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ABSTRACT

A method for predicting the power consumption of piezoelectric actuators utilized for
active vibration control is presented. Analytical developments and experimental tests
show that the maximum power required to control a structure using surface-bonded
piezoelectric actuators can be estimated without modeling the dynamics between the
piezoelectric actuator and the host structure. The results demonstréte that for a perfectly-
controlled structure, the power cqnsumption of the piezoelectric actuator is a function of
the effective capabit:ince of the actuator and the voltage and frequency of the control law
" output signal. Furthermore, as control effectiveness decreascs; the power consumption of
the i)iezoelectric actuator decreases. For typicgﬂ surface-bonded piezoelectrié actuators,
the power required for active vibration control can be conservatively determined within
90% accuracy without modelin'g the structural d);namics of the actuator and host
structure. Also, a non-linear behavior in the capacitance of piezoelectric actuators was
identified. This research revealed a 0.44% increase in capacitance per volt, or an 88%
increase in capacitance at the maximum operating voltage of the actuator. A method is
presented to account for the non-linearity. Also, problems and associated solutions that

are encountered with using piezoelectric actnators for control are discussed:
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VARIABLES AND NOMENCLATURE

C = Effective capacitance

c = Damping of host structure

" D3 = Electric displacement

ds; = Piezoelectric constant

E = Electric field

F. = External force

F, = Piezoelectric actuator force
G, g = Generic variable

h = Actuator thickness

I, i = Current’

k = Stiffness of host structure

ko= Effectivé stiffness of piezoelectric actuator
L = Actuator length

- m = Mass of the host structure

P =Power

Q = Charge

S; = Strain of piezoelectric actuator

s = Complex variable

T, = Stress acting on piezoelectric actuator
t=Time

V = Voltage ;

w = Actuator width
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X = x-direction, displacement in x-direction
Y = Electrical admittance

Y, = Piezoelectric elastic modulus

y = y-direction

z = z-direction

£33 = Dielectric constant
¢ = Phase angle

®, = Natural frequency
® = Radial frequency

£ = Damping coefficient

-a% = Derivative of g with respect to t

Re[G] = The real component of G
Im{G] = Imaginary component of G
|G()| = The magnitude of G

G’ () = Complex conjugate of G

_L’[g(t)] = Laplace Transform of g(t)

EOM = Equation of motion
SDOF = Single-degree-of-freedom

MDOF = Multiple-degree-of-freedom
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PARTI = Piezoelastic Aeroelastic Response Tailoring Investigation

ACROBAT = Actively Controlled Response Of Buffet Affected Tails
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CHAPTER 1: INTRODUCTION
1.0 Motivation

In recent years, a new category of engineering optimization has evolved referred to as
"smart structures". Smart structures are a step in engineering evolution from the
traditional “static” structures to more active “kinetic” structures. Smart structures
transgress from the optimization of static structures with material and structural efficiency
to the passive or active control of the structure's state (displacement and rate) and ‘
properties (stiffness and damping) by utilizing a kinetic ability through extensive actuator,
sensor and processor arrays. This will allow smart structures to adapt to changing

boundary conditions, expanding the capacity and efficiency of the structures under a

variety of conditions. (1)

Smart structures have been researched in many aspects of engineering including
applications in medical technology, civil structures and aerospace; The materials found
to be most successful are shape memory alloys and piezoelectric materials (1,2). Shape
memory a]loyAs (SMA's) are characterized by the ability to return to a pre-stressed shape
with applied heﬁt. SMA's typically have a bandwidth on the order of one hertz or less
and are suitable for shape control and passive vibration control. For instance, Lockheed
Martin is investigating the feasibility of using SMA's to éctive]y control the twist of an
aircraft wing to increase the ﬂi ght envelope of the aircraft (3). The second group of smart
materials are piezoelectric matefials. Piczpclectric actuators induce a strain or force when
exposed to an electric field. With a bandwidth on the order of several kilohertz,

piezoelectric actuators are more suitable for acoustics and vibration control.



The current research is an investigation of the power requirements of piezoelectric
actuators during active vibration control. Whether piezoelectric actuators require an
excessive qﬁantity of electrical power is a concern in assessing the feasibility of
‘piezoelectric actuators utilized for active control. First, a brief introduction of
piezoelectric materials will be discussed. Then the types of piezoelectric actuators and
how they are applied will be introduced. Also, prcvidus research that demonstrates the
capability of piezoelectric actuators will be presented. Next, an overview of past efforts
in identifying piezoelectric power characteristics will precede the analysis and an

experimental verification will conclude the paper.

1.1 Piezoelectric Actuators

The piezoelectric effect is the capacity of the material to change in dimension when
exposed to an electric field or generate a charge when exposed to a stress or strain. The
ability to couple electrical energy with mechanical energy is the unique behavior that

make piezoelectric materials ideal for actuation and sensing (Figure 1.1).

Electrical Energy <=> Mechanical Energy
Actuator

Voltage Strain

Eﬁso/r +V

Piezoelectric Wafer

] i APPLY VOLTAGE i
X

Figure 1.1: Hlustration of Piezoelectric Effect. Element Excited in Thickness With Displacement in .
Extension




Piezoelectric material is made up of two distinct parts that allow for the piezoelectric
effect: a dielectric material and electric dipoles. The dielectric material is any non-
conductive material, such as the material found in a capacitor, and makes up most of the
piezoelectric material. The electric dipoles are found throu ghout the ciielectric material.
Electric dipoles are any molecule, element or ion that contains an opf)osite charge on
opposite ;nds, also referred to as polar charges. In the piezoelectric material, the dipoles
are aligned so that the electric force created by the polar charge can be utilized to generate
a force. By applying an electric field to the material, the dipoles are attracted to the
electric field, inducing a force or strain in the piezoelectric material (Figure 1.1). An

electric potential is generated when the piezoelectric material is strained due to the

dipoles which are forced to shift.

Most piezoelectric actuators are composed of PbZrO; (PZT) type piezoelectric material.
These actuators are commonly applied in two physical orientations, stack and lammar
actuators (Figure 1.2). PZT stack actuators utilize displacements in the thickness. PZT
surface-bonded laminar actuators utilize the displacement alonig its length when excited
through the thickness. Despite what the name of each actuator type implies, both actuator
types will displace in all 3 axis when exited through the thickness. The dominant change
in dimension is typically identified by the dominant magnitude in geometry. For
example, stack actuators predominant magn’itude in geometry is the thickness. Surface-
bonded laminar actuators predominant magnitude in geometry is the length. PZT surface-

bonded laminar actuators will be the topic of analysis in this paper.



PZT Stack Actuator PZT Surface-Bonded Laminar Actuator
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Figure 1.2: INlustration of PZT Actuator Types (note: orientation of axis change)

1.2 Active Control with Piezoelectric Actuators
Using surface-bonded laminar actuators, a net moment can be induced on a plate or-
@
beam-like structure by adhering the piezoelectric actuators to the top and bottom face of
the plate. By exciting the two actuators 180 degrees out of phase, a net moment is
génerated about the neutral axis of the beam or plate (Figure 1.3).

FP - Piezoelectric forces due to an applied voltage

Mnet - Resultant moment applied to structure

Myer ‘ Myer

Figure 1.3: Diagram of Moments Generated By Piezoelectric Actuator

A diagram of the general test setup during active vibration control is shown in Figure 1.4.



Digital Controller Structure
Power

Amplifier

Piezoelectric Actuator

Figure 1.4 : General Diagram of Controller-Amplifier-Structure Setup.

The benefits found in using piezoelectric actuators for active control have been displayed
in numerous ground tests and wi-nd—tunnel demonstrations (4-16).}The current research
was motivated by the Piezoelectric Aeroelastic Response Tailoriﬁ g Invésti gation (PARTI)
(4,5).. During this study, a four foot long semi-span wing model with 72 distributed
piezoelectric actuators was used to demonstrate that piezoelectric actuation can
effectively control aeroelastic response. Illustrations and photographs of the PARTI wing

are supplied by NASA Langley Research Center (Figures 1.5, 1.6 and 1.7).



Description of Supergroups

Piezoelectric Actuator Supergroup Piszoelectric Actuator|
(with group number) Groups
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Figure 1.5: INustration of Internal Structure of PARTI Wing
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Figure 1.6: PARTI Wing With Aerodynamic Figure 1.7: Photograph of Internal Structure of

Shreiis. PARTI Wing.
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A more recent program is the ACROBAT program (6) where piezoelectric actuators were
successfully used to reduce damaging vibration in the vertical stabilizers of an F-18 wind-
tunnel test model. Illustrations and photographs of ACROBAT test model are supplied
by NASA Langley Research Center (Figures 1.8 and 1.9). Presently, a full scale F~1A8

aircraft is being fitted with piezoelectric actuators to demonstrate that the actuators are

effective on full-scale aircraft.

Figure 1.8: F-18 Wind-Tunnel Test Model With Figure 1.9; Vertical Tail Embedded With PZT
- PZT Actuators Embedded In Vertical Tail. Actuators.

. 1.3 Power Amplifiers

The following anélysis and verification will determine the powér requirements of a
piezoelectric actuator used for active vibration control. Although this is the power
required by the actuator, this is not necessarily the "wall power" required to power the
actuators.' Wall power refers to the amount of power requiréd by the power amplifiers to
pewer the actuators; or the power running through the phig of the power amplifier. The

analysis will show that the admittance of the actuator is primarily due to a capacitance



load. Capacitors require a reactive power, identified by the 90 degree phase lag Between
the current and voltage. A description of reactive power is given in Appendix 1.
Different amplifiers power the reactive load in different ways, the result is a drastic
difference in the efficiency 6f power amplifiers. Efficiency of the amplifier refers to the

amount of power generated relative to the amount of power required to generate a signal.

There are currently three types of power amplifiers availabie for piezoelectric actuation:
linear amplifier, switching amplifier (Piezo Systems, Inc.) and switching capacitor
amplifier (Lucent Techﬁologies, 28). Linear amplifiers are the more traditional ampiificrs
used in most piezoelectric applications. Due to the reactive load. of the piezoelectric
actuators noted above, a new generation of power amplifiers have been developed,
tailored to power the reactive load: switching amplifiers-and switching capacitor

amplifiers.

Linear amplifiers are the least efficient becanse of the method used to amplify the reactive
signal. The linear amplifier charges the capacitor, or piezoelectric material, with the
éntire power output. On the discharge, all the stored charge in the capacitor is dumped to
| gr'ound. This is the mechanical equivalent of compressing a mass—spriné system, taking
the mass off the spring to let the spring expand, and lifting the mass onto the spring again

dnly to repeat the process. The result is a tremendous loss in potential energy.

Switching amplifiers and switching capacitor amplifiers are designed to store the
potential energy so that the energy can be used again to recharge the capacitor. By doing
this, the potential energy in the capacitor is maintained and the overall power

consumption is drastically reduced. The switching amplifier and switching capacitor




amplifier use different mechanisms to perform this task. Details of these mechanism are
not available at this time because the amplifiers are a new technology and detailed
information on the amplifiers is not yet available. For the same reason, the effectiveness
of these amplifiers in the control of piezoelectric actuators is also unknown. Linear
amplifiers demonstrate good control behavior including large bandwidth, low noise,

constant gain and negligible phase loss and are still the amplifiers of choice at this time.

In summary, the equation of power developed in the Analysis Section applies to the linear
amplifier. For the new generation of switching amplifiers and switching capacitor
amplifiers, the reactive power requirements of the piezoelectric actuator would become
negligible and the overall power loss would be due to losses in the electrical system. The
electrical system refers to the power amplifier and the piezoelectric actuator. Thus,

knowing the type of power.amplifier being used is crucial to determining the total power

consumption of piezoelectric actuators.

1.4 Objective -

One critical issue raised by these studies is' whether full-scale airplanes and other large
structures will require excessive power to use piezée]ectric actuators for active vibration
control: Piezoelectric materials are complex to model as actuators due to the
piezoelectric effect that defines the electro-mechanical coupling within the actuator. The
piezoelectric power characteristics becoﬁe a function of the material properties of the
piezoelectric actuator as well as the mechanical dynamics between the actuator and the
host structure. Modeling the dynamics between the piezoelectric act(i'ator anfr the host

structure has proven to be an extremely complex task to complete for structures as large



or larger than the PARTI wing (17,18). Thus, piezoelectric power characterization of

actuators controlling complex structures may be extremely complex to determine. A

For simple plate and beam models with a few piezoelectric actuators, the actuator and
host dynamics are reasonable to solve. Realistically, the host structure will be much more
complex than a simple beam or plate and will require complex finite element analysis to

develop an estimate of the actuator and host structure dynamics.

The objective of the current résearch is to more closely define the individual contributions
of the material properties and mechanical dynamics on the power characteristics of the
piezoélectric actuators during the specific case of active vibration control. The goal is to
determine the overall necessity of modelir‘lg the complex efectro—mechanica] relationship
| @

between the actuator and the host structure.

1.5 Outline

The following literature review will introduce the two founding techniques available for
characterizing piézoelectric power consumption. Liang et. al. (19-22) and Hagood et. al.
(23) developed the techniques used by most researchers investi gz;ting piezoelectric power
consumption. Both techniques are shown to be highly accurate using two distinctly
different approaches. The positive and negative attributes of each will be discussed. A

third technical reference is from Warkentin (24), who used the techniques presented by

Hagood et. al and applied them to closed-loop control.

All three research efforts required an accurate model of the dynamics of the actuator and

host structure. The analytical section of this paper extends Warkentin's model and proves

10



that the influence of the actuator and host structural dynamics are negligible in

characterizing piezoelectric power consumption for the specific case of active vibration

control.

The experimental section will cover in detail the verification of the analytical model
presented. A single-degree-of-freedom cantilevered beam is used with a strain feedback
control law. In addition, several related topics will be discussed that include non-linear.

material properties and power amplifiers for piezoelectric actuator use.

11



CHAPTER 2: LITERATURE REVIEW
2.0 Introduction to Literature Review
Although piezoelectric actuators have been investigated extensively for active control,
research on piezoelectric power consumption is limited to essentially two groups of
researchers; Liang et. al. (19-22) and Hagood et. al. (23). The pros and cons of each

technique will be discussed.

2.1 Electro-Mechanical Impedance Model

Liang et. al. (19-22) developed a piezoelectric electro-mechanical impedance model.
This electro-mechanical impedance model was derived from the equation of motion of
the piezoelectric actuator which was modeled as a plate in longitudinal excitation. The
boundary conditions were prescribed by the piezoelectric constitutive equations and
coupled with the mechanical impedance of the host structure. Mechanical impedance
refers to the ratio of force input to structural velocity, or the ratio of input to response.
Thus, the dynamics between the actuator and host structure are directly coupled. The
solution includes a coupling between the electro-mechanics of the piezoeléctric actuator
and the mechanics of the host structure through the impedance of the actuator and host |
structure. Liang's electro-mechanical impedance model was then applied to determine the

power characteristics. -

Liang's model only investigated the case of open-loop excitation. Open-loop excitation
refers to the case when the piezoelectric actuator is used to excite motion in the structure
without feedback. The major benefits of Eiang's model are the explicit solutions tirat

allow the investigation of the electrical and mechanical energy exchange between actuator

12




and host structure. Also, by modeling the equation of motion of the actuator, Liang was
able to define the region where the actuator behaves lineaﬂy and the region where the
actuator's mechanical dynamics affect the control authority of the actuator. Liang's model
is an accurate model of piezoelectric actuators, but it is difficult with implement to
complex structures. Also, the solution is based on open-loop excitation. Applying

c]osed—ioop control or active vibration control proves to be extremely complex.
2.2 Rayliegh-Ritz Approximation

An alternative method is based on the development by Hagood et. al.. Their approach
determined the equation of motion of the host structure excited by the piezoelectric
actuator. Using.a Rayleigh-Ritz approximation to couple the beam with the piezoelectric

actuator bonded to it, the strain of the actuator can be determined. Incorporating the

strain of the actuator, the piezoelectric constitutive equations are used to determine the

power characteristics. The difference between the two methods is that Liang solved for
the explicit equation of motion of thé actuafor bondéd to a host structure where Hagood
determined the equation of motion of the host structure excited by the piezoelectric
actuator while ignoring the mass characteristié:s of the piezoelectric actuator. Although
Hagood's model is not as accurate in modelin g the piezoelectric actuator, the model
sufficiently couples the dynarnic; bétwecn the actuator and the host structure for nﬁost

cases. Also, this model can be readily applied to complex structures and closed-loop

control.

A comprehensive study was presented by Warkentin of MIT. Warkentin presented a

development of piezoelectric power consumption for active vibration control usin g the

13



analytical models developed by Hagood et. al.. Warkentin's model directly addresses the

characterization of power for piezoelectric actuators during active vibration control.

2.3 Summary

Subsequent research concerning the power consumption of piezoelectric actuators is

primarily founded on the two previous methods (14,15,16,24). The conclusion of all

previous research for both the excitation of a structure and the closed-loop control of a

structure is that the electrical power of piezoelectric actuators is a function of the

mechanical motion of the structure and the electrical characteristics of the piezoelectric

material. Modeling the mechanical motion is the limiting factor in applying these

techniques for active vibration control. As structures controlled by piezoeiectric actuators |

| @
become more complex, modeling the mechanical motion of the actuator and host

structure becomes extremely complex.

The current research takes Warkentin’s results a step further. An analytical model is
developed that shows the influence of the mechanical motion of the host structure are

- negligible on the p;)wer characteristics of the piezoeleqtric actuator used for active
vibration control. When completely controlled, the structure is motionless, thus the
power rcéuirerhents of the piezoelectric actuator are no longer a function of the
r'nechari'icalbrnotion of the structure. In this ideal scenario, the power is only dependent on
geometry and material properties of the piezoelectric actuators and the voltage and .
frequency of the control law signal. Furthermore, the current research f;mds that as

control effectiveness decreases, the power requirements of piezoelectric actuators .

14



' decrease. Thus, the results from this ideal scenario provide an upper bound for the power

required.

15



CHAPTER 3: ANALYSIS

3.0 Introduction to Analysis

The analysis is composed of the derivation of piezoelectric power consumption for the
specific case of active vibration control. Appendix 1 defines important electrical
quantities and tools required for developing the analysis. For an electrical system with
frequency content, the most straightforward way to characterize power requirements is to

define the electrical admittance of the circuit.

() 3.1
Y@) =5 .

The electrical admittance, Y(®), defines the linear relationship between current, I(®) and
voltage, V(@), in the frequency domain. Frequency is designated by @. Admittance is

related to power,; P(w), through the equation:
P(w) = Y(@)V*(w) 3.2

The analysis will focus on the development of the admittance which can then be applied
to the equation of power. The admittance is determinedt in Seétion 3.1 from the
p'iezocle,ctr-ic constitutive equations. Because piezoélectric actuators are electro-
mechanical devices, the admittance of piezoelectric actuators is made up of an electrical
component énd an electro-mechanical component as shown by t1-1i3 generic equation of

admittance for piezoelectric materials.

Y(w) = ( electrical + electro-mechanical )




The c]cctro-mechaqical component couples the motion Qf the actuator with the-electrical
characteristics. For an actuator bonded to a structure, the motion of the structure will be
coupled with the electrical characteristics of the actuator as well. In fact, the admittance
can be broken into the two physical applications that piezoelectric materials are used for,

actuator and sensor:
Y(®) = ( actuator + sensor )

Here, the electrical component is identified as the actuator and the electfo-mechanical
component is identified as the sensor. The solution for the electrical, or actuator,
component is developed directly from the constitutive equations of motion shown in
Section 3.1. The electro-mechanical, or sensor, component will be the predominant focus
of the analysis. The electro-mechanical component will prove to be application specific.
For each application, a model of the piezoelectric actuator and host dynamics is
necessary, Figure 3.1. For the current research, the specific case of active vibration
control is investigated where the model of piezoelectric actuator and host structure
dynamics predicts the response of the structure due to a random load and the response of
the structure due to the piezoelectric actuators being excited by a specific control law.
Due to the vast array of vibration control applications available, the development of a

generic solution that is applicable to all active vibration control systems is difficult to

achieve.

17
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Admittance
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External Force(random)

Figure 3.1: Diagram of Components in Piezoelectric Admittance.

After thorough analysis and experimental testing, the sensor component is found to have
negligible influence on the overall admittance during active vibration control. The
conclusion of the analysis is that an accurate prediction of the admittance, and hence
power, can be determined without modcling’the effects of the sensor component in the

piezoelectric admittance leaving just the actuator component to solve for. As will be seen

in the analysis, the actuator component is only made up of material constants and
geometry which drastically simplifies the solution of the piezoelectric admittance for

active vibration control.

The analysis begins in Section 3.1 with the development of the basic piezoelectric
equations from the piezoelectric constitutive equations, iﬁcluding force, strain and
admittance. Section 3.2 develops the equation of motion of the actuator bonded toa
simple structure. The equation of motion is then épplied in Section 3.3 to investigate the
case of active vibration control. Section 3.3 is broken into 3 sections. The first section
inyestigates the case of perfect control, where structural motion is completely suppressed.

The second section investigates the more realistic case of imperfect control, where motion

is not completely suppressed. The third section investigates the best and worst case

scenarios for structural control which are then applied to the equation of admittance to

18
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determine when admittance is maximum for active control. The analysis concludes with

the equation of power for piezoelectric actuators used for active vibration control.

3.1 Solutions of Piezoelectric Constitutive Equations:

The constitutive equations for a piezoelectric actuator (19) excited in the z-direction and

displaced in the x-direction are (orientation of actuator is illustrated in Figure 3.2):

1
S, =Kﬂ +d,E
or 3.3
D, =epE +dy T, 3.4

Conductive
elements y,2

\

.>

Piezoelectric
material

Figuré 3.2: Hlustration of Piezoelectric actuator orientation

As noted earlier, this paper is investigating surface-bonded laminar actuators; therefore,
displacement in the z-axis and y-axis are considered negligible and will not be considered
for this derivation. Dielectric and piezoelectric losses are also considered negligible. The

electric field, E, is defined as voltage divided by the piezoelectric material thickness: E =

19



AL
V/h. The strain in the actuator is designated by S; (or ——L——). The stress, T;, acting on the

actuator can be determined from equation 3.3.
T, =Y,(8,—-d,E) 3.5

Ds designates the electric displacement which is defined as the charge per unit area. The
charge is determined by integrating the electric displacement over the surface area of the

piezoelectric actuator.

3.6
Q= _[ j D, dxdy
xy
The current is determined by the time derivative of the charge.
Q 3.7

) d
i(t) = s

Several relationships can be defined from these equations:

3.1a Stress-Strain Relationship

From equation 3.5, the relationship between stress and strain is developed. The blocking
force of the piezoelectric actuator is defined as the force output of the piezoelectric

actuator at zero strain.

F blocking

=-T,(S, =0) X Area =d Y, Ewh = wd, 1|V 3.8

The stroke of the actuator is determined by setting the stress to zero.

20



$,(T, =0)=d,E 3.9

For a short-circuited piezoelectric actuator (when both electrical poles are grounded or V

= 0) the stress-strain relationship is defined by Hooke's Law.
T, =Y., 3.10
3.1b Selutions For Current

From equations 3.4, 3.6 and 3.7, the charge and the current are developed:

Q= J.D_,dxdy =wLlgyE+dy T)] 3.11
.

. do d
i(t) = o = g lEnE Hdu vl 3.12

The equation of current can be transformed into the complex domain usin g a Laplace
transform, allowing for easier interpretation. The Laplace transform-of 4 time derivative

with initial conditions of zero is defined as:

P d G J & 3.13
4@ 60 =56
Where s signifies the complex variable. The solution for current becomes:

I'(s)=s0(s) = slenE(s) +dy T (s)wL 3.14

Introducing the solution of the stress, equation 3.5, the current can be rewritten.
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I(s) = sl(e ~d2Y%)E(s) +d, Y, S, ()WL 3.15

Defining the electric field in terms of voltage, E = V/h, and dividing the equation of

current by the voltage, the admittance of the piezoelectric actuator is determined.

M:Y(s):s{(%3—d§,K,)WTL+de Y E‘—(—sl} |

V(s) Y (s) 3.16

Equation 3.16 shows that the equation of admittance is made up of two parts. The first
part is a group of constants that define the electrical, or actuator, component and is

defined by the material constants and the geometry of the piezoelectric actuator.

!

R L 3.17
electrical(actuator) = (&;; — d;ﬂ’,])lvh_

The second part of the equation of admittance designates the electro-mechanical coupling
of the actuator. The electro-mechanical coupling designates the relationship between the
mechanical strain and the voltage applied to the actuator, or the sensor component of the

admittance.

S,(s) . 3.18

electro-mechanical (sensor) = wlLd, Y}, 70
‘ s

By solving the equation of admittance for zero strain, S; = 0, the effect of the actuator
component on the admittance is found to act as the effective capacitance of the

piezoelectric material.
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wL . .
——} = s[effectlve capac1tance]

Y(S, =0,s) =s[(333 _dazlYll) h

3.19

The effective capacitance will be defined as the capacitance, C, of the actuator. The
effective capacitance is made up of dielectric, piezoelectric and elastic properties of the
piezoelectric actuator. As a note: the capacitance quoted by most manufacturers-is
defined only by the dielectric properties of the piezoelectric actuator. In this paper,
capacitance will refer to the effective caéécitance, C, defined in equation 3.19. The

equation of admittance can be rewritten as:

T : 3.20
Y(s)= S[C-l' wlLd, Y, ‘15‘717(:))}

Equation 3.20 shows the admittance is composed of the effective capacitancc, designated
by the constant C, and the electro-mechanical term or sensor component. The electro-
mechaniqal term, as defined in equation 3.18, is a function of the ratio of actuator strain
to applied voltage. The solution for the electro-mechanical term is determined by the
boundary conditions acting on the actuator. The solution of the strain of a piezoelectric

actuator bonded to a structure is now investigated.

3.2 Actuator Strain

The actuator strain is determined by the interaction of the actuator and host structure.
The strain of the actnator is assumed to be the strain of the beam at the actuator bond;
therefore, the strain of the actuator is determined from the equation of motion of the

actuator and host structure. The equation of motion will include the dynamics of the
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structure, the actuators bonded to the structure, the force input of the actuator and the

external force acting on the structure. For simple beam or plate-like structures, a

Rayleigh-Ritz model can be applied to determine the equation of motion of the structure

with piezoelectric actuators. (23)

As the structure becomes more complex, the solution of this relationship becomes more

difficult to determine. For instance, the motivation behind this research is to characterize

the power requirements of the PARTI wing which consists of 72 individual actuators
acting on a complex, plate-like structure (Figure 1.4). A model of the .couplcd motion of
each individual actuator acting on the wing during active control would be necessary to
solvg the equation of motion. The model would include an estimate of the actuator force
acting on the wing, an estimate of the external force, which is both random and non-
statioriary, and an estimate of the response of the wing to these forces. Also, a closed-
loop control scenario must be applied to the model] to simulate active vibration control.
The time and energy required for this solution would be extensive and questionably

accurate.

To build a better understanding of the effects of the strain to voltage response of the
actuator and host structure on the admittance, a single—deg\rec—of—frecdbm modcl is
investigated. The simplified model allows for a more straightforward investi gation that
can later be applied to more complex structures. Thus, the beam with piezoelectric

actuators is simplified as a SDOF mass, spring damper system. (Figure 3.3)




Actuator, F,

Figure 3.3: Simplification of Cantilever Beam to SDOF Structure.

First, the cquaﬁon of motion of the SDOF structure in Figure 3.3 will be developed.
Thcn thc stram of the actuator will be determined from the equatmn of motion before

investigating the $pecific case of active control.
3.2a Structural Equation of Motion

For a single degree of freedom system excited by an external force and a piezoelectric

actuator, the:equation of motion of the structurs is:

.o o 3.21
- mx+cxtkx=F,+F, '

Whgre m, ¢, and k represent the mass, damping, and stiffness of the host structure
accordingly. The actuator force is designated by F, and the external force is desi gnated ,
by F.. The mass and damping contributions of the piezoelectric actuator are assumed to
be negiigible. The force of the actuator is determined by the constitutive equation of

stress (equation 3.5):

F,=-T x Area =Y, (d,,E - §,)wh ’ 3.22
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The force of the actuator acting on the structure is made up of two parts. The first is the

blocking force of the actuator:

F,

blocking

= wd, Y,V 3.23
The second part is due to the elastic stiffness of the actuator, or the Hooke's Law

relationship:

F

elastic

=-whY},S, 3.24

The next section will discuss how the blocking force and elastic force of the piezoelectric

actuator couple with the host structuare-
3.2b Equation of Motion and Actuator Stirain™

It is. assumed-that the bond between the-actuator and structure is-perfect:. Forthis case,
the sirain of the actuator is assumed to be the same as the strain of the host structure

where the actuator is bonded.

3.25

AL
S=T

W RRY

Equation 3.25 car then be applied to the elastic force of the actuator, the motion of the

actuator in terms of the motion of the host-structure.

2 3.26
Fo. =——Yx=—kx

elastic L a
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The constant, k,, designates the effective stiffness the actuator contributes to the host-
structure. The equation of motion of the actuator-host structure (Equation 3.21) can be

rewritten.

m;+ cx+ (k + ka )x = F;)lm:king + Fz 3‘27
The normalized equation of motion is:
x4+ 260, 24 02x = (Fypong + F,) I m >28
The solution for the equation of motion can be determined by taking the Laplace
transform of Equation 3.28:
(s Py )+ F(5) 2
X(s)= - e (S s)
m(S2 + Zéa)ns + (0"2) blocking e
Using Equation 3.25 to define. the strain of the actuator with the motion of the host
structure, the strain of the actuator is determined.
3.30

§l (S) = (F;tiackin;; (S) + Fe (S))

mE(s® +2¢aw, s+ w?)

Applying the definition of the actuator bldcking force and dividing by the voltage, the

ratio of strain to voltage is determined.

Si(s) 1 s E(s) 331
V() mL(s* +2fw s+m>) W
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As was expected from Equation 3.31, it can be concluded that the strain to voltage ratio is
a function of the motion of the actuator-host structure in response to the control force of

the piezoelectric actuator and the external disturbance force.

Instead of solving for the explicit solution, two cases of structural control are
investigated, perfect and imperfect control, to-gain a better understanding of the electro-

mechanical interaction between the actuator and the host structure.

3.3 Structurai Control

The solution would traditionally be determined by solving the strain to voltage
relationship developed in the previc;us section, Equation 3.31, which is applied to the
equ:;‘ation of admittance,; Equatiom:3.20. Instead,.two cases of structural control are
investigated, perfect.control-and itnperfect control. "Perfect" structural contfol refers to
the ideal case where strain throughout the strucﬁre is completgly suppressed.. "Imperfect”
control refers-to the more realistic case. where-strain throughout the. structure is not . |
.complctely suppressed. Investigation of these two cases will reveal that an upper and
Iower bound on the adrnittancg can be defined. The analysi§ will show that the maximum
power is consumed when the structure is "perfectly” controlled; and as control authority is
lost, the power requirements will decrease. A minimum admittance 1s defined by the
structural strength of the piezoelectric actuator, which correspondé to the worst case

control scenario.
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3.3a Perfect Control

As mentioned above, for a perfectly-controlled structure, the strain throughout the host
structure is equal to zero. As indicated by Equation 3.25, the strain of the actuator Will
equal zero for this case. The actuator and host structure strain are equal to zero when the
force generated by the piezoelectric actuator is equal and opposite to the external force as

shown in Equation 3.30:
wdy, ¥,V (s) = —F. (s) 332

The maximum commanded force of the piezoelectric actuator is defined by the maximum

blocking force:

maximum F, (s) = wd,, ¥, V. (s) 3.33

The maximum voltage, V,,, (s), can be defined by two limitations, the limitation of the
actuator or the limitation of the-controiler. The limitation of the actuator is'the
breakdown voltage of the piezoelectric material. The breaicdown voltage is the voltage
tﬁat. will destroy the piezoelectric material. The m'axirﬂum voltage may also be defined
by the limitations of the controller, or the maximum voltage the controller can supply to

the actuator.

For perfect control, the external force must be less than or equal to the maximum actuator

blocking force:



<|max(F, )

F!
or 3.34
Fe (S) < WdBIYlIanx (S)

Substituting this relationship into Equation 3.31, the strain becomes zero. Consequently,

the admittance of the piezoelectric actuator reduces to:

22 _y 1y, ) 3.35
V(s) =Y(9)= S(F_"-‘B —dy},)—7—=sC

h

As mentioned earlier, the constant C in Equation 3.35 is the effective capacitance of a

piezoelectric actuatorz-
3.35 Imperfect Control.-. -

If the.external force exceeds the maxirnum blocking force, contral is less than perfect. In

which case, strain in the structure is greater than zero.
wd, Y,V . (s)<—F (s) => strain, $;>0 3.36

By redefining the external force as a combination of the actuator blocking force and an
additional force, f., as illustrated in Figure 3.4, the equation for the strain to voltage ratio
can be redefined in terms of the additional force that exceeds the capacity of the

piezoelectric actuators.
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F()=-wd 4V . () +1(s),) - : 3.37

Blocking Force,
F a= th3lvmn.x

P Perfect \ Imperfect
Control =~

External Force,
Fe=F,+f,

Figure 3.4:"Diagram of Actuator and External Force:

The transform of the strain to:voltage (Equation 3.31) can be simplified as: .

HONERAO 1 138
V() Vo (s) mL(s® +2a,s +@?) o
Applying this to the equation of admittance (Equation 3.20), the admittance for
"imperfect” control is:
_ W) wdy, ¥, ]
Y — C__ ~: hgc
© s[ Vo (5) mils” +2w,5+ 07) | - 3.39

The first important detail to notice is the 180 degree phase shift between the added force,
fe, and the excitation voltage which is designated by the negative sign before the force to
voltage ratio. This relationship is logical because the excitation voltage is designated to

oppose the force by the control law defined in Equation 3.33. Thus, the magnitude of the
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added force, f,, actually reduces the total admittance of the actuator. Accordingly,
assuming that the maximum capability of the piezoelectric actuator is used for control, as

control effectiveness decreases, admittance (and thus power) decreases. .

3.3¢ Boundaries on Admittance

From the relationship defined above, an upper and lower bound for admittance can be

defined. For perfect and imperfect control, the admittance is defined as:

Perfect Control Imperfect Control
~ 5 _ i (s) wdy ¥,
Y pope (8) = SC e (5) = S[C V. (s) m(s® +2Ea,5+0?)

Thu’s,.the maximum -admittanceis defined for the perfect control scenario:
¥ (s)=sC 3.40

From the imperfect control section, the admittance will decrease as structural control is
lost (6r f, increases). From Equations 3:38 and 3.39, the admittance will decrease the

most at the maximum strain to voltage ratio.

_ §i<s) 341
I,min S)=S C_WLdEHI’ll V(S)

The negative sign in Equation 3.41 corresponds with the phase shift defined in Section

3.3b.




To determine the lower bound on the admittance, the maximum strain to voltage ratio
must be determined. The maximum strain is determined by the ultimate strength of the
piezoelectric material. If the strain in the piezoelectric actuator exceeds the ultimate
strength of the material, the actuator will fail and power will no longer flow through the
actuator. The voltage is determined by the contro! law. However, assuming the éapacity
of the piezoelectric actuators is exhausted and V,,,, is used, then the maximum strain to

voltage ratio is defined by:

[S'(s).] =S (9 342
V() )ux Vi (9

Vmax
Figure 3.5: Strain and Voltage Relationship for Active Control .

Applying this relationship back into the equation of admittance for imperfect control

(Equation 3.39):

wld, Y,

: ' .. 5 r S~failure (s) : 3.43
| oM7) |

The lower boundary of the admittance is now defined. The most important detail-to

notice is that both the upper bound and the lower bound of the admittance are defined
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independent of the dynamics of the host structure. Thus, the admittance of a piezoelectric
actuator can be estimated within a region for active vibration control. For example, using
an ACX QP40W PZT actuator (Appendix 3), the percent difference between the best and

worst case for the admittance is determined.

S ailure (S) 3.44
. wlLd, Y, ———Vf. : ©
percent difference = c P x 100% = 10%

Even at the worst case scenario for vibration control, there is only a 10% reduction in
admittance. Thus, the boundaries for the admittance are defined between the equation for
perfect control, Equation 3.35, and the minimum admittance, Equation 3.43. Thus, for
most control éitpation'sé a conservaﬁve estimate of the admittance can be made by
neglecting the influence of the additional external force, f.. Note, the above estimate of
admittancé assumes two things; the actuator is excited at the maximum voltage and that
the actuators is used for vibration control. This estimate of error is not valid unless these
conditibns are met. The estimate of admittance is now defined and can be applied to the

equation of power mentioned eazlier.

¥ . (s)=sC ' 3.45

extimate

‘Where this estimate is always greater than the actual admittance with greater than 90%

accuracy for active vibration control.
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3.4 Piezoelectric Power Required for Active Control

This section will present the equations for predicting the power required of piezoelectric
actuators during active Vibra'gion control. Additional considerations assqciated with
piezoelectric powcr.are also discussed. Conservative calculations of the power
consumption of piezoelectri‘c actuators can be determined without direct consideration of
the dynamics of the actuator and host structure. The results of Section 3.3 indicéte that
the admittance can be determined with greater than 90% accuracy by neglecting these
dynamics. Transforming Equation 3.45 from the complex domain to the frequency

domain, the admittance becomes:

3.46

: 1o WL
Y(w) = jox ey -d Y —=joC

h

m{¥(w)]| =
2

_ -1
phase angle, ¢ = tan [Re[Y (@)]

Transforming the admittance back to the time domain and solvin g for the current:

3_V_ 347
ot

Ity=C
For a voltage signal with sinusoidal motion, V{ t)=Vsin(ar), the power becomes:

1
P(1)= ECDCV sin(2cr) _ 3.48 .

Equation 3.48 is a conservative estimate of the piezoelectric power consumption for

active control given the capacitance of the actuator and the voltage and frequency of the.
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control law output signal. The capacitance of the actuator is determined from Equation
3.19. For multiple piezoelectric actuators connected in parallel, the total capacitance is
the sum of the capacitance of each piezoelectric actuator:

Cwlal = Z C'I . : 349

i=l
C; = Effective Capacitance of Actuator i
n = Number of Actuators Being Used

The ability to predict the maximum power consumption of piezoelectric actuators can be

extremely useful in the design of structures that will use piezoelectric actuators for active

control. For exampte: once anestimate of the number and type of piezoelectric actuators ‘
are established; the magnitude of the maximum power required to control vibration on a

large airplane wing can be calculated as follows:
P (@)= Lo v ic.
max 2 max ~ max P { 3.50

Where @, is the maximum frequency of the control law output signal. Generally, this
.frequency is defined by the frequency of the highést mode of interest for control purposes.
Vomax 18 the maximum voltage that can be applied to the actuators. This is detérmined by
either the maximum voltage the piezoelectric actuators can withstand, or the maximum

. voltage the controller can generate.
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The benefits of this analysis can be seenvin Equation 3.48 and 3.50 where there is no
dependency on the structural dynamics between the actuator and host structure. The
computational effort in characterizing the power requirements of a piezoelectric actuator
during active control are drastically reduced from previous models of piezoelectric power.

Making the application and development of piezoelectric technology more accessible.

An additional consideration in calculating pbv;/ér is that Uédiﬁonal power amplifiers are
not designed for a capacitance load like that of piezoelectric actuators. For this reason,
the total power consumption is based on the combined magnitude of the imaginary power
and real power, or the apparent power. A detailed description of imaginary and real
power is given in Appendix 1. As noted in the introduction, 2 new generation of power
amplifiers are being.developed that are capable of storing the imagimary power; or the
power loaci of a piezoelectric actuator. The only power loss would bg due to losses within
the amplifier, actuator and circuitry. Thus, application of the new generation of power
amplifiers may prove-to-be a drastic reductionin piezoelectric power consumption;

Linear amplifiers are the most dependable and widely used amplifier at this time.

Note: the above developments assume the capacitance of piezoelectric actuators is
constant:with respect to-voltage. Although this assumption is commonly made, the
experimental tests conducted as a part of the current research show‘that capacifance
actually i'ncfeases with voltage. Thus,ito accurately predict the power consumption using
Equation 3.48 or 3.50, the measured capacjtance of the piezoei;ectric actuators must be
used. Further description of this phenomena is discussed in the Experimental

Verification chapter that follows.
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CHAPTER 4: EXPERIMENTAL VERIFICATION
4.0 Introduction to Experimental Verification

This chapter focuses on the experimental verification of the previous analytical
development. The conclusion of the analysis is that for active vibration control
piezoelectric admittance can be determined without modeliﬁ g the actuator and' host
structure's dynamics. The admittance can then be applied to the equation of po_wer to

determine the power characteristics of the piezoelectric actuators utilized for active

vibration control.

During the experimental verification of the analysis, a non-linearity in the material
.properties of the piezoelectric actuator was discovered. The non-linearity will be
discussed before the results of the experimental verification are presented because an

understanding of the non-linearity is vital to interpreting the experimental results.

The verification of the analytical results will be presented for three cases: open-loop
excitation, feed-forward control and closed-loop control cases. During open-loop

excitation, the piezoelectric actuators are being used to excite motion in the structure

without feedbaék. During feed-forward and closed-loop control, an external disturbance -

is applied by a force shaker and the piezoelectric actuators actively inhibit the motion in

the structure using feed-forward or feedback control laws.
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4.1 Single-Degree-Of-Freedom Test Structure

For the experimental tests, a single-degree-of-freedom model was used (Figure 4.1). The
model is a 12 inch long cantilevered beam made of an aluminum honeycomb core
sandwiched between graphite-epoxy face sheets. An aluminum mass was fixed to the tip
of the bearmn to isolate the first bending mode, simulating a single-degree-of-freedom
(SDOF) system. The aluminum mass reduced the natural frequency of the first bending
mode of the beam to a frequency-that made data acquisition and analysis of the data more
convenient. The piezoelectric actuators were adhered at the root of the beam because the
root of the beam is the region of high_est curvature in the first bending mode.
Piezoelectric actuators are essentially strain actuators and have been shown to have the
most control e-ffective.ness in the region of highest curvature. Two ACX type QP-40W

PZT actuators (Appendix 3) were used. The actuators were adhered to the beam in the

same orientation as illustrated in the introductory section in Figure 1.3.

Aluminum Mass

ACX QP4OW Accelerometer
PZT Actuator
Load Cell
Sirain Gage

Eleciro-Magnetic

Cantilever Beam Force Shaker




During closed-loop testing, the external force was introduced by applying an electro-
magnetic force shaker that was orientated to supply a force at the center of gravity of the
aluminum mass. Force output of the shaker was measured through a load cell at the tip of
the stinger connecting the shaker to the structure. A strain gage was adhered adjacent to
the pie;oe]ectric actuators at the root of the beam to measure strain in the beam. An
accelerometer was positioned at the center'of gravity of the aluminum mass to m.easure
tip acceleration. An ammeter was used to measure the current in the piezoelectric

actuator circuit. (Figure 4.2)

Digital Controller
* Control Law Implementation

* Data-Acquisition Piezoelectric Actuator

Accelerometer

» D/A-and A/D Conversion Command Voltage

Gy | " Load o ofla

In(iees g
Strain Gage
P .

Electro-Magnetic
Force Shaker

Excitation Signal: Linear Sine Sweep(20-40Hz)

Figure 4.2: Illustration Of Test Setup

Data acquisition and control was performed using an SGI workstation. The signal used to

command the piezoelectric actuator was generated at 2 kHz and then passed through a
low-pass filter with a cut-off frequency of 1000 Hz. Filtering the excitation signal was

necessary due to the response of the piezoelectric actuator to a digitally generated

40

Aluminum




excitation signal with a sampling rate below the bandwidth of the piezoelectric actuator.
Digitally generated signals resemble a staircase in structure, or a step input at each time
step. Although, this does not typically influence the control effectiveness of .the actuator,
the current signal becomes extremely noisy and difficult to measure if the excitation

si gnai is n;)t filtered. The response of the actuator to the step input of the excitation
signal is a _spil@ in the current that gives the current a "sawtooth" appearance. Current is
one of the essential quantities that defines admittance; therefore, an accufate measure of
the current was important in these experiments. This problem was solved by conditioning
the di gital signal with a low-pass filter. The result was a "smooth" excitation signal that
more closely resembleé an analog signal. Using a linear power amplifier, the filtered
signal was amplified.with a gainof 17. Further discussionof the amplifier types and.
characteristics will be introduced in Section 4.6. Data acquisition is performed at a
sampling rate of 250 Hz yielding a Nyquist frequency of 125 Hz. An anti-aliasing filter

was implemented. with a cat-off frequency.of 100 Hz.
4.2 Non-Linear Capacitance

As noted previously, experimental tests revealed a non-linear characteristic in the
capacitance of the piezoelectric actuator. Brief mention of this phenomenon was made by

Warkentin (24) and a more detailed investigation was recently presented by Sherrit (25).

Expérimental tests revealed that the capacitance of the piezoelectric actuators increases
with voltage as indicated from Figure 4.3. Capacitance was measured by clamping the
host structure to inhibit all motion. Recalling from the equation of admittance, when the

strain is zero, the admittance is a function of frequency and capacitance alone. The
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capacitance of the piezoelectric actnator is measured from the slope of the admittance

versus frequency plot.
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Figure 4.3: Capacitance vs. Excitation Voltage for The Actual; Analytical and the Empirical Model
of Capacitance..

An empirical model of capacitance.as a function of voltage was developed to model the
varying capacitance behavior. This was done by performing a first order least squares
approximation on the experimentally determined values of capacitance. The results
found a 0.44% increase in capacitance pérb volt. Resulting in an empirical model of

capacitance:

4.1
C

empirical

ac
Gy +5/:V(CO)

Cop=0.661 pFarads
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5= (00044)C,

Piezoelectric actuators are commonly operated in the 100 to 200 volt range. In this volt
range, approximately a 40-90% increase in capacitance can be expected over the

manufacturer's quoted value. The manufacturer's quoted value of capacitance is shown in

Figure 4.3 as the analyticaj value, 0.661 pFarads.

The éﬁip’i"fi'ca'l"s‘dlution above is a linear relationship (Equation 4.1), but the effect of the
non-constant capacitance makes the admittance nonlinear because the admittance is now

a function of voltage as well:

Y(w)= jw[{co +3—‘(5~'V(m)}'— wlLd, Y, %}

It is common for electrical engineers to refer to non-constant capacitance as non-linear.
N dt because of the relationship: between capacitance:and voltage; but fofthe non:=linearity . -
introduced in the admittance as shown above. Because the non-linearity was introduced
and accounted for in the frequency domain, the analytical solution of admittance can not
be transformed into the time domain. Thus, the analytical equations of power can not be
determined in the time domain. This does not P(;JSC a problem in the characterization of
admittance or power. There is no evidence that suggest that admittance may change with
timme; therefore, a sufficiently accurate model of admittance and power can be

characterized in the frequency domain. However, quantifying the energy consumption of

a piezoelectric actuator requires the power as a function of time. Thus, the only way to
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determine energy consumption for a test is to experimentally measure the voltage and

current and determine the power as a function of time directly.

The admittance is now a function of the voitage or control signal that is applied to the
piezoelectric actuator, the frequency of the control law signal as well as the material
properties of the piezoelectric material. It is important to realize that the admittance
must be determined for individual control signals as Athe control signals may change

between tests, control laws or boundary conditions.

During this research, efforts were made to investigate the origin of the non-linear
behavior of the capacitance. Measurement techniques and meter calibration were

checked and verified to be accurate. Investigations were made exploring thermal effects. -

The high voltages exposed to piezoelectric actuators were thought to increase the
temperature within the material which may result in the change in capacitance.
Experimental test measured a change in temperature of one degree Celsius between 17

and 85 volts. Thus, thermal effects were considered negligible.

Sherrit's (25) presentation identified that the dielectric, piezoelectric and elastic constants
are influenced by the voltage applied to the material and the stress acting on the material.
The con.sequence is that the fnateri‘al consta.nts will change under diffefent bf)und«ary
coﬁditions and under different excitation signals. Some plots that illustrate the change in
capacitance under different boundary conditions are found in Appendix 2. The results
vérify that the capacitance will change with both the boundary conditions and voltage. At

this point, too many unknowns still exist tc completely characterize how the material ‘
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properties of piezoelectric actuators are affected by the applied voltage or the stress acting

on the actuator:

The author believes that due to the inherent nature of piezoelectric materials, changes in
material properties should be expected with changes in excitation. As the material
changes dimension with excitation, the molecular or ionic structure of the dipoles within
the material also shift, rotate or change shape. The change in position or shape of the
dipoles may change thg material Properties of the piezoelectric material. This is oniy a
hypothesis with the conclusioq that more research neéds to be conducted to truly

understand the material properties of piezoelectric materials.
4.3 Open-Loop Excitation

This section investigates the admittance during open-loop excitation. During open-loop
excitation, the piezoelectric actuators are utilized to excite motion in the structure without
feedback.. The purpose of investigating open-loop excitation is to illustrate the effects of

the phase angle between strain and voltage.

The strain response due to voltage input transfer function for 2 laminar piezoelectric
actuator fixed to a single-degree-of-freedom structure resembles an ideal second order
system. Below the natural frequency, the phase is zero deérees. Above the natural
frequency, the phase is 180 degrees. This means that the ratio of strain to voltage is

positive below the natural frequency and negative above the natural frequency. Inserting

this strain to voltage relationship for open-loop excitation into the equation of admittance:
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S (@)

7 ()| = 0| C+wLd, ¥, Vl_(co-)— <o, 42a
IY(a))l = co[C— wld, Y, %1(% w>aw, 4.2b

The admittance is found to increase due to the strain to voltage response for frequencies

below the natural frequency and decrease for frequencies greater than the natural

frequency. However, the increase and decrease in admittance will only cause minor

fluctuations about the mean admittance generated by the effective capacitance, C.
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Figure 4.4: Open-Loop Excitation Response of Admittance and Strain to Voltage Response

Figure 4.4 i§ a comparison of the frequéncy résponse curve of strain to voltage and the

admittance of the piezoelectric actuator during open-loop excitation. As predicted by
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Equations 4.2a and 4.2b, the admittance is found to increase in the modal region above
the mean for frequencies less than the natural frequency (29 Hz) and decrease below the

mean for frequencies greater than the natural frequency. The phase relationship between
Sy
the strain and excitation directly correspond to how the mechanical dynamics, — v , affect

the electrical admittance.

With this in mind, the control scenario should yield predictable results. The control law
is designed to oppose the motion in the structure. As developed in the analysis section,

the strain to voltage relationship should always be 180 degrees out of phase. Thus, the

mechanical dynamics will always reduce the magnitude of the admittance.

4.4 Féed;F"('}r.Wé'rd Control (cbnstant amplitude excitaﬁon)

During feed-forward control, the piezoelectric-actuator is used to inhibit motion within

the structure. A diagram of feed-forward. vibration control.is shown in Fi gure 4.5. The.

objective of this experiment was to investigate the effects of strain on the admittance

during active vibration control. Because of the non-linearity in the capacitance discussed

vl

Where the capacitance is replaced by Equation 4.1, and the phase relationship between

in Section 4.2, the equation of admittance now changes.

S ((o)
V(w)

IY(CO)[=CO[{C0+8 V(w)} -wLd, Y,

the strain to voltage ratio was assumed to be 180 degrees during vibration control.

Examination of the above equation shows that a variation in the voltage will introduce a
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variation in the admittance due to the non-linear capacitance. Unless the voltage, V(w), is
identical for both tests, comparing the effects of strain on the admittance from one test to
the next becomes difficult. For this reason, the control law was designated to excite the
piezoelectric actuators with a constant amplitude signal that is 180 degrees out of phase
with the signal going to the external force shaker. This ensures that the forces of the |
actuators are always opposing the external force. With a constant amplitude excitation
signal, the only variable‘ir.l the equation of admittance'was the strain, 'allowing for a more

accurate investigation of how strain affects the admittance. ;

The feed-forward control was désignated by breaking the excitation signal'in.two signals
before exciting the structure. One signal is sent to the piezoelectric actuator with a
;:onstant arnplitudé. The poles on the second'signal are switched (designating a lé(D
degree phase. shift) and.the signal is sent to the electro-magnetic force shaker.. A post-

gain amplifier is used to control the amplitude of the external force.

Two tests were compared, Test A and Test B. The amplitude of the excitation signal was
identical for both tests so the admittance may be compared between tests. The magnit'ude
of the external force in Test B was greater than the magnitude in Test A. Th.e greater

'exterﬁal for-ce resulted in greater structural strain. With identical excifation signals to the

actuator, the only change in the admittance was caused by the greater strain in Test B.
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Figure 4.5: Diagram of Feed-Forward Control Law.

The excitation signal was a sine sweep between 20 and 40 Hz to ensure the first mode of
the structure is excited (32 Hz). The increase in natural frequency between the opch—loop
excitation test (29 Hz) and the closed-lodp control test (32 FHz) was due tothe presence of

the electro-magnetic force shaker which adds stiffness and damping to, the host structure.

Open-loop excitation will refer to the case where the external force shaker is exciting
motion in the structure, feed-forward control will refer to the case the piezoelectric
actuators:are used to inhibit the'motion generated by the external force. In Test A, feed-
forward control demonstratéd a 53.5 % attenuation in strain from the open-loop excitation
casé (Figure 4.6A). Feed-forward control in Test B demonstrated a 41.5% attenuation. in

strain from open-loop excitation (Figure 4.6B).

Both test successfully demonstrated vibration control. The admittance between Test A
and Test B can now be examined. During feed-forward control, the strain of the structure
in Test B was 600% greater than the strain in Test A. The analysis predicted that an

Increase in strain will cause a decrease in admittance. Thus, the admittance in Test B is

expected te be less than the admittance in Test A. The admittance of the piezoelectric
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actuators during feed-forward control for Tests A and B are compared with the empirical
model of admittance in Figure 4.7. As expected, the admittance for both tcﬁts are less
than the.empirical model. As expected by the analysis, the greater structural strain in Test

B resulted in a greater reduction in admittance as compared to Test A. i

0.035

0034  |------ Test A, Open-L.oop 4 .
Test A, Closed-Loop e "

0.025 1

oozt - .
00154 ‘

Strain

0.01 -
0.005 +-4°

Frequency, Hz.

0.8+ 0 TestB, Open-loop | - N
0.7 1 Test B, Closed-Laop S \
0.6 + K .
0.5 + o N\ . {
0.4 ¥ ‘:' n‘ ‘
0.3 . "

0.2 -} -~ ) .

(R N o ‘..

Strain

20 22 25 27 30 32 35 37 40
Frequency, Hz

Figure 4.6 A {top) and B (betiom): The PSD of Strain for Test A and Test B With Piezoelectric
Actuator On and Off,
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. Figure 4.7: Relative Admittance Between Empirical model, Test A a'md-Test B.

The analysis also predicted that the increase in strain would be insignificant to the overall
admittanc;c. Figure 4.8 compares the percent error between the empirical model of
admittance and the experimental admittance. Again, the error in Test B is greater becanse
of the higher strain energy i th‘e*stn.lcture. Although, the error is significantly greater in
Test B (14%) than Te;t_A (4%), it should be noted that the strain in the structure ig 600%
-grcate; in Test B. Thus, a 600% iﬁcreasé»in sttuctural fﬁotio'n o.'nly i'nc‘re'ééed the &rror in
the admittance by 10%, which verifies that the mechanical dynamics, or strain,‘ has a

relatively insignificant influence on the admittance during vibration control.



Frequency, Hz

Figure 4.8: Percent Erﬁur;Between't_he’Empirical Model:‘And Tests. A and B. .

Furthermore, the excitation signal utilized-during both tests was only 37% of the
piezoelectric actuator's maximum allowable voitage. Recalling from Equation 3.48 if the
maximum voltage was supplied to the actuator, the error in the admittance could have

been reduced by a factor of 3.

The important details highlighted by these tests are I)thé actual admittance of the
pi»ezo_eicctric ‘actuators never exceed the empirical model 6f admittance that ignores the
mechanical motion of the actuator and host structure and 2)a significant quantity of strain
induces a small decrease in the admittance of the piezoelectric actuator. Thus, this test

supports the theory developed in the analytical section that a conservative model of

admittance can be determined without modeling the mechanical dynamics of the actuator




and host structure. The next experiment verifies this theory for the case of closed-loop

control or active vibration control using a more realistic strain-feedback control law.

4.5 Closed-Loop Control (strain-feedback)

During closed loop-control, the piezoelectric actuators are used to inhibit motion in the
structure using a feedback control law as illustrated in Figure 4.9. The addition of the
control law introduces an active vibration control scheme where the control law reacts to

the structural displacement; attcr‘npﬁh’ gto aétively minimize structural displacement.

External
Force
~Excitation : ";/ ™\ o] ...  Piezoelectric ‘ + Structural
Signal 0/ Actuator Displacement
. - A

Control strain
Law

Figure 4.9: Diagram of closed-loop control Iaw.

The digital controller is used to measure the strain in the structure at the root of the beam
directly adjacent to the piezoelectric actuator. The strain is fed to the control law which
genérates a signal 180 degrees out of phase with the strain at an amplitude assigned by the

user.

Since experimental tests showed that capacitance increases with voltage, all values for

capacitance were calculated using the empirical model of capacitance, Equation 4.1. As

mentioned in the previous section, the strain in the structure will reduce the admittance of -
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the actuator. Thus, the empirical model of admittance should always be greater than or

equal to the experimental admittance measured during the test.

Two estimates of piezoelectric admittance during active vibration control are presented
using Equation 4.1. Both estimates of admittance are plotted against the experimental
admittance. The first estimate of admittance, as seen in Figure 4.10, assumes the control
law output voltage is uﬁkho@n; ,thereforg, the maximum voltage of the actuator is used to
determine the capacitahce. From Figure 4. 10, thc maximum admittance is clearly greater
than the experimental admittancé. The second estimate of admittance, as seen in figure
4_.1 1, uses thevpower spectral density of the cc;ntro] law output voltage to calculate the
capacitance. This yields an estimate of the admittance for this specific control output

- voltage. From Figure 4.1 ]., the estimated admittance is greater than or equal fo the

experimental admittance.

Admittance(1/ohmsxE-03)

-

-
-

Maximum
------ Experimental

28
Frequency(Hz)

Figure 4.10: Frequency Response of Calculated Maximum Admittance and Experimental

Admittance.
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Figure 4.11: Frequency Response of Estimated Admittance and Experimental Admittance. -

This is conéistent W.ith-what was stéfed in Section 3.4. The control law us;ed for this
example displayed a 20% reduction in structural vibration, or 80% of the strain energy
still exists. For this control law, the differenc; between the experimental and the
estimated admittance was never greater.than 3%. Thus; the structural motion has a -
negligible effect on the total admittance of the piezoelectric actuator fbr éctivc vibration
control. The admittanc¢ is greater than the estimate at the ends of the frcqpcncy rén ge
due to an abrupt loss of frequency content, or a problem referred to as Gibb's

phenomenon.

With an estimate of admittance, the power required by the piezoelectric actuator for
active vibration control can easily be calculated. Using Equaticn 3.2, the power is

determined in the frequency domain (Figure 4.12)
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Figure 4.12: Plots of Actual Power and Estimated Power vs.. Frequency.

As expected; the estimate of power is greater thar or equal ta the:actual power across the

i
N

entire bandwidth. Also, the error is insignificant (less than 3%) across the bandwidth.
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p— CHAPTER 5: CONCLUSION

Analytical models of piezoelectric power consumption during active vibration control |
were developed. These developments showed that piezoelectric power consumption is
essentially a function of the material and geometric properties of the piezoelectric
actuators. The structural dynamics of the host structure and actuator have a minimal
effect on the power consumed by the actuators and in fact, will reduce the power
cpnsumcd_by piezoelectric actuators. Thus, rnaxirqum power is consumed Wheq the

vibration of the host structure is completely controlled.

A single-degree-of-freedom experimental.model-was.used to veri'fy_ that a conservative
estimate of power consumption can be m.ade by ignoring structural dynamic effects.

. ‘ Verification of the analysis \}»las performed using two casejs of clo‘scd—.loop vibr‘atioﬁ
control. Both test casevs verified the resnlts. Also, it was verified :th"ax:‘the‘efféct‘ of
increased strain reduces admittance. The experimental results showed that even with
large quantities of strain in the structure and the actuator, the admittance was reduced an
insignificant amount and the apalytical model of admittance was always greater than the
admittance measured during the experiment. The experimental verification also revealed
a non—ljnearity in the capacitance of the piezoclectric material. The non-linearity was
accounted fof with an‘empirical model. Without the empirical'modél, the error in the
estimate of admittance and power could be 40% to 90% within the actuator operating
réng’e. Note, these conclusions a.re only valid for vibration control using piezbelectric

actuators and do not apply to open-loop excitation.
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The analysis also showed that the electrical load of the piezoelectric actuator is
predominantly a capacitor. Because capacitors create a reactive electrical load, the type
of power amplifier used will greatly influence the total power consumption of the
piezoelectric actuator. In addition to examining piezoelectric power consumption, this
research revealed a non-linear behavior in the material properties of piezoelectric
materials. Future work includes a characterization of piezoelectric material propcrties.

with a concentration on defining the material non-linearity, validating the power

" consumption results using multiple—degree-of;freedorii experimental models, and an

investigation of piezoelectric actuator self-sensing capabilities for feedback control laws.
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APPENDIX-1: Electrical Analysis:

A short introduction to the tools required for electrical analysis will be presented. An

understanding of the fundamentals behind electrical engineering is required to understand

the characterization of electrical power consumption.

A-1.1a Definitions (Reference 27)
Table A-1.1 Important Electrical Quantities

Quantity Symbol Definition Unit Abbreviation (alternate)
Energy- w ability to do joule J . (N*m)
work
Power p energy/unit watt w @3/s)
time
Charge q quantity of coulomb C (A*s)
electricity
Current i rate of flow ampere A (Cls)
of charge
Voltage. v . energy/unit volt v (W/A)
charge
Electric Field E force/unit volt/meter V/m (N/C)
charge-
Resistance R voltage/unit ohms Q 1/siemens
of current
Capacitance C current/time farads F
rate of change
of voltage

' Power measures the rate at which energy is transferred. Power is defined by the time rate

of change of energy and is measured in units of watts.

A-T.1



Charge is the quantity of electricity. Charge is defined as conservative because it can

neither be created or destroyed and is measured in units of coulombs.

The current through an area is defined by the electric charge passing through the area per

unit time and is measured in units of amperes.

. dg A-1.2

[=—

s dr

Voltage is a measure of electricil potential difference. The energy-transfer capability of a
flow of electric charge is determined by the voltage. Voltage is defined by the quantity of

energy per unit charge and is measured in volts.

dw : A-13

v A-14

Conductivity is the inverse of resistance.

Capacitance defines the ability of a material to store a charge. The current in a capacitor

is found to be proportional to the time rate of change of the applied voltage.

o | A-15
=N
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Material capacitance is defined by the permittivity, €, of the material and its geometry.

area A-1.6

thickness

These definitions make up a small part of electrical engineering but will be sufficient in
the analysis of the power requirements of piezoelectric actuators. A brief introduction to

electrical analysis is introduced an will then be applied to piezoelectric actuators.
A-1.1b Electrical Analysis (Reference 27)

Consider the linear system:

v(ty—* Linear System [—>i(t)

Where the voltage and current are related through the convolution integral. This system

can be transferred into the frequency domain.

V(w)—* Linear System [—>I(®
(@)

Where the relationship can be expressed linearly using the frequency response function,

Y(®).

I(w) =Y (@)V () , A-1.7

In this case, the frequency response function, Y{(w), is defined as the admittance of the
circuit. Because-of the-relative ease-of-applying alinear systenrin-the frequency dormain,

admittance is commonly used in defining the characteristics of electrical circuits. The
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units of admittance are 1/ohms or siemens. Admittance generally defines the conductance

of a circuit with frequency content.

Impedance is also commonly used to define the linear relationship between current and

voltage.

Viw) =Z(w)I(w) A-1.8

The impedance, Z{®), of a circuit is the inverse of the admittance with units of ohms.
Impedance defines the resistance of a circuit with frequency content. Both admittance
and impedance are often complex functions, for this reason, admittance and imped'ance

are defined in terms of magnitude and phase.

magnitude:  [¥(@)|= {Re[Y(@)]* +Im[¥(w)]*} " ALY
— ) () N A-1.10

phase: (p—ta‘n {Re{Y(a))]}
Y (@) = [V (w)]e* ' A-1.11

Where the Re[g(w)] and Im[g(w)] notatio-n.si.gﬁify the real and imaginary co_mponehts of
the function, g(), respectively. The imaginary number (-1)!? is designa.tcd by the

variable j.

Electrical power can be characterized in terms of the admittance. First; power is defined

in terms of the voltage and current through the relationship:
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dw dwdg , A-1.12

The power in the'frequency domain is defined as:

P(w) =V(w)I(w) A-1.13

Applying the definition of admittance in Equation (A-1.7), the power characteristics can

be defined in terms of the admittance and the voltage.
P(w) =Y(0)V*(0) A-1.14
A-1.1c Discussion of Power (Reference 27)

A few solutions can be developed from the previous definition of power, Equation A-
1.14. By breaking down the exponential function into the sine and cosine parts, the

power can be-expressed by its real and‘imaginary components:-.

Plw) ={¥(0)V? (@){cos(p(w)) + j sin(@{w))} A-1.15
Re[ P(@)] = [F(@)V* (@) cos(p(@)) - A-1.16
Im[P(&))] =_|Y(co)lV2(a>) sin(p(w)) o A-1.17

The real component of power is commonly referred to as the "dissipative" power.
Dissipative power consumption is generally due ¢o a resistive load in the circuit. This
energy loss is dissipated in the form of héat, thus, the power loss is referred to as
‘dissipative power. The imaginary component is commonly referred to as "reactive”

power. Theoretically, the reactive component of power does not consume pPOWET.
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Reactive power is analogous to a mass-spring system in motion. The power will continue
to cycle until dissipated by a resistive element, or a damper in the mass-spring system.
Realistically, the power requirements of an electrical system are characterized by the

apparent power, or the total magnitude of the power.
P (@) = [F @)V * (00) A-1.18

Typically, amplificrs that supply the power to a circuit are not capable of storing the
reactive power.' The reactive power is required to be "replenished" after every cycle. For
this reason, the power rcquireme;nts of a circﬁit are defined by the apparent power. More
complex amplifiers are being produced that store the reactive component of the power,
the.reforc, the total power consumption would be characterized by the dissipative power
alone. Because of the variability between amplifier types, knowing the type of amplifier

is vital to determining the power requirements of the circuit

64




APPENDIX-2: Non-Linear Capacitance Plots Highlighting Effects of Changing

Boundary Conditions.

Capacitance vs. Voltage of ACX QP40W Actuator Excited in Bending

4.40E-04
4.20E-04 ’

4.00E-04 + ' e

3.B0E-04 -+

U
Y

‘3.60E-04 4 .’

3.40E-04 +

apacitance( faradsxE-01)

C
@
n
o
m
o
>
y
1

-
-
-

3.00E-04 t t t

Voltage

25

Capacitance vs. Voltage, ACX QP40W PZT Actuator, Excited in

Extension and Contraction—-

0.43

0424

041 + ' -

------------------

0.4 |

0.39

Extension

———— Compression

Capacitance(micro farads)

0.36 - ; +
11.48 15.98 205 25.64

Voltage

28.62

65




APPENDIX-3 ACX Actuator Material Properties and Geomefry

Contact information:

Active Control Experts, Inc.
215 First Street -
Cambridge, MA 021241-1227

Tel: 617-577-0700
Fax: 617-577-0656
e-mail: info@acx.com

WWW: www.acx.com
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! Model QP40W Specifications

Application type: strain actuator only
Device size (in): 4.00 x 1.50 x 0.03
Device weight (0z): 0.51
Active eléments: 2 stacks of 2 piezos
Piezo wafer size (in): 1.81 x 1.31 x 0.010
Device capacitance: (uF): 0.40

‘ Fulf scale voltage range(V): +200

Functional Diagram - - -

: g‘(ES‘I

- Device poled with positive voltage applied to pins 2 and 3.

Bonded Configuration

Full scale strain, extension (u ): £280

e e W

F b SR

LTI
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QuickPack® Actuator Piezoelectric Properties
Property Symbal Units Value
Dielectric Constant (I KHz) K'_f 1800
Dielectric Loss Factor (1 KHz) tand, % 1.8
Curic Point  _ T. °C 350
Density p kg/m® 7700
Coercive Field* E. KViem 14.9
K, 0.63
Coupling Cocfficients Kas 0.70
K, 0.30
K, 0.40
ds3 Lol o2 350
Piczoclectric Charge Coefficients Newton
(Displacement Coefficicnt) (or)
. ds, _ 179 |
meters o lo_u_
volt
| Piczoclectric Voltage Coefficient £33 volt meters x10™ 24.2
(Voltuge Coclligient)-- - 2 Newton | -11.0%
E.
Elastic Modulus v | Nowlon o | 69
: Y;& . meter” 55
* Measured at less than | Hz. !
K] €, Iw
Plate Capacitance (F) = "
Definitions _ i
vtan& - Dielectric Loss Factor p - Mass Density of Ceramic 1
c
T. - Curie Point 1  -Length(m)
d a - Direct Charge Coefticient w - Width ()
d,, -Transverse Charge Coefficient ¢ - Thickness (m)
g, - Transvenc Voltage E - Coercive Field
' Coefficient :
g3y - Direct Voltage Cocfficient g, -FPermittivity of free space | i
K - Planar Biectromechanical K, -Direct Electromechanical
Coupling Coefficient Coupling Coefficient
K,, -Tmmsverse Elcctromechanical vE - Dirsct Youngs Modulus ;
_ 7 Coupling Cosfficient # _
xT  -Free Dielectric Constant yE - Blastic Modulus
3 Measurcd Along Poling Axis H
ri—— |
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