Zn + Za > (2.11) 

where Z,, and Z,, are the mechanical impedance of the structure and the actuator, 

respectively. In the form of the mechanical mobility, it is: 

xy H,, - 21 2. Fa 12 
hi Ay, A Ay, + Hy,’ (2-12) 

Similarly, the force the second PZT actuator delivers to the structure is: 

-*2 op Me 
hr 7” H,, F, H,, +H, > (2.13) 

Assuming that the two PZT actuators are identical, then H,,= H,, = H,. Substitution 

of Equations (2.10) - (2.13) into (2.7) yields the current expression in terms of structural 

mobility and energizing voltage: 

H,,H, H,,H, 
I, ={Y, + (waY)?( A, + at H, 4 WY: (2.14)   
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Similarly, the current for PZT2 is: 

= (8, + (dv)? Ge + EW. (2.15)   

Using the superposition theory of linear system, the electric admittance of two PZT 

actuators connected in parallel can then be expressed as: 

[,+1, 

V 

= 2Y +(wdY)( 

ws
 

AH, Hy»H, HH, + HH, (2-18) 
H,,+H, + +H, H,+H, H,,+ H, 
  ) 

The electric admittance of a single PZT actuator can be determined by simply letting f2 = 

0 in Equation (2.7): 

HH, 
Y= Y. +(wdY)* H.. +H. (2.17) 

and similarly, the admittance of PZT2 alone is: 

HH, 
Y,. = Y, + (wdY)° ———— 2.18 2 ( )’ H,, 7H, ( ) 

Equation (2.16)-(2.18) list the three electrical quantities that are readily measurable by 

standard electric impedance analyzer. Both the single and parallel electric admittance have 

a similar format with the first term representing the capacitance characteristics of the PZT 

actuator and the second term representing the interaction with the structure through the 

piezoelectric coefficient d. 
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2.3 Extraction of Mechanical Mobility 

The point mechanical mobility of a structure at location 1 can be derived from the electric 

admittance of a single PZT using Equations (2.17) and (2.18) as: 

HAH, 
H,, = H,-H. (2.19) 

where 

Y,, -Y. Ht = Ua =¥) (2.20) 
"  (waY) 

Similarly, 

H HAM, (2.21) 
2H, -H,’ 

where 

Y, -Y. 
H_ = Me =¥) (2.22) 

2 “(wd¥) 

The transfer mobility between location 1 and 2 can be derived from Equation 2.16: 

2H 
12 (H,, + H, MA» + H,) (2.23) 
  

ne H, (A,,+H,)+(Hy + H,) 

where 
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‘ - Y, -(Y, + Y2) 

2” ~ 30wd¥y? 
(2.24) 

Equations (2.19) - (2.24) give the explicit expression of the structural mechanical mobility 

in terms of the measured electric admittance. Physically, Equation (2.19), (2.21) and 

(2.23) represent the structural mobility excluding the influence of the mechanical 

impedance of the PZT actuators while Equations (2.20), (2.22) and (2.24) are the 

approximation when the mechanical impedance of the actuator can be ignored. This may 

be seen in that when Hg approaches infinity, Equations (2.19), (2.21) and (2.23) 

converge to H,,, H,,and H,,. Whether the mechanical impedance of the actuator can be 

neglected or not depends not only on the operating frequencies, but also on the location 

of the actuator with respect to the modal shape of the structure. For a particular PZT 

actuator with a certain free stroke, its mass is negligible if the operating frequency is far 

below the natural frequency of the actuator. Its stiffness is negligible if its free stroke is 

compatible with the motion of the structure at the location of attachment. This issue will 

be addressed more specifically in the later sections and the next chapter. 

Although Equations (2.20), (2.22) and (2.24) are not necessary for the FRF extraction, 

they provide clear insight into the extraction process. For point mechanical mobility, it is 

the difference between the coupled admittance and the blocked admittance of a single PZT 

divided by a constant. The blocked admittance and the constant are solely determined by 

the material and the geometry of the PZT actuator. Similarly, the transfer mobility is 
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obtained by subtracting the electric admittance of each actuator when operated alone from 

the electric admittance of two PZTs when connected in parallel and then divided by the 

material constants. The exact solutions for mechanical mobility are obtained by 

manipulation of the approximate solution and the mobility of the actuators. 

2.4 Surface-Bonded PZT Sensor-Actuator 

2.4.1 Surface-Bonded PZT Actuation and Sensing 

In typical applications of smart structures, the PZT actuators are embedded or integrated 

into a structure in the form of thin patches. There are many advantages to this type of 

attachment. First of all, an embedded PZT patch has a larger contact area with the 

structure, which will maximize its control authority as an actuator and its sensitivity as a 

sensor. Second, a bare and thin PZT patch is light and flexible so that its integration will 

have much less interference with the dynamics of the host structure than it would if the 

actuator is housed. Third, a bare PZT patch has a very simple structural dynamics at the 

frequency range of typical interests, the extraction of the structural FRF from the 

measured electric admittance of the actuator would be much easier. For these reasons, the 

bare and thin PZT patches are the most appropriate form of active sensor for structural 

dynamic measurement. This section will relate the impedance model developed above 

with the surface-bonded PZT actuation and sensing. 
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Although the multi-input model in Figure 2.2 implies that the actuators interact with the 

structure along the normal direction of the contact points, the results are also valid for the 

surface-bonded actuators which interact with structures through shearing of the adhesive 

layer. 

The actuation mechanism of a surface-bonded actuator is somehow different from 

conventional shaker excitation. An electromagnetic shaker delivers to a structure a force 

normal to the surface, directly resulting in an out-of-plane motion. When a surface- 

bonded PZT patch expands or contracts along its longitudinal direction under an ac 

excitation, it shears the bonding layer, resulting a bending moment about the neutral layer 

of the structure which in turn yields a flexural vibration of the structure. However, for 

the PZT patch, it excites as well as senses the in-plane motion rather than the flexural 

motion. Thus, the point mobility and transfer mobility derived from the measured electric 

admittance of the PZT patches are "in-plane" properties of the structure, not the FRF in a 

conventional sense. 

Figure 2.3 is a schematic diagram of the coupled electric impedance measurement. Two 

PZT patches are bonded to the surface of a structure at the locations at which structural 

mobility are to be measured. The electric admittance (the reciprocal of impedance) of 

each single PZT, Ys;, Ys2 , and admittance of two PZTs in parallel, Yp, are to be measured 
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respectively. It is important to note that Yp # Ys;+Ys2 because of the mutual coupling. 

An additional admittance is created for each PZT due to the excitation from the other 

actuator. This additional admittance can be defined as the vibration-induced current in 
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Figure 2.3 Measurement of the coupled electric impedance 

PZT2 in short-circuit mode divided by the voltage across PZT1. It may not be measured 

directly, but can be deduced from the measurement scheme shown above. It is this 

coupled admittance that supplies information of the transfer mechanical FRF between 

location 1 and 2. 

2.4.2 In-Plane Actuation — Pin-Force Model 

As discussed in the previous section, the structural mobility obtained by the surface- 

bonded PZT actuators reflects the in-plane motions rather than the transverse deflection of 

the structure as the PZTs are bonded on the surface of the structure. Is this measurement 

scheme valid for the model developed above? The answer is positive if one looks at Figure 

2.4. A surface-bonded PZT patch is an induced-strain device and can be considered as a 

22



force source attached to the structure only at its two ends. The justification is that most 

of the shearing effect in the bonding layer, through which the actuator delivers excitation 

to the structure, is concentrated at the vicinity of its two ends. The actuation of the PZT 

on the structure can be represented by a pair of concentrated forces acting on two posts at 

the ends of actuator. This is well known as the “pin-force model” of PZT actuation (Bailey 

and Hubbard, 1985; Crawley and Andson, 1990), or the “enhanced pin-force model” 

> fi 
  

      

   

  

\ @7 / / \ 

Figure 2.4 Pin-force model of in-plane actuation. 

(Chaudhry and Rogers, 1991), and is widely used in solid state actuation modeling. 

Furthermore, because of the symmetric actuation, the center of the PZT is always. still. 

Thus, the actuator can be modeled as a mass-spring oscillator with one end clamped and 

the other end acting on the structure. The SDOF system has an equivalent mass of 

approximately 1/6 of the mass of the PZT and an equivalent stiffness of twice as the PZT's 

longitudinal stiffness. Clearly, this model of the in-plane actuation allows for the use of 

Equation (2.19), (2.21) and (2.23). 
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Figure 2.4 also shows another advantage of sensing and actuation using surface-bonded 

PZT patch: elimination of the need for support of the actuator, either by the inertia of the 

actuator or by fixing it to ground, as required by any out-of-plane motion excitation 

devices. 

It is worth mentioning that any transducer which has a bi-directional transduction effect is 

theoretically qualified for structural signature acquisition through its electric impedance 

measurement. For instance, the electric impedance of an electromagnetic shaker while 

driving a structure also contains information about the structural signature. The same is 

true for a PZT stack actuator. However, the massive and stiff housing of an 

electromagnetic shaker can substantially reduce the sensing capability and result in a 

significant change in the dynamics of the structure. In addition, the extraction of the 

structural signature will become more difficult and less reliable than with simple PZT 

patches because of its more complicated structural dynamics. 

2.4.3 Relation Between In-Plane Mobility And Rotational Mobility 

Figure 2.4 also reveals another important relation between the in-plane linear motion of 

the actuator and the structural rotational mobility, which is defined as the angular velocity 

difference divided by the bending moment. For instance, the point rotational mobility of 

the structure at location 1 is defined as: 
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  = ——(wi > 2.25 uM (2.25) 

and, similarly, the transfer rotational mobility between location 1 and 2 is: 

Oo _ 82 ai (2.26) 
M. 

€ € 

  

The point rotational mobility is related to the in-plane linear mobility of the structure by: 

H 
Ay = (2.27) 

(h, /2+h, /2) 

and similarly, the transfer rotational mobility is: 

Aig (2.28) Hag = > 2 Mh, /2 +h, 129° 

where hp and hs are the thickness of the PZT and the distance from the surface to the 

neutral plane of the structure, respectively. | While the rotational structural mobility 

measurement has been a challenge with most conventional vibration transducers, the 

surface-bonded measurement method offers an easy solution. 

2.4.4 Impact of Actuator Length on Extracted Mobility 

Figure 2.4 and Equations (2.24) - (2.28) imply an important fact that the in-plane 

structural mobility as well as the rotational mobility are functions of the distance between 

two imaginary posts. The mobility, thus obtained, reflects the average deflection 
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curvature of this segment of the structure. Generally, the longer the actuator, the higher 

the mobility. Eowever, this is not always the case, as a PZT patch is a distributed sensor. 

Its electric admittance reflects the overall vibration response over its area. As the 

curvature may change sign within the length of the actuator, the electric admittance is a 

complicated function of the area and the location of the actuator, as well as the modal 

shape of the structure. The electric admittance of an active PZT sensor can take the form 

of: 

iwwl Te) 
Y, =— 1—15) +— [[{ d,,Tdxdy. 2.29 sl h € ,,(1-15) + vil 31 y ( ) 

For a one-dimensional structure, for instance, a beam, the surface stress is: 

h, +h, 

2 

  T = -Y( K(x) — d;,E), (2.30) 

where K(x) is the curvature of the structure at location x and h, is the thickness of the 

structure. Equation (2.29) may then be expressed as: 

imwYd,,(h, +h,) te at ; “e(x)de. (2.31) Y, =Y,- s 

It is clear that, unless the curvature of the structure is a constant, a PZT patch sensor 

with finite length always averages out the interaction term through the integration and 

results in an electric admittance, Y,,, biased either lower or higher than it would be if the 

length were zero. Therefore, a shorter PZT is preferable for the accuracy of the mobility, 

especially when high-order vibration modes are to be involved whose spatial wavelength 

may be comparable to the length of the sensor. However, a short PZT sensor will 
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certainly reduce its sensitivity and signal-to-noise ratio, and result in less reliable results. 

In practice, the length of the PZT sensor should be smaller than the wavelength of the 

highest mode of the structure to be considered. 

2.5 Case Study: Mobility Extraction of a Free-Free Beam 

2.5.1 Test Instrumentation and Results 

A proof-of-concept test was conducted on a small aluminum beam of 95.24x21.12x1.54 
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Figure 2.5 Measurement set-up 

mm. The beam is slender and flexible so that attachment of any conventional excitor and 
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transducer will obviously result in questionable data. Four tiny PZT patches were bonded 

to the beam with uniform spacing in-between by Loctite Super Bond 495. The beam was 

suspended in air by a very thin fishing line, as shown in Figure 2.5. To minimize the 

introduction of external damping to the beam, all the electrical connections were by single- 

shred wires of 0.1 mm. The electric admittance of each individual PZT and each PZT 

pair were measured separately. 

The equipment used to measure the electric admittance is an HP4194A impedance/phase- 

gain analyzer manufactured by Hewlett-Packard. This analyzer is designed for the 

measurement of electric and electronic components as well as other electric network under 

a weak electric field. The measurement functions include electric impedance, admittance, 

equivalent circuit, et al. It has a maximal oscillation output voltage level of 2.8 V,,. A 

complex Weston Bridge unit measures the current flowing in the device under test. The 

electric impedance is then digitally calculated and displayed in either Bode plot or real- 

and-imaginary format. The start frequency, stop frequency and the frequency interval are 

user-selectable. Up to 401 data points are available in the selected frequency range. The 

analyzer also provides an option of dc bias up to 40 volts to facilitate the needs of some 

nonlinear devices. The extremely high sensitivity and repeatability makes this machine 

ideal for the implementation of this electromechanical technique. The analyzer is 

connected to a personal computer 486DX by an HPIB interface card through which the 

measured data is transferred to the computer for further processing. The analyzer can be 
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set up in the PC through the HPIB bus. The whole process of measurement and 

extraction can be automated by a program written in QBASIC running on the PC. 

For this particular beam, a sweeping frequency range from 100 Hz to 3500 Hz is selected 

which covers its first 7 flexural vibration modes. Both point and transfer mobility are then 

extracted using Equations (2.19) - (2.24). Table 2.1 gives the material constants of the 

PZT and their geometric dimensions used for extraction. The results are given in 

magnitude and phase, and are listed in the Appendix A. 

Table 2.1 Material constants and geometry of the PZT sensors 

  

  

  

              

d,, Y £33 * d« w h 

m/v N/m2 F/m mm mm mm 

-166e-12 | 6.30e10 | 1.50e-8 | 0.02 8.3 10.2 0.19 
    

The validity of the data can be quickly checked against some well-known fundamental 

features of structural mechanical mobility. First, the point mobility H,, through H,, all 

show that an antiresonance always precedes a resonance peak. The only exception is the 

absence of the second antiresonance of Hz2. The explanation for this irregularity is the 

dynamic range limitation (especially at the low frequency end) of the HP4194A impedance 

analyzer, which has only 1Vmms oscillation level and 12 bit A/D converter. For the transfer 

mobility H,,, H,,, H,, and H,,, they do not follow this pattern but have the antiresonances 

and the minimums interwoven irregularly, depending on the location. These are the key 

characteristics of the mechanical mobility of a free-free (non-grounding) system. Second, 

29



the phases for all the point mobility are essentially either x/2 or -n/2 at off-resonance 

frequencies. There is always a zero-crossing cf the phase at each resonance and no phase 

change at any antiresonance frequencies. However, the detailed verification of the data 

needs to be conducted by either sophisticated transducers or analytical simulation. 

2.5.2 Residual Stiffening Effect of PZT Sensor-Actuators 

The surface-bonded PZT minimizes the effect of mass loading and stiffening of the 

actuators on a structure. However, this does not necessarily mean there is no need for 

correction for the residual stiffening. In some cases, this stiffening can still be noticeable 

and the use of the approximate version of the mobility extraction should be avoided. 

In Figure 2.6, the extracted point mobility H,, is plotted along with its approximation 

version H,, for comparison. The dotted line is the mechanical mobility of the PZT 

actuator, 

H, =-j (2.32) 
mw —k,” 

which is modeled as an SDOF oscillator to take care of both the mass load and stiffening. 

Apparently, for the frequency band selected and the size of the PZT actuator used in this 

beam test, the stiffness is overwhelmingly dominant, as indicated by a clear stiffness line 

across the whole band (dotted line). The severity of the stiffening for each vibration mode 
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varies drastically, depending on the extent of mobility matching. As can be seen, modes 6 

and 7 have higher mobility than the PZT; in other words, the PZT constitutes a constraint 

to the motion of the beam under these frequencies. As a result, the natural frequencies are 

significantly shifted up (25 Hz for the 7th mode and 11 Hz for 6th mode). Meanwhile, the 

point mobility is much lower than that of the PZT for modes 1, 4 and 5. Consequently, 

these modes are not stiffened by the PZT at all. For modes 2 and 3, the mobility are 

nearly compatible so there is also no stiffening. Figure 2.6 provides a quick check for the 

need for stiffening correction in the extraction process. Only those modes whose 

extracted mobility is much higher than that of the actuator will need correction for natural 

frequencies. 
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Figure 2.6 Residual stiffening effect of PZT actuators (— H22, --- H22’, ....Ha). 
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2.5.3. Sensitivity of Mobility to Bonding Layer 

The fidelity of the extracted mobility relies not only on the accuracy of the electric 

admittance but also on certain material and geometric constants of the PZT actuator used 

to extract the FRF. As can be seen from the derivation of the mobility expression, the 

process of the extraction is essentially to “strip off’ the capacitive component, or the 

base line of the electric admittance (electric admittance of a blocked PZT actuator, Y,) and 

to retain the interaction part. Of the parameters listed in Table 2.1, the dielectric constant 

and the thickness of the PZT are found to have the most significant impact on the quality 

of the results. A small deviation of the dielectric constant or the thickness will lead to a 

significant distortion in the FRF. There is an uncertainty in determining the true values of 

these two parameters in practice. The PZT is usually directly bonded to the structure by 

an adhesive to ensure a maximal mechanical interaction. The surface of the structure 

serves as one of the electrodes to provide the electric field to the piezoceramic patch, as 

shown in Figure 2.7. The cured non-conductive adhesive layer then constitutes a part of 

the capacitor. Consequently, the equivalent dielectric constant and the equivalent 

thickness that the impedance analyzer “sees” may significantly deviate from its nominal 

values, which will be used for extraction. Furthermore, the thickness of the adhesive 

layer varies with each PZT, depending on the viscosity and the pressure applied during its 

curing. Although the problem can be solved by taking the electric connection directly off 

the bottom silver electrode, it involves use of a thin copper foil between the PZT patch 
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and the structure. This will compromise the interaction of the PZT with the structure and 

result in a weaker excitation and sensing. Care must be given to the bonding process to 

ensure an adhesive layer as uniform and thin as possible. Very often, a minor adjustment 

of the equivalent thickness and dielectric constant will be required to reduce obvious 

distortion in the baseline of the extracted FRF. 

A 

Figure 2.7 Adhesive layer and its effect 

  

Summary 

The structural mobility extraction through electric impedance measurement provides an 

alternative to the conventional frequency response function acquisition. With the 

measurement of electric impedance, the instrumentation and transduction is greatly 

simplified. The use of a surface-bonded PZT patch as an active sensor reduces the 

transducer mass loading and stiffening to a minimum level. The technique of coupled 
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electric impedance measurement in conjunction with the multi-input interaction modeling 

allows for a complete extraction of both point mobility and transfer mobility. The model 

can also eliminate the residual stiffening effect when needed. These features make the 

method ideal for structural dynamic analysis of small and flexible structures that are 

extremely sensitive to the attachment of transducers. 
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Chapter 3 

Structural Modal Analysis by Surface-Bonded PZT Sensor- 

Actuators 

This chapter presents a structural modal analysis technique based on the electric 

admittance measurement of surface-bonded active sensors. The model governing the 

electromechanical interaction of bonded PZT sensor-actuators with host structures 

developed in the previous chapter is modified to accommodate the extraction of modal 

parameters from the measured electrical admittance. The work focuses on the uniqueness 

of this electromechanical approach for modal parameter extraction. Two corresponding 

modal parameter extraction algorithms are presented. Both exclude the stiffening effect of 

the PZT on the structure, yielding better estimations of natural frequencies and modal 

damping. 

3.1 Introduction 

Experimental modal testing has now become a mature and standard technique in structural 

dynamic analysis. It usually consists of several independent steps: structure excitation, 

measurement of driving force and vibration response, formation of Frequency Response 
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Function (FRF), and modal parameter extraction. The entire process requires a set of 

sophisticated pieces of equipment, such as a multi-channel signal analyzer, force and 

response transducers, shakers, power amplifiers, and various types of signal conditioners. 

The typical transducers used in a modal testing are piezoceramic force gauges, 

accelerometers and electromagnetic shakers. The attachment of conventional 

transducers onto structures may result in considerable errors in the extracted modal 

parameters, especially when dealing with light and flexible structures. The use of a Laser 

Doppler Vibrometer or an eddy current sensor provide a non-contact measurement of 

Structural response, but an attachment of the force gauge and shaker to the structure is 

still needed. In engineering practice, many application requires that the structural dynamic 

measurement be conducted non-intrusively. As discussed in the last chapter, the surface- 

bonded PZT patch as an active sensor, along with an electric impedance analyzer, appears 

to provide an excellent solution to this challenge. 

This chapter presents a technique of structural modal testing using a surface-bonded 

piezoceramic patch and electric impedance measurement. The mechanical mobility 

extracted by the multi-input model can be directly used for structural modal analysis by 

various conventional approaches that are not to be addressed here. The emphasis of this 

work will be on the uniqueness of the modal parameter extraction using the electric 

impedance approach. The model governing the electromechanical interaction of the 

actuator and the structure is derived in a slightly different way to accommodate the direct 
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modal parameter extraction. Two algorithms of modal parameter extraction associated 

with the technique are developed. One uses electric admittance match/half-power band- 

width method, and the other employs revised Nyquist plane curve fitting. Both algorithms 

can extract the modal damping coefficients, natural frequencies and curvature mode 

shapes of a structure. The model has considered the stiffening effect of the actuator on 

the structure, yielding refined estimations of extracted structure natural frequencies. This 

is critically important when the test piece is flexible and small. 

3.2 Electromechanical Model 

For modal parameter extraction, the model in Figure 2.2 is modified to include the modal 

mass, modal stiffness and modal damping of the structure. Also, for the simplicity of the 
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Figure 3.1 SDOF model of electromechanical interaction 

of a PZT with a structure. 

modeling, only single input is used, as shown in Figure 3.1. 

37



Using the same derivation as in the previous chapter, we obtain the expression of the 

current flowing in the PZT actuator in terms of the mechanical impedance of the structure 

and the actuator: 

  

. wl . Z. 
I= io Les (l- 1) - Fd) YY, (3.1) 

where Z, is the mechanical impedance of the structure, and Z, is the mechanical 

impedance of the actuator along its length. The coupled electric admittance of the PZT 

then becomes: 

Z, 

Z,+Z, 
s 

(d3,)’¥] (3.2)   Y, = T= iwafeS (1 - 8) - 

  where a = Note that a uniform distribution of electric flux density in the PZT is 

assumed in the integration. Similar to Equation (2.7), the first term in Equation (3.2) is 

the capacitance admittance and the second term is the result of the electromechanical 

interaction of the PZT with the structure. 

3.3 Modal Parameter Extraction 

To demonstrate the application of this electromechanical approach for modal analysis, a 

single-degree-of-freedom (SDOF) model for extraction is developed. The mechanical 

impedance of the PZT element in Figure 3.1 may be expressed as: 
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Z,=<--—k, | (3.3) 
@ 

where k, is the short-circuit stiffness of the PZT along the y-axis. The effect of the PZT's 

mass along the y-direction is neglected, assuming that the stress wavelength is much larger 

than the PZT's characteristic dimension under normal operating frequency. The 

mechanical impedance of an SDOF system with structure damping is given by (Ewins, 

1984): 

_kG+in)y G4) 
@ 

Z, = UMW 

where m, is the modal mass, k, the modal stiffness and 1 the modal damping. 

Substituting Equations (3.3) and (3.4) into Equation (3.2) yields the electric admittance of 

the actuator in terms of the modal parameters of the structure: 

ck,k.1 
(k.n)’ +(k, +k, -m,w*)’ 

ck, (k, +k, -m,o7) 

(kn)? +(k, +k, - mo”) 

  Y, =@a[ed + 

; (3.5) 

+U(€ —C+   7] 

where c = (d,,)”Y. Separation of the real and imaginary parts of Equation (3.5) results in 

the expression: 

    

    

__ RY) kkon 
Be ag OO EE +k, mo 69) 

me og ONE en sk +k, — my oe 
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As a PZT actuator usually has a size much smaller than that of the structure, its 

mechanical damping can be ignored. Equatiors (3.6) and (3.7) trace out a non-closing 

circle in a Nyquist plane as shown by Equation (3.8): 

k k H, -—4*-)’ +H, =(—~)’, 3.8 
(H, kn vi Cen (3-8) 

s 

This is the locus of the mechanical mobility of a SDOF system with proportional damping 

connected in parallel with a massless spring, K, (Ewins, 1984). 

3.3.1 Revised Nyquist Plane Curve Fitting 

Equations (3.6) and (3.7) are highly nonlinear functions of the modal parameters. It is 

much easier to conduct the curve fitting to the impedance plot in the Nyquist plane than to 

extract modal parameters from the mobility. The mechanical impedance of SDOF with 

structural damping takes the simple form (Ewins, 1984): 

_t 
A, +iH, 

kek, +k, -— mo’ 3.9 
“KT k ( -9) 

a 

Z 

The mechanical impedance traces out a straight line on the inverse Nyquist plane, as 

shown in Fig. 3.2. Note that due to the stiffening effect of the PZT on the structure, the 

intersection of the line with the real axis no longer defines the natural frequency of the 

SDOF system alone but, rather defines the natural frequency of the PZT-SODF joint 

structure. Curve fitting the measurement data to the imaginary part of Equation (3.9) 

yields two quantities, ks/kg and ms//kg Note that they are the structural modal stiffness 
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and modal mass normalized to the actuator modal stiffness, and none of them has a 

physical meaning. However, the natural frequency of the structure can be determined 

from them as: 

  

w, =k, /m, = Jk, /k,)/(m,/k,), (3.10) 

Another independent curve fitting the measurement data to the real part of the equation 

yields a refined estimation of Re(Z), and from it the structural modal damping can be 

calculated as: 

  

Re(Z) 

ki /k 
s a 

(3.11) 

Equations (3.9), (3.10) and (3.11) constitute the revised Nyquist Plane Curve Fitting 

approach, which will be referred to as NPCF later. The difference with the standard 

Nyquist plane curve fitting approach is the inclusion of the actuator stiffness. 

  

  

    

Im(z) 
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ka 

‘OO min   
Figure 3.2 Mechanical Impedance of SDOF in inverse Nyquist plane 
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3.3.2 Admittance Matching/Half Power Bandwidth 

Equations (3.6) and (3.7) together provide a new approach to the determination of the 

modal damping 7 and natural frequency w, of a structure. Take the partial derivative of 

Equation (3.7) with respect to w and let it be zero: 

a(H,) _ -2k,m,[(kn)? ~(k, +k, -m0")] _ 5 
  

doo (kn)? +(k, +k, may} ey 
This yields two solutions: 

kn =(k, +k, -mo?) (3.13) 

ky=—(k, +k, —-m.w3) (3.14) 

where w, and, correspond to the peak and valley of H;, respectively. Addition of 

Equations (3.13) and (3.14) yields structural modal damping in terms of special 

  

frequencies: 

n=—7(w}-a) 
®, , (3.15) 

where 

wo. =k, /m, 

wz = (k,(1- 9) +k,)m, 

w, = (k,(1+) +k), (3.16) 

The natural frequency of the structure, w,, can be determined by the special points of the 

coupled electric admittance, Y,, At resonance of the structure, the mechanical impedance, 
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Z,, diminishes and Equation (3.2) is deduced to the electric admittance of the "free" PZT 

actuator. 

Y, = wae;, (6 +i) (3.17) 

Similarly, the electric admittance of a blocked PZT actuator can be obtained by letting Z, 

be ©. This yields: 

Y, = wa (£3,6 + i(e3, -c)). (3.18) 

The imaginary parts of both admittance Im(Y.,) and Im(Y.,) intersect with the imaginary 

part of the coupled admittance Im(Y.), as is illustrated in Figure 3.3. It is apparent by 

definition that it is the intersection of Im(Y.,) with Im(Y.) that determines the natural 

frequency of the structure w, (impedance matching). By checking Equation (3.9), it is not 

difficult to see that the intersection of Im(¥.,) with Im(Y.) corresponds to the natural 

frequency of the joint system of the PZT and the SDOF system: 

o = [atk (3.19) 
im 

Ss 

  

at which Re(Y.) peaks and the interaction portion of Im(Y,) vanishes. The difference 

between the two frequencies is, once again, caused by the stiffening of the PZT sensor. 

Note that in Equation (3.16), w, is the characteristic of the structure alone ,and w, and o, 

are those of the joint system. This distinguishes it from the conventional half-power band 

width method, by which the damping is calculated by w,, w, and w,. It will be referred to 

as the admittance matching / half-power band-width (AM/HPB) approach later. 
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Figure 3.3 Determination of structural natural 

frequency by electric admittance matching. 

3.3.3 Modal Shapes Extraction 

Equations (3.6) and (3.7) also provide a way of eigenvector extraction when applied to a 

multi-degree-of-freedom system or continuum system. At the system resonance w,, 

  

H, =0 and 

k k 
H =—+=— (3.20) 

kn n> 

where y is the modal displacement response to a unit force excitation (y =1/k,). Fora 

continuum structure, this modal displacement is a function of measurement coordinate and 

vibration mode. The modal stiffness of the PZT, k, and the structural modal damping, n, 
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vibration mode. The modal stiffness of the PZT, k, and the structural modal damping, yn, 

for a particular mode is independent of the coordinate. When H, is extracted a: m 

coordinates along the structure for each of its n modes, the eigenvector can be obtained 

and its element takes the form : 

k,() 
y(t) 
  H(i, j)= y(i, J), (3.21) 

where ¢ = 1,2,...1 andj = 1,2..m. This can also be directly deduced from the fact that 

k, / k,n is the diameter of the modal circle in the Nyquist plane. 

3.4 Case Study: Modal Testing of a Free-Free Beam 

3.4.1 Test Set-up And Procedures 

System identification of a small and flexible structure is usually a challenge as the 

extracted structural modal parameters are extremely sensitive to the stiffening and mass 

loading of the attachment of sensors and actuators. By using surface-bonded PZT sensor- 

actuators, these effects can be minimized. As an example, a proof-of-concept test was 

conducted on an aluminum beam of 153.0x25.7x0.8 mm. A PZT patch of 32x19x0.19 

mm is bonded on the beam 52 mm from the end of the beam. The size of the PZT is 

considerable compared with that of the beam, so that its stiffening effect to the beam can 

be fully demonstrated and the performance of the proposed algorithms can be thoroughly 
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investigated. The beam is suspended in air by very thin wires to simulate a free-free 

boundary condition and to minimize the possibility of introducing external damping. The 

electric impedance of the PZT patch is measured over a broad frequency band by the HP 

4194A Impedance Analyzer. Figure 3.4 is the schematic diagram of the experimental set- 

up. 
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Figure 3.4 Experimental set-up of the beam modal analysis. 

Figure 3.5 is the electric admittance of the PZT patch from 100 Hz to 7000 Hz, in which 

the first 9 flexural vibration modes of the beam are clearly identifiable. Note that each 

mode is well separated from the others. This qualifies the application of the SDOF model 

to the data. For the actual parameter extraction, each mode is zoomed in to obtain a much 

higher frequency resolution and amplitude accuracy. 

To obtain the uncontaminated natural frequencies of the beam, the original PZT patch is 

then replaced by a tiny one (4x6x0.19 mm ) and its admittance is measured. It is assumed 
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that the stiffening of this tiny PZT is negligible as its length is less than 1/6 of the original 

one. Therefore, the resonant peaks of its admittance may well represent the "true" natural 

frequencies of the beam. 
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Figure 3.5 Coupled electric admittance of a PZT bonded to a beam. 

3.4.2 Test Results 

Table 3.1 shows the natural frequencies and modal damping of the beam extracted 

respectively by the two algorithms previously discussed. Table 3.2 lists the natural 
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frequencies of the beam versus the estimations by the electric admittance of the large PZT 

Sensor. 

Table 3.1 Extracted natural frequencies and modal damping of a free-free beam 

  

  

  

  

                    
  

  

  

  

  

Mode 1 2 3* 4 5 6 * 7 8 

f-y(Hz) | 185.9 | 498.3 982.0 | 1628.4 | 2437.5 | 3457.6 | 4588.5 | 5893.8 

n1(%) | 9.37 0.37 0.15 0.20 0.22 0.13 0.16 0.17 

f-2(Hz) | 187.6 | 497.2 | 982.2 | 1628.0} 2439.9 | 3456.0 | 4588.2 | 5891.7 

92 (%) |} 0.21 0.31 0.095 0.15 0.18 0.064 0.15 0.17 

Subscript 1: AM/HPB 

Subscript 2: NPCF 

Table 3.2 Error estimation of natural frequencies without correction for stiffening 

Mode 1 2 3* 4 5 6 * 7 8 

f.(Hz) | 189.3 | 516.7 | 983.0 | 1656.8 | 2493.1 | 3459.9 | 4622.5 | 5913.3 

f (Hz) | 183.3 | 494.7 | 982.5 | 1621.8 | 2437.5 | 3455.2 | 4580.6 | 5863.4 

E.. (%) | +3.2 +4.4 +0.05 | +2.2 +2.3 +0.14 | +0.9 +0.85                   
  

f natural frequencies of PZT-beam joint structure 

f : natural frequencies of the beam 

E,, = (£,-f,)/ fy E,, max = 4.4 % and E,, avenge = 1.62 %. 

To verify the algorithms' capability of correcting the natural frequencies for stiffening 

effect, the relative errors of the corrected natural frequencies with respect to the beam 

natural frequencies are calculated and listed in Table 3.3. 
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Table 3.3 Error estimation of extracted natural frequencies 

  

  

  

                  

Mode 1 2 3 * 4 5 6 * 7 8 

E(%) {+140 |+0.67 | -0.05 +0.33 | 0 +0.07 | 40.17 | +0.51 

E,(%) | +2.30 | +051 |+0.03 | +038 |/+0.10 | +0.02 | +0.17 | +0.48 
  

E,= (£,-£,)/£, , Eymax = +1.40 % and E average = 0.41 % 

E,=(£,-£,)/£,, E,mx = +2.30% and E,serage = 0.49 % 

Table 3.4 lists the material constants of the PZT sensor used. 

Table 3.4 Material constants of the PZT sensor 

  

ds) m/v Y, Ném2 e2, F/m 6 « 
  

  -166e-12   6.3010   1.50e-8   0.02     

3.4.3. Result Analysis 

Although the electric admittance of the PZT gives approximate estimations of the natural 

frequencies of the beam, they are consistently biased higher than the "true values", as 

illustrated in Table 3.2. This bias can be up to 4.4% with an average of 1.62% for the first 

8 flexural modes. Obviously, the stiffening, rather than the mass loading, of the PZT on 

the beam dominates within this frequency range. This stiffening generally introduces more 

impact on low modes than high modes in terms of the relative shift in natural frequencies. 

This demonstrates the need of correction for the stiffening effect when using surface- 

bonded PZT for precision modal testing of structures. 
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Table 3.3 lists the relative errors of the corrected natural frequencies with respect to the 

true natural frequencies of the beam. Note that the maximum errors reduce to 1.4% and 

2.3% at the first mode, and average errors reduce to 0.41 % and 0.49 %, respectively. 

Although the results from the two algorithms vary slightly, both of them produce better 

estimations of the true values of the natural frequencies in the sense that average error 

decreases by 75%. 

The demand for the frequency correction varies with each mode for this particular PZT 

location. As one can see in Fig. 3.5, the strength of each mode varies significantly. Figure 

3.6 (a)-(b) show the imaginary parts of the admittance of the PZT when it is fully coupled, 

free and blocked, which demonstrates four typical cases of the stiffening levels. For mode 

1 and mode 2 (Figure 3.6a and 3.6b), Im(¥.,) intersects with Im(Y,) before the resonance 

of the stiffened structure, which implies that the in-plane vibration of the beam is stronger 

than the free stroke of the PZT actuator. In other words, the PZT actuator is constraining 

the beam, and substantial stiffening occurs. For mode 3 (Figure 3.6c), the two motions 

are completely compatible, neither of them imposes constraint on the other. This is 

indicated by the tangency of the two curves. As for Figure 3.9(d), mode 6 is marginally 

activated. The motion of the PZT for this particular mode is nearly being blocked by the 

beam, or in other words, the PZT is "stiffened" by the beam rather than vice-versa. 
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This variation of the stiffening with modes can also be seen from Table 3.2 that the 

relative frequency deviation for mode 3 and mode 6 are much smaller than for the other 

modes. Obviously, there is little need for frequency correction for these two modes. 

Therefore, the application of frequency correction algorithms should be selective. 
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Figure 3.6 Four typical cases of the stiffening effect. 
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Summary 

A modal analysis of a structure can be conducted conveniently, accurately and 

economically with surface-bonded piezoceramic patches as active sensors. The 

measurement of electric admittance of the PZT sensor-actuator has been proven to be an 

efficient and simpler method to acquire the mechanical frequency response function of a 

structure. Applying the proposed extraction algorithms to the measurement data can 

remove the stiffening of the actuator on the structure, yielding refined estimations of 

modal damping and structural natural frequencies. The beam example reveals the needs 

for natural frequency correction under some circumstances and demonstrates the 

effectiveness of the electromechanical approaches in removal of the impact of the PZT on 

the measured natural frequencies of the structures. 
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Chapter 4 

Structural Health Monitoring Using Active PZT Sensors 

This chapter presents an application of embedded PZT active sensors for structural health 

monitoring. The technique is based on structural signature variation with damage. 

However, unlike other signature-based techniques, it uses piezoceramic (PZT) patches 

bonded to a structure as integrated active sensors to acquire the acoustic signature of the 

Structure. Structural damage is estimated by comparing the current electric impedance 

with the original data by appropriate algorithms. Two issues, the sensing localization and 

the sensor temperature sensitivity, which are critically associated with this technique are 

addressed. A novel approach of sensor temperature compensation by probability 

correlation function is presented. An assembled 3-bay truss structure is employed as a test 

bed for the study of sensing localization, sensor temperature compensation and 

implementation of an automated health monitoring system. 

4.1 Vibration Signature-Based Health Monitoring Techniques 

Nondestructive evaluation of structural integrity, or permanent health monitoring, of 

important structures, such as space structures, aircrafts and steel bridges, is of great 

interest in the aerospace, aviation and civil engineering communities. To date, extensive 

effort has been made to detect damage in a structure by means of vibration signature 
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identification. The previous work can be divide into two categories. One is the 

experimental modal testing approach. The theoretical basis is that the structural damage 

generally results in a decrease in the dynamic stiffness and an increase in damping of a 

structure. Since the stress distribution along a structure is different for each vibration 

mode, any macroscopic damage would affect each mode differently, depending on the 

location of the damage (Tavares and Kosmatka, 1993; Peterson and Alvin, 1993; Lindner 

and Twitty, 1992). This approach usually involves substantial computation. Yet, it is 

effective only when the damage is comparable to the size of the structure. Among the 

many different approaches developed, few of them exhibit engineering feasibility because 

of the low reliability in locating the damage and the requirement of complicated modeling, 

intensive computation and sophisticated transducers and instrumentation. The other 

category is the acoustic signature approach. Incipient damages, such as tiny cracks and 

loosened joints in structures can be detected more effectively by a measurement of stress 

wave propagation and reflection. A higher frequency range should be used in order to 

enhance the ability to detect damage at a microscopic level, as the wavelengths need to be 

short enough to be contained within the size of the damage. However, this technique 

needs special transducers that are able to acquire the acoustic signature of the structure in 

the hundred kilo-Hertz range, which is beyond the operation range of most conventional 

transducers such as accelerometers and force gauges, or impedance heads, etc. 

Furthermore, in order to implement a real-time monitoring system on a large structure 
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with hundreds of spots that need to be sensed, the sensor system must be non-intrusive to 

the structure being monitored. 

As shown in the previous chapters, the piezoceramic active sensor along with electric 

impedance measurement, once again provides a solution for this challenge. The surface- 

bonded PZT active sensor is able to non-intrusively interrogate structures at an ultrasonic 

frequency band that is essential to the detection of incipient damage. They also feature 

low electric power consumption and negligible weight and stiffness compared to the 

structures. This makes a multi-location and real-time health monitoring of large structures 

practically feasible. 

4.2 Structural Signature Acquisition by Electric Impedance 

Measurement 

The model of the electromechanical interaction of the actuator with the structure, once 

again, is to be modified to accommodate the needs of this new application, as shown in 

Figure 4.1. The governing equation in terms of the structural impedance, Z,, is presented 

Z(3) 

oo (2) 
x ft) 

  

  

    

  

  

      

Figure 4.1 Impedance model of electromechanical coupling 
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here again for the convenience of discussion: 

Z,(@) Y, = imafe 7, (1- )~ 7 a) + Za) (45,)’Y], (4.1) 

where all the definitions remain the same as in previous chapters. Here, the first term in 

Equation (4.1) is the capacitance admittance of a free PZT, and the second term is the 

result of the electromechanical interaction of the PZT with the structure. For a PZT 

actuator bonded to a structure, Z, is a known linear function of the frequency. Therefore, 

this coupled electric admittance is uniquely determined by the structural impedance Z, at 

the point of attachment. In other words, the admittance Y, fully maps the structural 

signature through electromechanical interaction. Equation (4.1) can also be rewritten as: 

  

Y, = wa(de 33 — y,) + wales; + y;), (4.2a) 

where 

Z7(Z2 + Z7)4+Zi(Zi+Zi 
y, = ¢ r ) r r\2 ) (d,)°¥ (4.2b) 

(Z: + Zi) +(Z! +Z7) 

and 

2:(Z) + 25) - 2) (Z, + Z2) 
yi (Z' + Zr)? +(Zi + zy? (d3,)’Y. (4.2c) 
  

y; and y, are the coupling terms of the electric admittance; Z’,Z’,Z‘ and Z‘ are the real 

and imaginary parts of the structure and actuator impedance, respectively. As one can 

see, either y, or y, uniquely represents the signature of the structure and may be used to 

identify the structural damage. In practice, it is found not necessary to strip the 

Capacitaive components of the electric admittance. Instead, they may be directly used for 
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damage assessment. It is also found that the real part of the admittance is more sensitive 

to the structural damage and more reliable for damage assessment. The mechanism of this 

phenomenon is that the structural damage, as a friction-damping source, will result in 

more real power consumption for vibration. The real power consumption is related to the 

real part of the admittance, but is independent of the imaginary part. Furthermore, the real 

part of the admittance allows for a larger dynamic range than the imaginary part for 

presenting the interaction components. From Equation (4.2a) one can see both the real 

and imaginary admittance of the PZT is a linear function of frequency w, the real part has 

a much smaller slope than the imaginary part as ae,, is much larger than ade,, (6 is 

typically less than 1%). In other words, for the imaginary part, the mechanical modulation 

to the electric admittance will be "drowned" in the baseline of the capacitance. This may 

reduce the resolution in signature pattern identification. Therefore, for signature 

identification purposes, the real part of the admittance is preferable. 

4.3 Health Monitoring of a Space Truss Structure 

4.3.1 Truss Structure And Instrumentation 

Damage detection by signature pattern identification is based on the fact that the 

mechanical point impedance of a structure, or the electric admittance of the active sensor, 

which is functionally equivalent in this case, is a function of the structural integrity. Each 
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part of the structure contributes to the impedance to some extent. Any variation in the 

structural integrity will generally lead to changes in the measured electric impedance of the 

sensor. In a solid structure or a structure with high spatial mass density, however, there 

is little feasibility for implementing this approach as the stress wave may propagate 

eventually in infinite numbers of paths. On the other hand, an assembled truss provides an 

ideal test bed for this approach because of its unique structural configuration. 

Figure 4.2 is a typical 3-bay aluminum Brussels space truss. The truss consists of tube 

struts, and spherical balls, called Delrin balls. | Each strut member has a threaded 

connector on both ends. The members are assembled by Delrin balls through its threaded 

tape holes to form an interconnected frame. For a node, the connection of each strut 

        
Figure 4.2 Assembled 3-bay truss 
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member to it can be considered as a boundary support independent of the others. The 

variation of the boundary condition in any member connected to this node can be detected 

through the change in the mechanical signature of the ball. The damage of the truss in 

testing is simulated by loosening the connector thread so that the test can be repeated over 

and over. The structural details and instrumentation are illustrated in Figure 4.3. 
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Figure 4.3 Test set-up and instrumentation for truss structure. 

Eight PZT sensors of 7x7x0.19 mm are bonded to ball A through ball H, respectively. All 

the sensors are hooked up to a relay switch box multiplexed by a PC through its parallel 

port. Each sensor is switched on to the HP4194A electric impedance analyzer in turn for 

measurement of its electric impedance. The data is then transferred to the PC through a 
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GPIB bus for numerical processing, and the result regarding the integrity of each node is 

graphically displayed on the screen. All of the control, communication and display are 

coordinated by a dedicated program written in QBASIC. The impedance patterns of each 

sensor under healthy conditions and severe damage conditions are taken and saved in 

advance. Their difference in frequency domain is calculated and saved as a reference for 

evaluating damage. An appropriate threshold is predetermined based on the large quantity 

of test data statistically processed. 
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Figure 4.4 Flow chart of the automated health monitoring control algorithm. 
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During the scanning of each node, if the relative deviation in the electric admittance 

pattern of a node is found to exceed the threshold, the corresponding graphic node(s) on 

the monitor screen will change color and an audio alarm signal will be given at the same 

time. Entire scanning of all eight nodes takes about 1.5 minutes. The system flow chart is 

given in Fig. 4.4. The monitoring parameters, such as frequency range, sweep rate and 

excitation signal level, can be remotely set up from the computer. The frequency band 

from 80 kHz to 120 kHz for this truss is selected as it is found to be fairly sensitive to the 

integrity of the nodes. 

4.3.2 Damage Index 

The signature deviations may be quantitatively described by a damage index, defined as 

the area difference between the signature patterns of a healthy structure and a damaged 

Structure normalized to a preset (reference) value. This value is determined by the 

maximum signature pattern variation that could possibly occur. For the truss, this is the 

difference between a completely loosened connector and a securely tightened connector. 

As the signature pattern of a ball at an ultrasonic band exhibits a nearly random nature, the 

mean-square algorithm is used to calculate the relative deviation (RD): 
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> (Rey) - Re(¥2))? 
RD. == 

é 
  

> (R(X) - Re(¥4))? 
Js , (4.3) 

where Y; and Y; are the admittance of each PZT sensor at frequency interval j. The first 

subscript i indicates the ith connector; the superscript 1 designates the status of a_ ball 

under interrogation, with 0 signifying a healthy condition. Y, and XY are the admittance 

when connector 1 is seriously damaged (completely loosened) and when it is in good 

condition (tightened), respectively. N is the number of frequency intervals which is 401 

for the HP4194A analyzer. As the PZT sensor is deliberately placed closer to the first 

connector of each node, it is generally true that the RD; is equal to or less than the unit. 

This notation will be found convenient for the description in damage assessment. During 

the monitoring, if the damage index of a node is found to be excessive, it is safe to say that 

there is something wrong with this node, or with its surrounding strut members. 

4.3.3 Localization of Damage Sensing 

A question occurs at this point as to how reliable this damage index is in representing the 

true damage level of the node being interrogated. Will it be contaminated by the damage 

or structural variation of other nodes? Will the normal operating condition change, such 

as the static loading or boundary condition of the whole structure, result in any significant 

variation in the index? To have a full understanding of this issue, the detection range of 
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the sensor has been experimentally investigated. The node A is selected as a check point 

as it is in the middle of the truss. The electric admittance of the PZT at node A are taken 

when connector 1 at node A is tightened and then completely loosened. Their difference is 

calculated as the denominator of the damage index (RD). The electric admittance of the 

PZT actuator is then measured repeatedly when each connector at node A to H is 

loosened by 1/4 turn. The electric admittance are given in Appendix B, from which it can 

be seen that the influence of each connector on the electric admittance decreases rapidly 

with increasing distance from the node A. The graphic summary of a quantitative analysis 

based on the previous definition of RD is given in Figure 4.5. The signature variation 

resulting from loosening connector 1 at node A is taken a reference. By definition, RD 

for connector 1 at node A is a unit while other RDs are less than one as the impact of a 

loosened joint is expected to decay with distance. 

Figure 4.5a shows the average RD for all connectors at each node. The horizontal 

coordinates 1-7 correspond to nodes A-G. It can be seen that the impedance of node A to 

which the PZT sensor is bonded is heavily impacted by the conditions of its adjacent 

members. Comparatively, the impedance is much less influenced by the conditions of the 

members at nodes B, C, D and E (average RD one order lower). For nodes F and G, this 

influence becomes even more trivial as they are both two struts away from node A. Figure 

4.5b shows the deviation of the RD with 4 adjacent members at each node. All the 

members directly attached to node A exhibit much greater influence than the members 
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attached to other nodes with no exception. This shows a clear picture of the sensing range 

of the PZT sensor. It is primarily limited to the immediate vicinity of node A. The 

integrity at other nodes make little contribution to the signature pattern of node A. This 

"locality" of the detection enables us to monitor a truss on a One-to-one basis, that is, each 

sensor is able to only monitor the structural integrity of the node it is residing on and the 

result will not be contaminated by the damage occurring elsewhere. 

Similar vibration localization phenomena on periodic structures, that is, the structures 

made of identical substructures or bays, have previously been investigated and reported 

(Bendiksen, 1989; Bouzit and Pierre, 1993). For an assembled truss, the localization 

effect of sensing may be interpreted by the friction damping at each joint connection, the 

net configuration of the truss structure and: the local vibration modes at ultrasonic 

frequencies (Sun et al., 1994). First, all the joint surfaces of each member constitute 

friction dampers in series. The stress wave generated at node A by the active PZT sensor 

is completely constrained in the line of a member during its propagation, and is forced to 

pass each damper along the way out. This damps out the stress wave much more quickly 

than it would in a solid continuum and allows little energy to be transmitted to 

neighboring nodes. As the detection of the structural damage depends on the reflection of 

the stress wave back to node A, the stress energy level at the location of damage is critical 

to the sensitivity. Second, the radiation configuration of the truss structure dissipates the 

Stress energy exponentially and three dimensionally. As one of the supporting borders to 
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node A, each immediate strut member provides its share (1/m, where m is the number of 

members connected to the node) of boundary impedance to the node ball. This share of 

mechanical impedance in turn consists of the impedance of this member and the impedance 

provided by all the members at the neighboring node (for instance, node D). Therefore, 

the impedance contribution of each member at node D to node A is approximately 

(1/m)?. For a node n members away from node A, the contribution would be 

approximately (1/m)**’. Finally, this sensing locality can also be interpreted as the result 

of ultrasonic excitation. Under such high frequency, no vibration will appear except the 

local modes, which will cause little deflection of the node ball beyond its immediate 

vicinity. 

The sensing localization phenomenon greatly facilitates the determination of damage 

location in a complex structure as well as the determination of an appropriate threshold for 

damage assessment. It also allows for a quantitative assessment of the damage severity to 

some extent. For a particular structure, once the maximum possible "noise table" from 

other node is determined (in this truss, it is less than 5%), it is natural to set the threshold 

for alarming above that value. The damage extent may be roughly estimated by the 

variation in the damage index between unit and the noise table. The extent of the damage 

in this truss case is simulated by controlling the number of turns when loosening a 

connector. 1/4 turn is made to all the connectors during the above localization test. Then 

an additional 1/4 turn is made to the 4 connectors around node A. As a result, the RD 
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values for these members increase, as shown by Figure 4.5c. However, as one can see, 

this positive correlation does not occur consistently with all the members. For connector 

3, the RD almost remains the same, not to mention the proportionality. This result implies 

that trying to assess the damage extent quantitatively by simply reading the RD value is 

generally not promising. It seems more realistic to establish threshold values through 

Statistical analysis and make an estimation of the damage extent based only on the status 

of "acceptable or unacceptable." 

4.3.4 Temperature Compensation by Cross Correlation Function 

The material properties of piezoceramic exhibit fairly strong temperature dependency. 

The temperature coefficient of dielectric constant for G1195 PZT is about 0.3%/C°. 

When bonded to a structure, its electric impedance, both the interaction part and the 

capacitive part are subject to change with temperature according to Equation (4.1). In 

addition, the structural property variation with temperature also manifests itself as shift of 

mode peaks in the electric impedance. Experiments show that even a temperature variation 

under a laboratory environment could result in an RD change of the same order as those 

resulting from moderate structural damage. This thermal drift may easily lead to an 

erroneous conclusion regarding the structural integrity if not properly corrected. 
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Instead of pursuing compensation by a secondary compensation sensor, a numerical 

method is sought to solve the problem. Study of the signature patterns shows that there is 

a significant distinction in the electric impedance variation caused by the thermal drift and 

that caused by structural damage. Temperature change causes almost uniform vertical drift 

of the capacitance line and horizontal shift of most structural modes in the electric 

admittance. That is, the entire signature pattern essentially translates vertically and 

horizontally. On other hand, the impedance variation due to structural damage is 

somewhat “local and abrupt” disturbance on the signature pattern without much change in 

baseline. This feature allows for separation and removal of the temperature effect from 

the electric impedance by numerical manipulation. 

Correction for this type of variation is something that is much easier for human 

intelligence than for a machine. The acoustic signature pattern of a structure within the 

ultrasonic band exhibits nearly a random nature. To determine the extent of the horizontal 

(thermal) shift of the impedance pattern, the random function correlation approach is 

employed. The cross-correlation function between two random series is defined as 

(Bendat and Piersol, 1980): 

1 N 

R,,(n) = ve X(r)Y(r+n), (4.4) 

where X and Y are two sets of discrete random time series, and n is the number of data 

points delayed. The cross-correlation coefficient is: 
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Ru (©) (4.5) Pa) = ROR 
where R,(0) and R,(0) are the auto-correlation functions of X and Y, respectively. If X 

is identical to Y, except being delayed by time t, then their cross-correlation coefficient 

Px (t,) must equal to unit. By the same token, if the damage impedance Y, equals the 

healthy impedance X plus a temperature drift of m data points and an uncorrelated damage 

influence, then p,,(nAt) will reach its maximum at a delay nAt. When the electric 

impedance under interrogation is being translated through minus n data points with 

respect to the healthy one, two patterns should completely coincide except for the portion 

resulting from true damage. 

The vertical translation is simply corrected by the difference in the mean value of the 

original and the interrogated patterns. This simple numeric processing greatly reduces the 

temperature effect. Figure 4.6 illustrates the real electric admittance of node A. (a) is the 

original signature and the signature after thermal drift. In this case, the temperature drift 

results in about a 56% change in the RD value due to an ambient temperature variation of 

35°F. Figure 4.6 (b) is the signature after vertical translation. The RD decreases by only 

3%. By applying cross-correlation analysis to them, a horizontal shift of 4 data points is 

detected, as indicated by the peak coordinate of Figure 4.6 (c). The drifted signature is 

then moved forward 4 data points. This brings the RD down to 15% - a level of the noise 
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table of cross talk between nodes whose impact can be easily manipulated by selecting an 

appropriate threshold for alarming. 

Strictly speaking, this cross-correlation-based compensation is valid only when the 

impedance variation is solely due to the temperature change. The effective use of this 

numerical manipulation relies on the fact that the temperature contribution to the 

impedance change is significantly greater than the structural damage. If the damage 

change, which does not follow the simple translation rule at all, is overwhelming, the 

estimated delay n will no longer reflect the true thermal shift, and the correction is 

expected to be less effective, or even collapse. However, this case did not occur in the 

truss experiment. 

4.3.5 Selection of Monitoring Parameters 

4.3.4.1 Frequency Range 

The sensitivity of detection, or the variation in the impedance pattern due to the structural 

integrity change, is closely related to the frequency band. It should be selected to include 

most of the vibration modes of the Delrin ball under its full boundary support, typically in 

the range of a few hundred kHz. Therefore, any structural change in the member will 

manifest itself in the measured admittance of the node as a shifting-up or shifting-down of 
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certain major modes, or a creation or disappearing of certain modes. The frequency 

range is basically determined by trial-and-error ac there is little analytical work that can be 

done regarding the vibration modes of such complex structures at ultrasonic frequencies. 

Experiments show that a frequency band with high modal density is always favorable as it 

generally covers more boundary condition information. In addition to that, higher 

frequency is found to be preferable in localizing the sensing. This is due to the fact that 

structural damping is more effective at high frequency. 

4.3.4.2 Excitation Level 

The voltage level under which the electric admittance is measured and its effects on the 

detection sensitivity and localization has also been also investigated. Excitation levels 

higher than 2.8 V,,, is not available on the HP4194A analyzer, as it is designed for weak- 

field measurement. Therefore, an auxiliary test was conducted on a standard signal 

analyzer (Zonic WCA) to experimentally check the impact of the excitation level on the 

localization effect and sensitivity. The voltage and current of the PZT are externally 

measured and the electric admittance was calculated under different excitation levels. Up 

to 28 V,, excitation is applied, which is supposed to be the top limit of the PZT's linear 

range. There is no noticeable difference observed compared with the result of 2.8 volt 

excitation. This agrees with the theory of linear systems. Therefore, it is safe to say that 

under certain excitation levels, "the sensing radius" is uniquely determined by the 
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structure’s configuration and the location of the PZT. Varying excitation voltage will 

generally not change the impedance pattern except improving the signal-to-noise ratio, 

which may improve the capability of identifying weak modes. However, the PZT material 

properties are known the functions of electric field intensity. A further increase in 

excitation level will certainly result in a noticeable difference in the baseline of the 

admittance. This should be avoided in the selection of the voltage level when high voltage 

levels are available with the analyzer. 

Summary 

Multi-location and real-time health monitoring of large space structures can be feasibly 

implemented by the use of surface-bonded PZT active sensors and electric impedance 

measurement. The high sensitivity of the surface-bonded active PZT sensor is the key to 

the detection of incipient damage. Localization of the sensing plays an important role in 

the damage location determination of a real-world structure. The tiny size and negligible 

weight of the sensors allow for non-intrusive and permanent monitoring of the structure. 

The system uses a simple statistic algorithm for signature pattern identification, minimizing 

computation facilities. The thermal drift of the electric impedance of the embedded PZT 

sensors can be effectively corrected for by a cross-correlation function approach. 

However, the assessment of damage severity at a higher resolution still need to be 

investigated. 
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Chapter 5 

Determination Of Electromechanical Energy Conversion 
Coefficients of PZT Actuators 

The energy conversion efficiency of a piezoelectric actuator is of great interest for those 

involved in active vibration control of aerospace structures by means of embedded 

actuators, as the power consumption and weight of the power supply are a major concern. 

The electromechanical coupling coefficient of PZT, although related, does not represent 

the overall efficiency of a transducer as it does not take into account the electrical and 

mechanical losses. An experimental scheme for the determination of the conversion 

efficiency of a PZT stack actuator is presented. It directly measures the input and output 

energy under impulsive actuation and calculates the efficiency by its definition. A 

commercially-available stack actuator is investigated. The data thus obtained represent 

the overall efficiency of a PZT stack actuator for impulsive actuation or steady-state 

actuation at its resonance frequency. It is significantly lower than its nominal material 

coupling coefficient, but higher than that calculated by the resonance-antiresonance 

method. 

5.1 Motivation 

The energy consumption and the energy conversion efficiency of a piezoelectric actuator 

used in an active control system are one of the most fundamental concerns regarding the 
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viability of active control for applications that are weight and volume sensitive, such as 

noise control of aircraft and vibration reduction of space structures. A substantial research 

effort has been made in the last few years to understand the energy allocation within 

capacitive piezoelectric actuators during actuation. Recent efforts involve analytical 

investigation of the energy efficiency of embedded PZT actuators (Liang, Sun and Rogers, 

1994; Stein, Liang, and Rogers, 1993). The power consumption of an integrated PZT 

stack actuator has been also studied (Flint, Liang and Rogers, 1994). The previous 

research shows that the actual efficiency of a PZT actuator is always lower than what the 

nominal conversion efficiency, or the coupling coefficient of the material, implies under 

dynamic operation. However, little has been done to experimentally determine the actual 

efficiency of a PZT actuator by either researchers or manufacturers. 

The energy conversion efficiency of a reactive transducer involves both reactive power 

and dissipative power. To improve the total efficiency, we need to improve the power 

factor and reduce the power dissipation of the transducer. Piezoelectric actuators are 

typically driven by a high-voltage amplifier to maximize the displacement output. For ac 

operation, being able to know the true energy conversion efficiency of an actuator is of 

great interest to engineers who need to choose an appropriate power supply. An ac 

amplifier that has high output voltage usually provides very limited current. The power 

consumption of a PZT actuator is proportional to the operating frequency. Saturation of 

an amplifier occurs when the actuator is trying to draw too much current. This saturation 
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frequency depends on the apparent power rating of the amplifier once the efficiency and 

power factor of the actuator are known. If the required mechanical powez from the 

actuator is known, the minimal power rating of the amplifier can be estimated by the 

actuator efficiency. 

The electromechanical coupling coefficient of piezoelectric material, when operated in 

direct mode, is defined as: 

  

k=   
| mechanical energy converted (5.1) 

electric energy applied 

A k value of 0.7, which is typical for many PZT materials, means that for each Joule of 

electrical energy applied to a PZT, one-half Joule is converted into the mechanical strain 

energy of the PZT as it expands or contracts under an electric field. The other half Joule 

will remain in the PZT as electrical field energy. Apparently, the coupling coefficient is 

related to the power factor, but not to the dissipation. The coupling coefficient is typically 

determined by measuring the resonance and antiresonance frequencies of a PZT specimen 

with a standard geometry. The coefficients thus obtained do not represent the overall 

efficiency of the electromechanical transduction of the PZT actuator, since they do not 

take into account the electrical and mechanical dissipation of the PZT. Furthermore, the 

coupling coefficient is a constant, but the actual conversion coefficient of a reactive 

actuator is a function of frequency. The interesting thing is that while the power factor 

and the dissipation play a opposite roles in the overall efficiency, both peak at the 
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resonance frequency and minimize at the off-resonance frequency of the actuator. Thus, 

the improvement in the efficiency by the power factor increase may be canceled ut 

partially by the increase in dissipation at resonance frequencies. A low power factor at 

off-resonance may still lead to a good overall efficiency because of low dissipation. In 

addition, commercial PZT actuators typically have steel casing. This introduces additional 

mechanical dissipation and structural dynamics and further lowers the conversion 

efficiency. As a result, the overall efficiency is a complicated function of the coupling 

coefficient, operating frequency, material dissipation and structural dynamics. For an end 

user, an overall conversion efficiency that is experimentally determined in a situation close 

to the real application and that has taken into account all the influencing factors is more 

meaningful than an analytical estimation. 

Direct measurement of energy transduction and determination of the efficiency by its 

definition eliminate all unknown factors and result in data that is more representative of 

the performance of an actuator in a real application. The approach presented is based on 

the general principle of energy conservation during electromechanical transduction. The 

conversion coefficient of an actuator is determined by direct measurement of the 

mechanical energy and the electrical energy and indirect estimation of the energy loss by 

the material coupling coefficient and equivalent circuit model. 
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5.2 Determination of Energy Conversion Coefficient of a PZT 
Stack Actuator 

5.2. 1. Principle of Measurement 

The method presented uses the impulsive electrical energy discharge as a vehicle because 

it is easy to obtain a precise measurement of electrical field energy. Figure 5.1 

schematically illustrates the principle of the measurement scheme. A PZT actuator is 

essentially a capacitor (designated by C2) with the capability of converting electrical 

energy to mechanical energy. A working capacitor, C,, charged up by a dc power source 
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Figure 5.1 Determination of electrical energy converted to mechanical energy 

to a voltage, V,, discharges through the actuator when the switch is toggled. The charge 
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and discharge ends when an equilibrium voltage, V. , is reached, and the residual electrical 

energy continues to discharge, but now through the leakage resistance of the capacitance. 

The electrical energy transferring during this process may be determined easily if V, and V. 

are measured. Meanwhile, as a result of the piezoelectric effect, the actuator impulsively 

expands to its maximum deformation and then contracts to its original dimension as the 

discharging through the leakage progresses. The impulsive movement of the actuator also 

builds up kinetic energy in the actuator and the structure being actuated. If all the 

mechanical energy gain and the electric voltages are measured, then the overall efficiency 

of the actuator can be determined. 

5.2.2 Analysis of Energy Allocation 

The energy decrease of the working capacitor, C; ,during discharging is: 

AEN = 3C,(V, ~ V’) , (5.2) 

The total energy converted from electrical form to mechanical form by the actuator can be 

expressed as: 

Em = AE. - Ey, - EA - ED, (5.3) 

where ES, = $C,V° is the electrical field energy stored in the capacitance of the actuator, 

and E*, and E*, are the energies dissipated in the equivalent resistance of the capacitor and 

the actuator, respectively. The superscript e indicates electrical and m mechanical. The 
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total mechanical energy converted splits into three parts: the strain energy of the actuator, 

the kinetic energy of the actuator (including the kinetic energy of the object driven by the 

actuator), and the mechanical dissipation of the actuator: 

Em = Eo, + Epes + Ema: (5.4) Strain 

The total electrical input to the actuator is the energy loss of C; minus the dissipation on 

its internal resistance: 

E; = AES, - Es. (5.5) 

The total efficiency of electrical-to-mechanical energy conversion of the actuator is 

defined as: 

Ki= EM / ES. (5.6) 

Similarly, the coefficients of converting electrical energy to kinetic energy and strain 

energy can be expressed as: 

Ky, = Eqn | EZ, (5.7) 

and 

K, = Ea, | E;, (5.8) 

The percentages of the dissipated energies in the mechanical damping and the electrical 

resistance of the actuator are (E*, will be defined later): 

K, = E,,,, / E:, (5.9a) 

K, = E‘,/ Ei. (5.9b) 
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5.2.3 Test Apparatus 

Figure 5.2 is a schematic diagram of the experimental set-up for the determination of the 

conversion coefficients of a P-245.70 PZT stack actuator made by Physik Instruments. 

The actuator is made of a PZT stack rod 10 mm in diameter, housed in a stainless steel 

casing. The stack rod is prestressed by 5 washes to keep it from being stretched. The 

actuator is vertically mounted on a bulky steel platform. A steel ball is placed on the top 

of the actuator output shaft to determine the kinetic energy output as well as_ the velocity 

of the shaft. A high voltage dc power supply is used to charge a metal film capacitor of 

0.50 MF. The capacitor is switched between the dc power supply (Atomic 1316) and the 

stack for repeated charge and discharge. During the discharge of C;, the shaft of the 

actuator expands momentarily and drives the ball upward into the air. The trajectory of 

the steel ball is monitored by an eddy current proximity probe (Electro PA 11503). The 

strain of the stack is sensed by the built-in half-bridge strain gage (700 £2) and an external 

gage conditioner (Omega P3500). The strain, the trajectory of the ball, the voltage across 

the PZT stack, and the charging voltage are simultaneously recorded by a multi-channel 

signal analyzer (Zonic WCA). Both the mechanical energy gain and the electrical energy 

change are then determined from the recorded signals. The PZT stack is short-circuited 

by a switch to release its residual charge when the impact is over so that the electrical 

charge will not accumulate. 
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Figure 5.2 Schematic diagram of the experimental set-up 

The kinetic energy of the bali gained in impact can be easily found by its peak trajectory, 

h: 

E, =mgh. (5.10) 

The strain energy stored in the stack is: 

E spain = tKetacg (ED 5 (5.11) 

where Kerack is the total stiffness of the stack rod and the preloading washes, e is the strain 

of the PZT rod at the equilibrium voltage, V., and / is the effective length of the stack. 

The stack rod also contains kinetic energy as its one end moves during the actuation, and 

can be expressed as: 
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E, “ zm,(Uy)”, (5.12) 

where m,. is the effective mass of the actuator rod, which is 1/3 of the total mass of the 

rod as one end is fixed, and the velocity varies linearly along its length. uo is the peak 

linear velocity of the actuator, which can be determined by Equation (5.10). 

5.3 Equivalent Circuit Model and Electrical Dissipation 

It is very important to understand that not all the energy reduction of C; during discharge 

is pumped into the stack as indicated by Equation (5.5). In fact, a substantial portion may 

be lost on the internal resistance of the capacitor. Accurate determination of the net 

electrical energy input to the actuator involves the determination of the electrical loss on 

the internal resistance of the actuator. Neither direct measurement nor analytical 

calculation from the discharging curve is feasible in terms of the accuracy, as the 

discharging occurs in a small fraction of milliseconds. However, an estimation can be 

made by use of the coupling coefficient of the PZT material and the equivalent circuit 

models of the capacitor and the actuator. The capacitor may be modeled as an R-C circuit 

since its dc resistance is almost infinite. The actuator can be modeled as an R-L-C 

resonator in parallel with a capacitor, as illustrated in Figure 5.3(a). To verify the models, 

the electrical impedance of the capacitor and the stack are measured by the HP4194A 

impedance analyzer and plotted in Figure 5.4 along with the simulated impedance. Good 

agreement between the two sets of curves indicates that the models are good 
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representatives of the real components for the first resonance mode. The extracted 

parameters of the models are listed in Table 5.1. 

Table 5.1 Equivalent circuit parameters 

  

  

          

R, Q Ci, C2 nF Cs, nF L, mH 

Stack 9.2 502.0 31.6 67.7 

Capa. 17.4 491.1 N/A N/A     
  

Table 5.2 Physical constants of P245.70 PZT stack actuator (Physik Instrumente, 1990) 

  

            
  

  

Max. Coupling Mass density Stiffness 
expansion at coefficient, k33 | of PZT g/cm?® Ketack, N/mm 

1000 V um 

120 0.66 7.7 8,300 

capacitor PZTstackk i" °"° os co 
CO Poa = \ capacitor | ' PZT stack . 

  

R2 

      
  

(a) General equivalent circuit (b) Reduced circuit at resonance 

Figure 5.3 Equivalent circuits of stack and capacitor. 
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The R-L-C branch of the equivalent circuits represents the first mechanical resonance of 
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Figure 5.4 Electrical impedance of the capacitor and stack (__ measured 

simulated) 

(The left plot is the capacitor and the right plot is the actuator) 

the stack. Under the impulsive charging, the branch starts a damped oscillation at it 

resonance frequency. As a result, its complex electrical impedance is simply reduced to 

resistance R2, and the bypass effect of capacitance Cz can also be neglected as its 

capacitive impedance is much larger than Rz. The resultant circuit is two resistors in 

series, as shown in Figure 5.3 (b). The total electrical dissipation, which is unknown yet, 

is then split between R,; and R2. 

c= pe and E%, = pee (5.13) 
R,+R, R, +8, 
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In order to determine the total electrical energy loss, E*, we use the relationship between 

the stored electrical energy and the converted mechanical energy: 

E™ 

ke = | 5.14 » {Ez +E? (-14a) 

2 

E* = E., —, 5.14b t c2 1- ke ( ) 

or 

and then, the total electrical loss can be expressed as: 

Ey = AED - (Ea + EF) 
- oe dl. (5.15) 

= AE ~ En(—) 

1- ks 

By substituting Eqs. (5.13) and (5.15) into Eq. (5.5), the net electrical energy input to the 

stack actuator can be expressed as a function of the electrical energy change of C;, the 

equivalent resistance of the capacitor, and the coupling coefficient of the PZT: 

E; = Et, +E” + Ef, 

. 16 
al * + Ex 2 “i © 

R, +R, (1-k, (R, + R,) 

  

The overall conversion coefficients can be readily calculated by Eq. (5.6) - Eq. (5.9) and 

Eq. (5.16). 
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5.4 Test Results 

The efficiencies of the stack are evaluated at a variety of charging voltage levels, V, , to 

investigate its effect on each coefficient. The coefficients under different mass loading 

(ball masses) are also measured. The results are listed in Table 5.3. 

Table 5.3 Energy conversion coefficients 

Ball diameter 31.75 mm (130.4 g) 

  

  

  

  

  

  

                  

  

  

  

  

  

  

                  

  

  

  

  

  

  

                

V, Ky K, Ky K. K. Ki 
600 0.350 0.104 0.128 0.200 0.450 0.118 
700 0.345 0.113 0.135 0.211 0.445 0.098 
800 0.341 0.120 0.139 0.222 0.439 0.082 
900 0.339 0.118 0.125 0.226 0.436 0.096 

Mean 0.344 0.114 0.132 0.215 0.443 0.098 
Dev.% 0.49 0.71 0.64 1.17 0.62 1.30 

Ball diameter 25.4 mm (66.7 g) 

V, K, K, Ky K. K. Ki 
600 0.348 0.108 0.140 0.204 0.449 0.100 
700 0.344 0.112 0.143 0.214 0.443 0.090 
800 0.341 0.119 0.149 0.220 0.440 0.073 
900 0.335 0.118 0.152 0.234 0.432 0.065 

Mean 0.342 0.114 0.146 0.218 0.441 0.082 
Dev.% 0.53 0.52 0.55 1.25 0.70 1.30 

Ball diameter 19.05 mm (31.8 g) 

V, K, K, Ki K. K. Ki 
600 0.346 0.117 0.159 0.209 0.446 0.070 
700 0.342 0.120 0.161 0.219 0.440 0.061 
800 0.339 0.124 0.176 0.226 0.436 0.039 
900 0.332 0.124 0.169 0.231 0.439 0.039 
Mean 0.340 0.121 0.166 0.221 0.440 0.053 
Dev% 0.61 0.36 0.78 1.00 0.40 1.60 
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Figure 5.5 is the graphic presentation of the mean values of each coefficient when using 

the 19.05 mm steel ball. 
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Figure 5.5 Percentage allocation of energies in PZT stack actuator 

5.5 Analysis of Efficiency 

The test data shows that the overall efficiency of a PZT stack actuator with steel casing 

under impulsive actuation is significantly lower than what its nominal coupling coefficient 

may imply (K;, = 0.43). A substantial portion of input electrical energy (22%) is dissipated 

on the equivalent resistance of the stack, and up to 10% of converted mechanical energy 

is dissipated in structural damping. These high losses are the result of the transient 
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response of the actuator, as shown in Figure 5.5 (a) and (b). The impulsive charge to the 

actuator causes an electrical oscillation of the stack at its resonance frequency. 
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Figure 5.6 Transient response during impact; (a) voltage of actuator; (b) strain of 
actuator 
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The most energy dissipation occurs at the first few cycles and the dissipation continues for 

a fairly long time. This is just like a tuned damper that dissipates energy at the highest 

efficiency. Similarly, the PZT rod is also driven into a transient vibration, and part of the 

converted mechanical energy is lost in structural damping and acoustic radiation. This 

high dissipation occurs only under impulsive actuation. 

For sinusoidal operation, unless operated at a resonance frequency, which is rarely the 

case for a stack actuator, the dissipation should be significantly lower. On the other hand, 

although the resonance oscillation and vibration dissipate a fairly large percentage of input 

energy, the overall efficiency may still be higher than at off-resonance frequency since the 

power factor is at its maximum. In fact, as the equivalent resistance of the PZT stack is 

typically small, the efficiency will be generally dominated by the power factor rather than 

the dissipation. Thus, for a capacitive actuator, the resonance or impulsive actuation is the 

most efficient operation mode. For the actuator being tested, about 34% of the input 

electrical energy is converted to mechanical energy, of which about 15-19%, including 

both the kinetic and strain, is useful for doing external work. Generally, the efficiency will 

be much lower than if the actuator is operated at non-resonance frequencies. 

Table 5.3 also shows a noticeable dependency of the kinetic coefficient on the mass load. 

The highest coefficient, 0.166, is obtained for the 19-mm diameter ball. This is the result 
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of mechanical impedance matching. The 19-mm ball has a mass close to the effective 

mass of the stack (25 gram). A maximum amount of energy is transferred to the external 

structure when the internal and external impedance matches. A higher value might be 

obtainable if a perfect impedance match can be achieved. 

Although most of the coefficients increase with the energizing voltage, the deviation is 

insignificant. This agrees with the fact that a PZT stack is linear within its working 

voltage range and the efficiency should be independent of the driving voltage. 

The resonance-antiresonance method estimates the conversion efficiency of a rod PZT 

actuator by the following formula (Ikeda, 1990): 

K2 = Se tah aby, (5.17) 
2f 2 f 

where f, and f, are the antiresonance and resonance frequencies of a rod PZT actuator, 

respectively. For the stack actuator mounted on the test fixture, f, and f, are 3551 Hz and 

3442 Hz, respectively, for the first mode, as shown in Figure 5.4. The corresponding 

coefficient is 7.8%, which is lower than K, (=0.12), the ratio of the stored mechanical 

energy to the input electrical energy obtained above. It is assumed that Equation (5.17) 

underestimates the conversion efficiency in this dynamic case as the resonance- 
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antiresonance method essentially predicts the conversion coefficient under a static 

situation. 

Summary 

An experimental scheme for determination of the electromechanical conversion efficiency 

of a PZT stack actuator is presented. It is based upon a direct measurement of both 

electrical input energy and mechanical output energy and calculation of the conversion 

factor by definition. The results show that the overall efficiency of a PZT stack actuator 

with steel casing under impulsive actuation can be significantly lower than what its 

nominal coupling coefficient may imply. A substantial portion of input electric energy as 

well as converted mechanical energy is dissipated on the resistance of the stack and in 

structural damping as a result of transient response. The useful portion of the input 

energy, including kinetic and strain, seems no more than 20% in general. This value gives 

an upper bound of the efficiency of the stack. For sinusoidal actuation, although not 

directly investigated in this work, the coefficient is expected to be lower for any off- 

resonance frequencies. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

In this thesis, a novel approach of utilizing surface-bonded PZT active sensors or 

collocated sensor-actuators, along with measurement of coupled electric impedance, is 

presented. It provides a powerful non-intrusive tool for the acquisition of the structural 

dynamic or acoustic signature. As the core of the approach, a mathematical model 

governing the electromechanical interaction of the PZT actuator with the structure is 

derived, and explicit expressions for the mechanical mobility in terms of measured electric 

admittance are developed. The stiffening effect of the actuator on the structures is fully 

discussed and a solution is provided by use of mechanical impedance modeling. Two 

applications of the approach are presented in detail: structural modal analysis and 

structural health monitoring. As a general issue for PZT sensor-actuators in applications 

where a high power-to-weight ratio is critical, the electrical-to-mechanical energy 

conversion efficiency was experimentally investigated. The principle conclusions are as 

follows: 
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An active PZT sensor is a device that can sense the structural response while 

conducting excitation through its piezoelectric effect. These functions may be carried 

out by use of an electric impedance analyzer. 

It is feasible to extract mechanical mobility from the measured electric admittance of 

active PZT sensors that are bonded to the structure under investigation. Due to the 

electromechanical interaction of the actuator with the structure, the electric admittance 

is modulated by the mechanical mobility (frequency response function) which may be 

extracted by a multi-input, multi-output model. 

The electric admittance approach provides an efficient and easy tool for acquisition of 

structural mobility. It reduces the number of transducers and the amount of 

instrumentation, simplifies the procedure, and reduces the costs compared to most 

other conventional methods. 

Acquisition of structural mobility through electric admittance is basically non-intrusive 

to the structure being tested, as the weight and stiffness of a PZT patch are usually 

negligible compared to that of the structure. This limited stiffening effect may be 

further removed by use of a mechanical impedance model if it is necessary. 

The electric admittance approach can be directly used for structural modal testing. 

The modal parameters, such as natural frequencies and modal damping, can be 

extracted from the electric admittance. The approach is especially suitable for 

structures that are light and flexible such that their modal parameters are extremely 

sensitive to the attachment of transducers. 
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¢ Active PZT sensors, along with electric admittance measurement, demonstrate an 

excellent feasibility for structural health monitoring. The deviation of coupled electric 

admittance is closely related to the structural integrity. The high sensitivity of the PZT 

sensor enables us to detect incipient damage in the structure with a minimal power 

requirement. The phenomenon of sensing localization allows for the determination of 

damage location in complex structures. However, ultrasonic frequency excitation is 

essential to the sensing localization. 

* The temperature dependency of the PZT sensor may result in large errors when the 

PZT sensors are used for structural health monitoring. However, the errors can be 

effectively corrected by using a numerical approach based on the cross-correlation 

function. 

¢ The overall energy conversion coefficient of a PZT stack actuator is found to be 

significantly lower than what the coupling coefficient implies. The major causes for 

this are the low power factor and the high electrical and mechanical dissipation during 

the actuation. 

6.2 Recommendations 

° The electric admittance approach for FRF extraction is a general method. It can be 

used for either 1-D structures, such as beams, or 2-D structures, such as plates. 

However, the model for the PZT sensor-actuator is one-dimensional. Unless the 

vibration modes of the structure are well-separated, which is not always the case for 2- 
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D structures, the electric admittance measured includes the contributions from two 

perpendicular directions, and the model may not be valid for the extraction of FRF for 

two-dimensional structures. If the approach is to be employed for plate or shell 

structures, a model of two-dimensional interactions needs to be developed such that 

the derived electric admittance of the sensor will include the flexural vibration modes 

along both directions of the structure. 

An analytical verification of the extracted in-plane mechanical mobility needs to be 

conducted by either finite element method or classical elasticity approaches. 

Although the scope of the sensing localization has been proven to be independent of 

the excitation level within the linear range of the structure, the effect of the voltage 

dependency of the PZT properties on the sensing reliability and sensitivity is not clear 

yet. Future work will involve the determination of the optimal excitation level for the 

highest signal-to-noise ratio of the structural signature and sensing scope with known 

structures. This will require an electric impedance analyzer with many higher levels of 

voltage output. 
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Appendix A_ Extracted mechanical mobility of a free-free aluminum beam 
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Appendix B Electric admittance of a PZT active sensor mounted on the truss 
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RD(g1)=0.001534 hz x105 RD(g2)=0.0002591 hz x105 

2.5 X104 + ~ 2.5 X104% : 

5 
e 
2 
od 
= 
~_ 
w 

S 
0.5 el —_— i 0.5 dh a | a | 

0.8 0.9 1 1.1 1.2 0.8 0.9 1 1.1 1.2 
RD(g3)=0.006943 hz x105 RD(g4)=0.01931 hz x105 

Node G 

(The electric admittance when each strut at Node G is loosened) 
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