
 

 6 

Chapter 2 

 
 

Background 

 

 
This chapter presents background on structural vibration suppression with smart 

materials.  Given first are background details on piezoelectric materials and a brief 

explanation of piezoelectric theory.  Also provided is information on the attachment of 

piezoceramics to structures.  Next, a comprehensive literature review is provided in the 

areas pertaining to this research.  Following the literature review are discussions of the 

shunt circuit design and the shunt circuit tuning methods.  Finally, the procedure for 

tuning the active control system and information regarding positive position feedback are 

discussed.  

 

 

2.1  Piezoelectric Background and Theory 
 

Piezoelectric materials (PZTs) are materials that can transfer mechanical energy to 

electrical energy and electrical energy to mechanical energy.  This effect, which is known 

as the piezoelectric effect, is defined in the Encarta Concise Encyclopedia [2]: 

 

the appearance of an electrical potential across some faces of a crystal 
when it is under pressure, and of distortion when an electrical field is 
applied.  Pierre Curie and his brother Jacques discovered the effect in 
1880.  It is explained by the displacement of ions, causing the electric 
polarization of the crystal’s structural units.  When an electrical field is 
applied, the ions are displaced by electrostatic forces, resulting in the 
mechanical deformation of the whole crystal.  Piezoelectric crystals are 
used in such devices as the transducer, record-playing pickup elements, 
and the microphone. [2] 
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Although the Curie brothers discovered the piezoelectric effect in 1880, it was not 

fully used until the 1940s [3].  At this time, high input impedance amplifiers enabled 

engineers and scientists to amplify their signals and make use of piezoelectric materials 

[3].  In the 1950s, the piezoelectric effect became commercialized with the advent of 

electrometer tubes. 

Piezoelectric materials are active electrical systems having crystals that produce 

an electrical output when they experience a load change.  This effect occurs naturally in 

quartz crystals, but can be induced in other formulated materials.  The most common 

material with this effect is a specially formulated ceramic consisting of Lead, Zirconium, 

and Titanium (PZT).  Heating this mix of metals to its Curie temperature activates these 

PZT materials.  At this temperature, a voltage is applied in a desired direction, realigning 

the ions to an axis known as the “polling” axis.   When the material cools, the ions 

remember this polling axis and act accordingly.  Figure 2.1 shows some of the symbols 

and terminology of piezoelectric materials [1].  

Piezoelectric materials (PZTs) are used in a wide variety of applications both in 

and out of the laboratory.  These applications range from the control of aerospace 

structures to the development of biomechanical devices; essentially, piezoelectric 

materials are used wherever accurate measurements are required.  Table 2.1 provides a 

list of piezoelectric material applications [3].  Additional applications include the 

development of baseball bats, tennis rackets, and skis with embedded piezoelectric 

materials [4].  These additional applications use piezoelectric materials to reduce 

vibrations, whether they arise from an initial impact or some random excitation. 
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Figure 2.1.  Piezoelectric Symbols and Terminology [1] 
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Table 2.1.  Applications of Piezoelectric Materials [3] 

Application Description 
Aerospace Modal testing, wind tunnel and shock tube 

instrumentation, landing gear hydraulics, 
rocketry, structures, ejection systems and 
cutting force research. 

Ballistics Combustion, explosion, detonation and 
sound pressure distribution. 

Biomechanics Multi-component force measurement for 
orthopedic gait and posturography, sports, 
ergonomics, neurology, cardiology, and 
rehabilitation. 

Engine Testing Combustion, gas exchange and injection, 
indicator diagrams, and dynamic stressing. 

Engineering Materials evaluation, control systems, 
reactors, building structures, ship 
structures, auto chassis structural testing, 
shock and vibration isolation and dynamic 
response testing. 

Industrial/Factory Machining systems, metal cutting, press 
and crimp force, automation of force based 
assembly operations and machine health 
monitoring. 

Original Equipment Manufacturers 
(OEMs) 

Transportation systems, plastic molding, 
rockets, machine tools, compressors, 
engines, flexible structures, oil/gas drilling 
and shock/vibration testers. 

 
 
 
 

2.2 Literature Review 
 

This section presents a literature review of research in the area of structural vibration 

suppression with smart materials.  The specific areas targeted in this search included 

piezoelectric materials, structural vibration, passive control with piezoelectric materials 

and shunt circuits, active control with piezoelectric materials, and active control using 

positive position feedback as the control law.  Figure 2.2 shows the flowchart that was 

followed in this literature search.  The blocks in this flowchart represent the some of the 

keywords or phrases that were used to locate journal papers or any other relevant 
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information on structural damping with smart materials.  The number in parenthesis 

under the keywords and phrases represent the number of matching research topics found 

through the search.  This literature search was conducted using the EI COMPENDEX 

databases through the Virginia Polytechnic Institute and State University Libraries.  

These databases are a leading source for information pertaining to science and 

engineering research.  A summary of the literature search results follows.   

 

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 

Figure 2.2.  Flowchart for Literature Search 
 
 
 

2.2.1 Control of Structural Vibrations with Smart Materials 
 

Piezoelectric materials have become very important in active structural control 

applications, both as sensors and actuators [5].  These materials possess certain properties 

that make them useful as sensors and actuators in passive and active control systems.  

That is, piezoelectric materials have the ability to transform mechanical energy to 

electrical energy and vice-versa.  The technology of smart materials has been applied to a 

Structural Vibration 
(597) 

PZT (incl. Piezoceramic, Piezoelectric) 
(29,135) 

Control of Structural  Vibrations with PZTs 
(16) 

Damping with PZTs 
(227) 

Passive Damping with PZTs 
(25) 

Active Control/Damping with PZTs 
(35) 

Passive Damping Using PZT Shunt Circuits 
(24) 

Active Control with Positive Position Feedback 
(17) 

Comparison Between Active Control (w or w/o PPF) and 
Passive Control (w or w/o shunt circuits) 

(0) 
Structural Health Monitoring 

(112) 



 

 11 

variety of structures for the purpose of vibration suppression.  Most of the research in the 

application of smart materials consists of passive and active control strategies for 

vibration and noise suppression. 

 

 

2.2.2  Passive and Semi-Active Control Strategies for Vibration Suppression 
 

The passive control strategies for smart materials consist almost entirely of various shunt 

circuit techniques.  In one particular study, Lesieutre reviewed research in the use of 

shunted piezoelectric materials for vibration damping and control [6].  Lesieutre 

describes the four types of shunt circuits: resistive, inductive, capacitive, and switched.  

These four different types of shunt circuits can be seen in Table 2.2.  According to 

Lesieutre [6], each type of shunt circuit exhibits its own type of behavior:  a resistive 

shunt dissipates energy through joule heating, which provides structural damping; an 

inductive shunt is analogous to a mechanical vibration absorber (tuned mass damper); 

and a capacitive shunt changes the effective stiffness of piezoelectric elements; a 

switched shunt offers the possibilities of controlling the energy transfer to reduce 

frequency dependent behavior.  Table 2.2 lists the different types of behavior that each 

shunt circuit exhibits. 

 In an earlier study published in 1991 [7], Hagood and von Flotow investigated the 

possibility of dissipating mechanical energy with piezoelectric materials shunted with 

passive electrical circuits.  There were two cases studied: the case of a resister alone and 

that of a resistor and an inductor.  Their results showed that in resistive shunting, the 

material properties have frequency dependence similar to viscoelastic materials.  The 

resistor and inductor shunt circuit introduces an electrical resonance, which can be 

optimally tuned to structural resonances, similar to a mechanical vibration absorber.  It is 

worth noting that Kristina Jeric used this parallel resistor-inductor shunt circuit design in 

her study of shunted PZTs [1].  Hagood and von Flotow [7] also present a method of 

obtaining modal damping analogous to a one-degree-of-freedom (1 DOF) system with a 

piezoelectric component in parallel with the system stiffness.  This modal mass and 

stiffness method can be expanded to represent the modal mass and stiffness of a multi-



 

 

degree of freedom system.  Figure 2.3 shows a single degree of freedom system for the 

prediction of the system modal damping [7].   

 
 

Table 2.2.  A Classification of Different Types of Shunt Circuits [6] 
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 In a similar study, Hagood et al. conducted research in the design of a passive 

control system for space structures [8].  In this paper, Hagood et al. presented the results 

of the application of resistively shunted piezoelectric circuits on a 5000 kg structure, the 

ASTREX space structure.  It was noted that the total weight of piezoelectric material 

applied to the test-bed was approximately 0.5 kg.  The motivation behind this research 

was to use piezoelectrics for vibration suppression instead of the conventional 

viscoelestic or viscous damping schemes.  Although a small amount of damping material 

was applied to the structure, significant damping of the structural modes was achieved.  

However, the authors did note that it was difficult to channel a large fraction of strain 

energy to residual parallel and series non-piezoelectric stiffnesses. 

 In another study [9], Davis and Lesieutre present a modal strain energy approach 

to predict piezoceramic damping.  Davis and Lesieutre state that there is a minimum level 

of passive damping required for stable broadband linear-time-invariant (LTI) control of 

uncertain structural dynamic systems.  They suggest the use of piezoceramics in 

conjunction with tuned electrical circuits to provide this passive damping.  In other 

words, the authors suggest that the augmentation of passive piezoelectric damping could 

provide better stability to actively controlled systems for vibration suppression.  In 

addition, Davis and Lesieutre discuss the use of the fraction of strain energy found in a 

piezoceramic piece as a guide to the location of piezoceramics on a structure.  The results 

of their experiments show that damping as high as 0.19% was achieved for a single 

mode.  To achieve this damping, multiple piezoelectric actuators were used in this study. 

 In a study of structural damping and vibration control using smart materials, Wu 

presents the results of a piezoelectric element shunted with a parallel resistor-inductor 

circuit [10].  Wu states that by properly tuning the inductor, such that the parallel circuit 

of the inductance and the PZT capacitance become anti-resonant at the natural frequency 

of the structure, the reactive component of the parallel impedance at that frequency 

becomes infinity or “open circuited.”  A resistor can then dissipate the structural energy.  

In addition, Wu presents another method for tuning shunt circuits:  where the inductor, 

resistor, and the piezoelectric capacitor are all connected in parallel for the tuning 

process.  With this particular shunt circuit configuration, Wu states that the tuning 

process of the circuit’s frequency with the inductor, and the optimum amplitude reduction 
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of the vibration mode with the resistor, can be operated independently.  According to Wu, 

the parallel resistor-inductor circuit is easier to tune and more practical than many of the 

other shunting techniques. 

 The parallel resistor-inductor shunting technique has received much attention in 

the area of structural vibration and noise suppression.  To further investigate the 

advantages of this technique, Wu and Bicos conducted experiments and developed an 

improved piezoelectric shunting method that uses a parallel resistor-inductor circuit [11].  

The authors describe this technique as a simple and low cost method of vibration 

suppression.  In addition, the results of their experiments show that it is more difficult 

and time consuming to tune a shunt circuit with a resistor and inductor circuit in series.  

The improved technique that they propose is a shunt circuit where the resistor and 

inductor are in parallel with each other and with the piezoelectric.  With the parallel 

resistor and inductor circuit, Wu and Bicos achieved vibration reductions in a resonant 

response of more than 17 decibels. In these experiments, the authors used eight 

piezoelectric actuators embedded in a composite plate to achieve the given results. 

 At NASA Langley Research Center, McGowan conducted a study that pointed 

out some of the disadvantages with active control, and how passively controlled shunt 

circuits are a viable alternative [12].  In her research, she points out that there are two 

important issues that need to be considered in using piezoelectrics as actuators for active 

control systems:  (1) they usually require large amount of power for operation, and (2) the 

complexity of the hardware involved with active control (added hardware, control law 

design, and implementation).  McGowan argues that passive damping with shunted 

piezoelectrics requires simple electrical circuitry and very little power.  Her research 

examines the feasibility of using shunted piezoelectrics with a parallel resistor-inductor 

circuit as an alternative for reducing an aeroelastic response called flutter. 

 Although many scientists and engineers recommend either passive or active 

control for certain applications, there are some instances when hybrid systems provide 

the best solution for vibration suppression.  Kahn and Wang [13] present the results of an 

active-passive hybrid network for structural vibration control.  This system integrates an 

active control system with a voltage source and a passive shunt circuit.  The advantage of 

such a system is the increase in the overall stability of the active control system.  The 
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particular hybrid system that Kahn and Wang used in their experiments optimizes the 

active control gains and the values of the shunt resistor and inductor.  The method that 

Kahn and Wang proposed required significantly less power, and reduced the control 

effort required by the active source.  However, most of the smart materials applications 

found in this literature search used an active control system to accomplish the structural 

vibration suppression.   

In addition to hybrid controllers, some control systems incorporate semi-active 

adaptive shunt circuits with automatic shunt circuit tuning.  In one study, Davis and 

Lesieutre developed an active tuning method for their parallel capacitor-ladder shunt 

circuit [14].  The authors made the argument that an actively tuned absorber should 

perform better than a passive one, and should be lighter.  The results of the experiments 

showed a maximum 20 dB reduction and a 10 dB average improvement in vibration 

reduction across the tuning range.  The semi-active vibration absorber had a ± 3.7% 

tunable frequency band relative to the center frequency.  

 

 

2.2.3  Active Control Strategies for Vibration Suppression 

 

According to Brogan [15], a control system is considered to be any system that exists for 

the purpose of regulating or controlling the flow of energy, information, money, or other 

quantities in some desired fashion.  Brogan also states that a control system is an 

interconnection of many components or functional units in such a way as to produce a 

desired result [15].  In a closed loop or active control system, there is typically some 

model of the system to be controlled, a control law, and some sensors that make 

measurements to carry out the control.  Figure 2.4 shows a block diagram of a typical 

closed loop control system [15].  In this control system, the control U(t) is modified by 

information obtained about the system output, Y(t).  
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Figure 2.4.  A Closed Loop Control System [15] 
 
 

 The feedback closed loop control system shown in Figure 2.4 represents a typical 

continuous control system.  With the advancement of computer technology, more and 

more control systems are becoming digital.  Franklin, Powell, and Workman give a 

perspective on digital controllers in their book, Digital Control of Dynamic Systems [16].  

In this description of digital controllers, the authors state that the control of physical 

systems with a digital computer or microcontroller is becoming more and more common.  

In addition, several examples are given of digital controllers and include various 

household appliances and automobile applications.  One advantage of digital control is 

that it offers an increased flexibility of the control programs and the decision-making or 

logic capability of digital systems.  Another advantage of digital systems is that one 

hardware design can be used with many different software variations on a broad range of 

products, thus reducing the overall design time.  Figure 2.5 shows a block diagram of a 

typical digital control system [16].  The notation used in Figure 2.5 is as follows: r is the 

reference input, u is the control input signal, y is the output signal, e is the error signal (r 

– y), w is the disturbance input to the plant, v is the disturbance in the sensor, and the 

A/D and D/A are the analog to digital and the digital to analog converters, respectively.  

Active control, whether it is continuous or digital, requires some type of feedback for the 

control system to perform its desired function.  In most of the studies reviewed for this 
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literature search, this desired function was to reduce structure borne noise and vibration 

with piezoelectric actuators.    
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Figure 2.5.  Digital Control System Block Diagram [16] 

 

There are many different applications of smart materials for active control 

s.  In fact, active control systems with smart materials have even been applied to 

ter blades [17] and gun barrels [18] to reduce structural vibrations.  In one study, 

s et al. studied the effects of using smart materials as actuator and sensors for a 

control algorithm [19].  Their research proposed the use of smart materials for the 

control of sound emanating from a structure.  In a similar study, Wang, 

iadis, and Fuller [20] investigated the use of multiple piezoelectric actuators to 

 sound radiated from a harmonically excited panel.  The results of their research 

 that when the excitation frequency was low, such that the fundamental mode of 

n was dominant, a single actuator significantly attenuated the radiated field. 

In a study of active control of panel vibrations with piezoelectric actuators, Cruz 

ed the use of a digital controller to artificially increase the damping of the modes 

minate the panel response [21].  This control system used a single piezoceramic 

f dimensions 2.5 in. x 1.5 in. x 0.0075 in. for the actuator, and a single 

ometer for the feedback sensor.  The panel used in the experiments was an 

um plate with an exposed area of 500 mm x 250 mm.  In total, the piezoceramic 
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actuator occupied approximately 2% of the panel area and weighed approximately 3% of 

the panel weight.  The experiments were setup such that a speaker was used to excite the 

plate with the controller turned off, and then with the controller turned on.  When the 

controller was turned on, the average decrease in the panel’s vibration, measured by the 

accelerometer, was 26%, 29%, and 16%. 

Hagood et al. investigated the dynamic coupling between a structure and the 

electrical network through the piezoelectric effect [22].  In this paper, Hagood et al. 

present some of the problems that can affect a smart material application.  For example, 

the capacitance of a piezoelectric can influence the current drain on corresponding 

saturation of voltage amplifiers, and electrode load resistance can add critical phase lag to 

a control loop.  This paper expands the concept of coupling between the mechanical 

system dynamics and the piezoelectric actuator dynamics to include a piezoelectrically 

coupled system that is driven by an electrical network.  In fact, these piezoelectric 

dynamics can often add damping to the structure [22].  Hagood et al. conducted 

experiments on a structure and showed that approximately 10 decibels of damping was 

actually due to the piezoelectric’s dynamics and not to the control system.  The authors 

present this as an argument for actuator models in active control systems. 

Many of the controllers used for structural vibration suppression have the 

capabilities of adapting to the changes in the structure.  In one study [23], Walters 

discussed the issue of controller response when a structure was damaged.  Walters 

explains that when a structure was damaged, the frequency response was changed and the 

control system often goes unstable.  According to Walters, one solution to this problem 

was to implement a direct model reference adaptive controller (DMRAC) [23].  This 

DMRAC controller was capable of using a velocity measurement or a position 

measurement as the feedback signal from the structure.  In addition, Walters makes a 

comparison between a positive position feedback DMRAC controller and a velocity 

DMRAC controller.  The author’s results showed that both types of DMRAC controllers 

could handle structural changes by adaptively controlling the plant, or system. 

In the journal article “Positive Position Feedback for Large Space Structures,” J.L. 

Fanson and T. K. Caughey investigated a relatively new technique for vibration 

suppression, called Positive Position Feedback (PPF) [24].  The positive position 
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terminology in the name positive position feedback arises because the position coordinate 

of the structure is positively fed to the PPF filter, and the position coordinate of the 

compensator is positively fed back to the structure. This technique for vibration 

suppression uses a generalized displacement measurement, making it attractive for 

controlling a variety of structures.  Moreover, Fanson and Caughey describe positive 

position feedback as a relatively simple and straightforward technique for control that can 

be made insensitive to actuator dynamics, thus increasing global stability.  The scope of 

the research conducted for this paper was to investigate the feasibility of using PPF as a 

vibration suppression control strategy on a simple beam structure, and to investigate the 

feasibility of using piezoelectric materials as the sensors and control actuators.  In their 

research, Fanson and Caughey designed and performed experiments on a beam structure 

using piezoelectric materials (PZTs) for the control system.  Piezoelectric materials 

(PZTs) are inherent electro-mechanical transducers that can transfer mechanical energy to 

electrical energy, or vice-versa, making them excellent actuators and sensors for control 

systems.  In addition, Fanson and Caughey describe a piezoelectric as a material that 

produces a voltage when strained.  Similarly, if an electric field is applied to a 

piezoelectric, a strain is produced in the material.  The experiments were set up such that 

the piezoelectric materials were bonded to the top and bottom of the beam structure near 

the clamped end, which provides the largest amount of strain energy for electro-

mechanical coupling.  In addition, because of their ceramic nature, PZTs add very little 

weight to the structure to which they are applied and do not change the overall system’s 

dynamics, which is important in space applications.   

  The goal of the experiments conducted by Fanson and Caughey [24] was to 

determine how well positive position feedback could add damping to the beam structure.  

The PPF control strategy they implemented was similar to a second-order filter design, 

where a second-order mass-spring system was tuned to the resonant frequencies of the 

beam.  Several experiments were performed where data was taken with an open-loop 

system (no control applied) and with a closed-loop system (control applied).  The results 

of the experiments were then compared to obtain overall damping ratios and other 

information to measure the control system’s effectiveness and overall stability.   
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The experimental results described by Fanson and Caughey [24] proved the 

feasibility of using positive position feedback with piezoelectric materials as a vibration 

control strategy.  The results show that modal damping ratios as high as 20% of critical 

have been achieved on a beam test structure.  It was also determined that multiple PPF 

filters could be used to control multiple modes of the test structure.  

There have been several methods proposed for adaptive positive position feedback 

control.  In one study, Kwak and Shin discussed a method of automatic tuning of positive 

position feedback controllers for smart structures [25].  The authors state that a positive 

position feedback controller, if tuned properly, can enhance the damping value of a 

targeted mode without affecting other modes.  The PPF filter that they used was 

downloaded to a digital signal-processing chip, which ran genetic algorithms in real time.  

The experimental results show that the PPF controller tuned by the genetic algorithms 

give better performance and stability than the manually tuned PPF controller.   

It is generally accepted in the area of vibrations and acoustics that the fundamental 

mode is the primary mode of interest [25].  Hence, a single PPF controller is normally 

tuned to the fundamental frequency of the structure to be damped.  Kwak and Shin found 

theoretically and experimentally that the PPF filter frequency should be lower than the 

excitation frequency if the excitation frequency was lower than the fundamental 

frequency.  On the other hand, the PPF filter frequency should be higher than the 

excitation frequency if the excitation frequency was higher than the fundamental 

frequency. 

Kwak and Shin [25] state that the PPF controller was very effective in suppressing 

the specific vibration mode, thus maximizing the damping in the targeted frequency band 

without destabilizing other modes.  The PPF control circuit is similar to a simple low-

pass filter circuit and can be realized by operational amplifiers.  The authors noted that 

the vibration characteristics should be known beforehand to apply the PPF controller.  

The genetic algorithm they used was a simple root finding technique.  

In 1993, Gary Fagan investigated the use of positive position feedback for active 

damage control systems [26].   In his work, Fagan described positive position feedback as 

a collocated direct-output feedback control method that increased the effective damping 

in a structure.  A digital design method was developed and implemented experimentally 
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on a simply supported beam.  Fagan also states that a “top down” design approach is the 

best method of designing a multiple PPF filter control system.  The justification that 

Fagan gave for this top-down approach is that PPF filters are second order and have two 

pole roll off; therefore, they affect lower frequency modes more than they do the higher 

frequency modes.  In addition, Fagan states that if the lower frequency PPF filter were 

designed first, the dynamics of the higher frequency filter would greatly affect the lower 

frequency filter’s designed specifications.  

 

 

2.3 Shunt Circuit Design 
 

This section provides the shunt circuit design for vibration suppression on the test plate.  

In addition, a detailed description of the tuning method used to target each of the modes 

is provided.  It should be noted that this shunt circuit method was implemented in an 

earlier study performed by Kristina Jeric [1].   

 In vibration suppression with piezoelectric shunt circuits, the piezoelectric element 

is used to convert mechanical energy of a vibrating system to electrical energy, which is 

then dissipated by joule heating.  This process of energy conversion occurs when the 

panel vibrates and the piezoelectric element is strained.  The mechanical strain that the 

piezoelectric experiences generates electrical energy, which the shunted electrical 

impedance then dissipates.  Therefore, this shunt circuit design method involves choosing 

the appropriate components (resistors, capacitors, and inductors) to produce an effective 

mechanical impedance that will dissipate the electrical energy at the desired frequencies. 

 The shunt circuit design method used in this study was similar to the one employed 

by Hagood and von Flotow [7].  This circuit used a resistor and inductor that were in 

series with each other and in parallel with the piezoelectric element.  Figure 2.6 shows a 

network analog of the shunt model and a physical model of a shunted piezoelectric [7].  

Although there are many different shunt circuits designs for vibration suppression, this 

particular design was chosen because it was an established design, implemented at the 

Center for Intelligent Materials Systems and Structures Laboratory (CIMSS) at Virginia 

Tech [1].  The shunt circuit design shown in Figure 2-6 consists of a resistor, an inductor, 
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and a capacitor.  The resistor of the shunt circuit was the component that dissipates the 

electrical energy through joule heating.  The resistor used for the experiments was a 

variable load resistor that could be varied from 0 to 14,000 Ω, and could dissipate 

approximately 0.002 W of energy from a resonant peak.  The electrical resonance of the 

circuit was determined from equation (2.1): 

             
LsCpie

1=ω                                    (2.1) 

where Ls is the inductance, and Cpi is the capacitance of the PZT.  Using the PZT as the 

capacitor of the circuit means that the capacitance cannot be adjusted unless a variable 

capacitor is added to the circuit.  In her work, Jeric used an operational amplifier circuit 

to tune the circuit, as shown in Figure 2.7.  The components of the operational amplifier 

circuit, labeled R1, R3, and R4, are 10 kΩ resistors, and a 10,000 µF capacitor, C1.  The 

resistor, R2, is the variable resistor that was used to adjust the inductance of the shunt 

circuit.  In addition to the shunt circuit shown in Figure 2.6, there was a ± 15 V power 

supply used to power the operational amplifier. 

 

 
(a) Network Analog of Shunt Model 

 
(b) Physical Model of a Uni-Axial Shunted PZT 

 
 
  
 
 

Figure 2.6.  Shunting of Piezoelectric Materials [7] 

T- Stress by Plate on PZT               Rs- Shunt Resistance                    
Ls- Shunt Inductance                      Zs-Equivalent Shunt Impedance      
Zm-Plate Mechanical Impedance   Cpi-Inherent PZT Capacitance 

Electrical Resonant Frequency: 

 ωe=1/ LsCpi  
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Figure 2.7.  Operational Amplifier Circuit Emulating a Variable Inductance [1] 
 

 

 

2.4   Shunt Circuit Tuning Method 
 

This section provides a summary of the shunt circuit tuning method that Jeric used to 

target the resonant peaks of the plate [1].  In her work, the first step was to determine the 

electrical resonant frequencies required to dissipate the mechanical energy.  These 

resonant frequencies were calculated using equation (2.1).  The second step was to 

calculate the resistance values of the variable resistors in the shunt circuit.  The shunt 

inductance, Ls, was calculated with the electrical resonant frequencies, ωe, and the PZT 

capacitance, Cp
s, with the following equation 

             S
pe

s C
L 2

1
ω

=                                                                       (2.2) 

The resistor values were then fine-tuned with testing to achieve the optimal damping of 

the resonant peaks.  The inductor resistance and load resistance were calculated using the 

m-file in Appendix A.  The method of fine-tuning the resistance values is described in 

Appendix B.  A more detailed description of the shunt circuit tuning method can be found 

in Jeric’s Masters Thesis [1]. 
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2.5  PPF Controller Design 
 

This section provides background information on positive position feedback (PPF), and a 

detailed description of the tuning method for single and multiple PPF controllers.  Also 

provided is a description of the testing procedure and how the parameters were chosen for 

the PPF filters.  Positive position feedback has several advantages over direct velocity 

feedback [26].  One advantage of PPF is that conditional global stability can be proven, 

which includes actuator dynamics.  In addition, PPF controllers can be shown to be 

robust in the face of parameter uncertainties and unmodeled dynamics [26]. 

 The underlying features of PPF can be understood by considering the scalar case.  

The scalar system consists of an equation that describes the structure and one that 

describes the compensator [24].  Equation (2.3) and (2.4) are the scalar equations used to 

represent the structure and compensator, respectively. 
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In Equations 2.3 and 2.4, g is the scalar gain, ξ is the modal coordinate, η is the filter 

coordinate, ζ and ζ f are the structural and filter damping ratios, respectively, and ω and 

ωf are the structural and filter frequencies, respectively.  The compensator, or filter, is a 

second order filter of the same form as the structural equation, but with a much higher 

damping ratio.  Taking the Laplace transform of the coupled scalar system of equations 

give 
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A Nyquist stability analysis of the scalar system of equations has shown that the 

following condition is necessary and sufficient for stability [24]:   

 

 0 < g <1         (2.6) 

 

Equation (2.6) shows that the stability condition is independent of the damping in the 

structure.  This non-dynamic stability criterion is a characteristic of positive position 

feedback. 

 

 

2.5.1  Digital Positive Position Feedback 
 

Digital positive position feedback is a relatively new technique that has received little 

attention in published literature.  In fact, to date, the author has been able to find almost 

no information regarding the implementation of discrete-time PPF.  Therefore, most of 

the digital PPF design techniques used in this study were modeled after Fagan’s work in 

1993 [26].  There were many digital PPF controllers used for the active vibration 

suppression of the test plate.  Each of these controllers was implemented in Matlab’s 

Simulink Toolbox in conjunction with an m-file used to assemble the state space 

matrices.  The m-file used to assemble the system matrices is provided in Appendix C.  

These state space matrices were then transformed from the continuous to digital domain 

using a Tustin transformation.  The Tustin method, also known as the trapezoid rule or 

the bilinear rule, maps everything from the stable continuous domain into the unit circle 

in the z-plane [16].  The Tustin method maps the poles and zeros into the z-plane with the 

following equation 

    

Z
1 T S.

2

1 T S.

2   

(2.7) 
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where T is the sampling period.  In addition, Fagan [26] found the Tustin mapping 

technique to sufficiently map the system poles into the z-plane.  Once each PPF filter was 

transformed to the z-plane, they were combined in parallel to create a single-state space 

model for the controller.  Fagan also discusses the effect of the sampling rate on the PPF 

controllers [26].  In his work, Fagan recommends sampling at least twice as fast as the 

fastest mode of interest.  The next section discusses the tuning method of each PPF 

controller.  

 

 

2.5.2  PPF Controller Tuning Method    

 

This section presents a method for tuning single and multiple PPF filter controllers.  The 

overall design of a PPF filter controller, whether it consists of a single PPF filter or 

multiple filters, is based on the resonant frequencies of interest.  In this study, the author 

found that a single PPF filter could add significant damping in a frequency range of 

approximately 100 Hz, and add some damping to resonant frequencies outside of this 

range.  Therefore, if the system dynamics are such that there are closely spaced modes, or 

there is one particular mode of interest, a single PPF filter is recommended because of its 

simplicity.   

 The tuning of a single PPF filter controller was easier than a multiple filter 

controller because of the number of poles that needed to be placed.  The actual tuning 

procedure of a single PPF filter controller was to choose the filter damping ratio, the 

targeted resonant frequency of the test specimen (the filter frequency), the gain for the 

PPF filter, and the sampling time for the digital system.  Because all of these parameters 

could not be varied at the same time, certain parameters were chosen first to obtain an 

acceptable response.  The first parameters chosen in the controller design were the 

sampling time for the digital system and the filter damping ratios.  The sampling time 

was chosen based on the targeted modes of the PPF controller.  It was found that 

sampling times between 1,000 Hz and 10,000 Hz were the most effective at producing a 

robust control system.  The damping ratios for the controllers were initially chosen using 

a root-locus approach.  However, this design procedure did not prove to be as productive 
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as a simple trial and error method where different damping values were chosen for the 

controllers and then tested.  It was found that damping values between 0.001 and 0.03 

were the most effective at reducing the vibration levels of the test plate.  A list of the 

chosen values for these and all other parameters for the filter designs are provided in 

Chapter 5.   

 Through experimental testing, the author found that the filter frequencies and gains 

had more of an effect on the control system performance and stability.  To achieve 

optimum damping of a resonant peak, the PPF filter frequency was chosen slightly above 

the resonant frequency of interest.  Fagan also observed this fact in his work on the 

implementation of digital PPF [26].  The filter frequencies were chosen 1.2 to 1.5 times 

greater than the targeted resonant frequency of the structure.  Conversely, the filter gains 

were chosen based on a trial and error procedure because of the sensitivity of the fiber 

optic sensor.  In fact, due to the infinite number of equilibrium positions of the sensor, 

negative gains were sometimes implemented to obtain stable results.    To account for the 

sensitivity of the optical fiber sensor, two high pass filters and a saturation limiter were 

implemented in the Simulink model.  The high pass filters were used to eliminate the DC 

component from the fiber optic sensor, and the saturation limiter was used to limit the 

voltage sent to the PZT from the Simulink controller.     

 The tuning method for the multiple PPF filter controllers was similar to the tuning 

method described for the single PPF filter controller.  In fact, the same design procedure 

was followed in which the sampling time and the damping ratios of each filter were 

chosen first.  The main difference in the multiple PPF controller design was that there 

were multiple filters that had to be designed individually.  Moreover, the design 

procedure for the multiple PPF controllers was a “top-down” approach.  Therefore, the 

filters that targeted higher frequency modes were designed first, from the highest 

frequency filter to the lowest.  Fagan presented this design procedure in his investigation 

of digital PPF [26]. 
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2.6   Summary 
 

This chapter has presented background information on piezoelectric materials and some 

of the theory behind the piezoelectric effect.  In addition, a list of applications of 

piezoelectric materials was provided to give the reader an appreciation for this relatively 

new technology.  A literature review was conducted to present research topics related to 

this study, and to justify the work for this thesis.  Following the literature review, the 

shunt circuit design and tuning methods for the parallel resistor-inductor shunt circuits 

were discussed in detail.   The final sections provide information about the PPF controller 

design and the tuning methods for single and multiple PPF filter controllers. 
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