AD-A238 739
QAT R

Ut ECTE
s JUL 2 21‘991

DISTRIBUTION. STAT=MENT A

Appiovec tor pusiic misase
Diftnounch Unlirm:ted

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

e —

Wright-Patterson Air Force Base, Ohio




AFIT/GA/ENY/91M-2

SENSITIVITY ANALYSIS FOR THE SELECTION OF
LINEAR QUADRATIC REGULATOR WEIGHING PARAMETERS
Q@ AND R FOR ACTIVE VIBRATION SUPPRESSION
OF A CANTILEVERED BEAM
THESIS
Steven L. Story, Captain, USAF

AFIT/GA/ENY/91M-2

Approved for public release; distribution unlimited

. 191-05740
1 o LT lll'ilil bl




"7 March 1991 MS Thesis

Sensitivity Analysis for the Selection of Linear Quadratic
Regulator Weighing Parameters Q and R for Active Vibration
Suppression of a Cantilevered Beam

Steven L. Story, Capt, USAF

School of Engineering
Air Force Incstitute of Technology (AU)
Wright-Patterson AFB, OH 45433-6583

Dr. V. V. Venkayya
WRDC/FIBR

Approved for public release; distribution unlimited.

There has been much interest during the past decade to develop and launch large
space structures. The high cost of launching material into orbit will require
that these structures be assembled in space using light weight elements which are
vulnerable to dynamic excitations. Active control may be necessary to rapidly
attenuate large amplitude vibrations. The active vibration control system is
usually designed after the structure has been optimized. The integrated design of
the control system and the structure may provide additional weight savings. This
thesis presents a sensitivity analysis of the structure/control optimization
problem. The structure used is an aluminum rectangular beam with proof mass
actuators mounted on the free end and a structural dynamics shaker attached at the
midpoint. A finite element model of the structure is developed using MSC/NASTRAN.
LQR theory is used as the control law with velocity feedback. Constant and
variable values of Q and R for the performance index are used. The variable
values of Q and R are selected to minimize total system energy. Optimization
methods examined are; first, the minimization of the performance index J and
structural weight; second, Onada's formulation, which minimizes control weight and
structural weight.

Active Vibration Suppression; Finite Element Modeling of Beam; 158
Control/Structure Optimization; Vibration Suppression -

UNCLASSIFIED UNCLASSIFIED UNCLASSIFIED uL




N GENERAL INSTRUCTIONS FOR COMPLETING SF 298

The Report Documentation Page (RDP) is used in announcing and cataloging reports. It is i
2P0 I _ | . s important
that this information be consistent with the rest of the report, particularlg tge c'::::ver and titleppage.

Instructions for filling in each biock of the form follow.

optical scanning requirements.

It is important to stay within the lines to meet

Block 1. Agency Use Only (Leave Blank)

Block 2. Report Date. Full publication date
including day, month, and year, if available (e.g.

1 Jan 88). Must cite at least the year.

Block 3. T fR n ver
State whether report is interim, final, etc. If
applicable, enter inclusive report dates (e.g. 10
Jun 87 - 30 Jun 88).

Block 4. Title and Subititle, A title is taken from

the part of the report that provides the most
meaningful and complete information. When a
report is prepared in more than one volume,
repeat the primary title, add volume number,
and include subtitle for the specific volume. On
classified documents enter the title
classification in parentheses.

Block 5. Eynding Numbers, To include contract

and grant numbers; may include program
element number(s), project number(sb task
number(s?, and work unit number(s). Use the

following labels:

C - Contract PR - Project

G - Grant TA - Task

PE - Program WU - Work Unit
Element Accession No.

Block 6. Author(s), Name(s) of person(s)
responsible for writing the report, performing
the research, or credited with the content of the
report. If editor or compiler, this should follow

the name(s).

Block 7. Per i izati
Address(es), Self-explanatory.

Block 8. Performing Qrganization Report
Number, Enter the unique alphanumeric report
number(s) assigned by the organization
performing the report.

Block 9. Snsmsn_rmgLMmmgm?_Agam
Names(s) and Address(es)., Self-explanatory.

Block 10. i
Report Number. (If known)

Block 11. Supplementary Notes, Enter
information not included elsewhere such as:
Prepared in cooperation with...; Trans. of ..., To
be published in .... When a report is revised,
include a statement whether the new report
supersedes or supplements the older report.

Block 12a. Distribution/Availablity Statement,
Denote public availability or limitation. Cite
any availability to the public. Enter additional
limitations or special markings in ail capitals
(e.g. NOFORN, REL, ITAR)

DOD - See DoDD 5230.24, "Distribution
Statements on Technical
Documents."

DOE - See authorities

NASA - See Handbook NHB 2200.2.

NTIS - Leave blank.

Block 12b. Distribution Code.

DOD - DOD - Leave blank

DOE - DOE - Enter DOE distribution categories
from the Standard Distribution for
Unclassified Scientific and Technical
Reports

NASA - NASA - Leave blank

NTIS NTIS - Leave blank.

1

Block 13. Abstract. Include a brief (Maximum
200 words) factual summary of the most
significant information contained in the report.

Block 14. Subject Terms, Keywords or phrases
identifying major subjects in the report.

Block 15. Number of Pages. Enter the total

number of pages.

Block 16. Price Code. Enter appropriate price
code (NTIS only).

Blocks 17. - 19. i ificati
Self-explanatory. Enter U.S. Security
Classification in accordance with U.S. Security
Regulations (i.e., UNCLASSIFIED). If form
contains classified information, stamp
classification on the top and bottom of the page.

Block 20. Limitation of Abstract, This block

must be completed to assign a limitation to the
abstract. Enter either UL (unlimited) or SAR
(same as report). An entry in this block is
necessary if the abstract is to be limited. If
blank, the abstract is assumed to be unlimited.

Standard Form 298 Back (Rev. 2-89)




AFIT/GA/ENY/91M-2

SENSITIVITY ANALYSIS FOR THE SELECTION OF
LINEAR QUADRATIC REGULATOR WEIGHING PARAMETERS Q AND R
FOR ACTIVE VIBRATION SUPPRESSION

OF A CANTILEVERED BEAM

THESIS

Presented to the Faculty of the School of Engineering
of the Air Force Institute of Technology
Air University
In Partial Fulfillment of the
Requirements for the Degree of

Master of Science in Astronautical Engineering

Steven L. Story, B.S. D

Captain, USAF

.-

{
l
March 1991 i
i

A

Approved for public release; distribution unlimited

R S,

! N
“r .
A4 2
N\,

e




Preface

This work uses a modified version of the Advanced Beam Experiment
which was originally developed by the Vibrations Branch of the Flight
Dynamics Lab at Wright-Patterson AFB. The modified version of the
Advanced Beam Experiment was performed by Capt Jacques in the AFIT labs.

The goal of this work is to create a finite element model of the
Advanced Beam Experiment using MSC/NASTRAN. The modal includes damping
inherent in both the structure and the actuators. The finite element
model is used to perform a sensitivity analysis on the selection of the
weighing parameters Q and R used in Linear Quadratic Regulator theory.
Sensitivity analysis is also performed on two optimization techniques.
The first invo.ves minimizing the performance index J and structural
mass, while the second, Onada's fornulation, involves minimizing control
mass and structural mass. Chapters II and III cover the structure
modeled. Chapter IV includes a brief review of finite elements and
describes how the model was constructed. Chapter V is a review of LQR
theory and describes the state-space formulation of the problem. For
those interested in only the results of the sensitivity analysis,
Chapter VI should provide all the necessary information.

This work would not have been possible without the help of many
people. The previous work of Capt Jacques and Capt Cristler provided
the details on which this work is based. Dr. Liebst spent many hours of
his time working with me to clarify optimal control theory. Capt Gans,
my thesis advisor, provided guidance while my committee, Lt Col Bagley
and Dr. Spenny, gave valuable comments so that I could clarify the final
work. Mom and Dad were always there to listen whenever I needed
encouragement and support. And finally, I would like to thank my wife
Joan. She always loocked for ways to help and tried to understand what
it was that I was doing. She sat through my defense and, when it was
over, celebrated with me.

Steven L. Story
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Absgtract

There has been much interest during the past decade to develop and
launch large space structures. The high cost of launching material into
orbit will require that these structures be assembled in space using
light weight elements which are vulnerable to dynamic excitations.
Active control may be necessary to rapidly attenuate large amplitude
vibrations. The active vibration control system is usually designed
after the structure has been optimized. The integrated design of the
control system and the structure may provide additional weight savings.
This thesis presents a sensitivity analysis of the structure/control
optimization problem. The structure used is an aluminum rectangular
beam with proof mass actuators mounted on the free end and a structural
dynamics shaker attached at the midpoint. A finite element model of the
structure is developed using MSC/NASTRAN. Linear Quadratic Regulator
theory is used as the control law with velocity feedback. Constant and
variable values of Q and R for the performance index are used. The
variable values of Q and R are selected to minimize total system energy.
Optimization methods examined are; first, the minimization of the
performance index J and structural weight; second, Onada's formulation,

which minimizes control weight and structural weight.
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SENSITIVITY ANALYSIS FOR THE SELECTION OF
LINEAR QUADRATIC REGULATOR WEIGHING PARAMETERS Q AND R
FOR ACTIVE VIBRATION SUPPRESSION

OF A CANTILEVERED BEAM

I. Introduction

During this decade, the deployment of large structures in space
will become a reality. NASA is currently developing Space Station
Freedom and the Department of Defense is interested in systems which, if
deployed, will require large stable platforms in space. Because of the
high cost uf launching material into orbit and because of launch size
restrictions, these built-up structures will be assembled in space usir -
light weight truss-like elements. The truss-like elements will provide
a framework to which mission-related functional components will be
attached. Because of their low weight, however, these structures will
be highly flexibl=2 which will make them vulnerable to dynamic

excitations from a variety of sources.

Control Approaches To Vibration Damping

A structure's response to dynamic excitations is governed by its
mass, damping, and stiffness characteristics. The large size of space
structures coupled with their light weight results in many low
frequency, lightly damped, closely spaced vibration modes. These
vibration modes must be controlled in order to minimize their effect on
the system. Passive damping, obtained by methods such as sophisticated

shock absorbers and visco-elastic coatings, is a partial solution to the




problem, but it cannot control all of the vibration modes. Active
control may be required to rapidly attenuate large amplitude vibration
modes.

The early history of active control research for Large Space
Structures (LSS) is well documented in Ref. 1. The authors of this
paper suggest four challenges (1:515) which face researchers in the

years ahead. These challenges are:

1. Design control systems sufficiently robust so that
errors in structural modeling can be accommodated.

2. Establish reasonably accurate structural models.

3. Develop auxiliary control laws which adequately reduce
plant excitations.

4. Establish the proper choice of control law, sensors, and
actuators to maintain the shape of a large space structure.

To address these challenges, the authors divided the field of LSS
research into structural dynamics and control theory.

The structural engineer's job is to develop a simplified
mathematical abstraction (model) of a structure. Since all of the
dynamic characteristics of a structure cannot be modeled, care must be
taken to ensure that the most important dynamic characteristics are
accurately represented in the model. A fundamental question, however,
must be asked (2:4); "What is the purpose of the model?" Will an
"exact" solution be required from a continuum model or will a lumped
mass model be adequate? Once the model is developed, verification must
be done to ensure that it accurately represents the structure.

Several methods of model verification are presented in Ref. 2.

The most common method used is to compare the model dynamic
characteristics to experimental results on the actual structure. The
large size of space structures, however, makes it impossible to test the
actual structure before it is deployed in space. Scale modeling of LSS

will be necessary if actual ground tests are to be conducted. Past
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experience (3:924) with finite element modeling in aircraft design
suggests that finite element modeling would be a useful tool to
dynamically model LSS. The system of linear differential equations
resulting from finite element analysis is readily expressed in state-
space form for use in designing the active control system.

The active control system for vibration damping of LSS generally
consists of sensors, controllers, and actuators. Prior to 1980, there
were very few LSS active control experiments (4:471). The first major
U.S. Government program, Active Control of Space Structures (ACOSS), was
started in 1978 and completed in 1984. 1In late 1989, the number of LSS
experiments (4:472) "seem to be approaching flood level."” Thig "flood
level” is the focus of Ref. 4 which surveys the literature published on
experimental LSS work accomplished during 1985-1989.

According to Ref. 4, the experience of many researchers suggests
that the actuators play the dominant role in determining the success or
failure of a LSS experiment. The type of actuators used in LSS
experiments can be used to lump the experiments into one of two distinct
categories. The first category of experiments are based on grounded
actuators. Since it is impractical to ground an actual LSS actuator,
the second category consists of those experiments using inertial

actuators.

Previous Work on the Advanced Beam Experiment (ABE)

The original concept of the ABE developed by the Wright Research
and Development Center Flight Dynamics Lab was to use four inertial
proof mass actuators mounted in pairs to control bending in two
orthogonal planes and torsion. Cristler (5) developed the actuator
controller and then demonstrated active control using a Linear Quadratic
Gaussian (LGQ) design and modal suppression techniques. Breitfeller (6)
demonstrated active control by using a low authority controller based on

root perturbation techniques and a high authority controller based on a
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frequency-shaped cost function. Both of these experiments were
partially successful.

Jacques (7) set out to resurrect the ABE in what is now known as
the modified ABE. In the modified ABE, only two of the original four
proof mass actuators were available. This limited the experiment to
controlling only XY-plane bending and torsion. To provide better
control over second and third mode bending, a structural dynamics shaker
was added. This violated the original intent of the ABE which was to
use only inertial actuators. It did, however, open the door for further

research on the ABE.

Control/Structure Optimization

The ABE represents the traditional approach to controls research.
The control engineer is given a structure and told to develop an optimal
control system to achieve some dynamic response. This approach may not
prove adequate with LSS because of the high cost of placing mass in
orbit. Since the size of LSS requires that they be constructed in
orbit, they do not have to be designed to withstand large launch forces.
An immediate cost savings can be achieved by designing very light
structures. Light structures, however, are susceptible to vibrations.
Passive damping can attenuate some of the vibrations, but active
vibration suppression will be necessary. To obtain maximum system
performance for minimum cost, an integrated approach to structural/
control optimization is necessary. Refs. 3 and 8 survey some of the
issues concerning the integrated optimization of structures and
controls. Two of the important issues in integrated design according to
(8:55-56) are, "crogs-sensitivity information” and "the choice of

objective function."




Problem Statement

There are three goals for the work presented in this thesis. The
first goal is to develop an accurate finite element model of the ABE
using MSC/NASTRAN. The model will include damping for both the
structure and the actuators. The second goal is to examine the "cross-
sensitivity" of the structure and the control system to the weighing
parameters Q and R from Linear Quadratic Regulator (LQR) theory.
Finally, two different objective functions used in the integrated
structure/control optimization problem will be examined by using

sensitivity analysis.




II. Structure

The Advanced Beam Experiment (ABE) configuration was originally
developed by the Wright Research and Development Center Flight Dynamics
Lab to model the large space structure characteristics of low frequency,
lightly damped, and closely spaced vibration modes. The structure and
its properties are presented in this chapter. The beam theoretical
equations of motion for xy-plane bending and torsion are derived and

numerical solutions given.

Structural Properties

The beam is a long, solid aluminum beam of rectangular cross-
section. It is suspended in a vertical position with a circular disk
attached to the free end. The circular disk provides a surface on which
to mount the control actuators and has approximately the same mass as
the beam. The disk provides the primary component of rotary inertia
which lowers tue first torsion mode frequency so that it is within the
control bandw.dth of the controllers. The beam is shown in Figure 2.1.
The beam and disk physical and material properties are given in Table

2.1 and Table 2.2 respectively.

Equations of Motion

The equations of motion for the beam can be derived using

Hamilton's principle. Hamilton's principle can be stated as (9:199)

t2 t2
fé(T-Ve)dt+f5Wncdt=O (2.1)
Y 4

where

T = total kinetic energy of the system.




1.797 m
{
< L

Y

s

Y e\l/ | 1.925E-02 m
-+ F
z 2.565E-02 m

Figure 2.1 Advanced Beam Experiment Configuration
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Table 2.1 Beam Properties (7:26)

Beam Property Description Value Units
Beam Length (L) 1.797 m

Y Cross-Section Width (a) 2.565 x 1072 m

Z Cross-Section Width (b) 1.925 x 1072 m
Cross—-Section Area (A) 4.539 x 1074 me
Young's Modulus (E) 7.446 x 1010 N/m2
Shear Modulus (G) 2.827 x 100 N/m?
Beam Density (p) 2.766 x 103 kg/m3
Beam Mass (m) 2.455 kg

Y Moment of Inertia (IY)* 1.526 x 1078 m?

Z Moment of Inertia (Iz)* 2.709 x 1078 m*
Torsional Moment of Inertia (J)' 3.292 x 1078 m®
Polar Moment of Inertia (Ip)* 4.235 x 1078 m?

* see Appendix A for sample calculations.

V., = potential energy of the system, including the strain
energy and the potential energy of the conservative
external forces.

éwnc = virtual work done by nonconservative forces, including

damping forces and external forces not accounted for

in V.




Table 2.2 Disk Properties (7:26)

Disk Property Description Value Units
Disk Diameter (d) 3.048 x 107! m
Disk Thickness (t) 2.540 x 107° m
Disk Mass (my) 4.986 kg
X Mass Moment of Inertia (IdnJ' 5.790 x 1072 kg-m2
Y Mass Moment of Inertia (Iﬁw)* 2.895 x 1072 kg-m2
Z Mass Moment of Inertia (Idu)* 2.895 x 1072 kg—m2

* see Appendix A for sample calculations.

5( ) = the symbol denoting the first variation, or virtual
change, in the quantity in parentheses.

ty, t2 = times at which the configuration of the system in known.

Equations of Motion - XY-Plane Bending. For a beam in bending,

shear deformation will occur as shown in Figure 2.2. 1In Figure 2.2,
a(x,t) is the rotation of the cross section and v(x,t) is the total
transverse displacement of the beam neutral axis in the y direction.

The shear angle P is defined as

B(x,t)=a(x,t)-

dv(x,t)
AL (2.2)

X
For a long, thin beam undergoing transverse vibration, however,
the equations of motion can be approximated by using the Bernoulli Euler

assumptions of elementary beam theory. These asgumptions are (9:193):




Bx,e) ~ T

< e

TN @ (x,t))

MA

P, - >

Figure 2.2 Beam Shear Deformation (9:203)

~-There is an axis of the beam which undergoes no extension or
contraction. The x-axis is located along this neutral axis.

-Cross sections perpendicular to the neutral axis in the
undeformed beam remain plane and remain perpendicular to the
deformed neutral axis, that is, transverse shear deformation
is neglected.

-The material is linearly elastic and the beam is homogeneous
at any cross section.

-0, and o, are negligible compared to o,.

-The xy-plane is the principal plane.




In addition to these assumptions, rotary inertia and gravity will be

neglected in the theoretical calculations. Equation 2.2 becomes

dv(x,t) _
g Talx, t) (2.3)

For displacement in the y-direction, the beam internal strain

energy is

ve=71£E(x)Iz(x) (a_a(a"x'_t))zdx (2.4)

and the beam kinetic energy due to translation is

L
_1 dv(x,t) 2 2.5
T ,zgp(x)A(x)(_at_) dx (2.5)

where
-E(x) is Young's Modulus.
-I,(x) is the moment of inertia about the z-axis.
-p(x) is the density.

-A(x) is the cross-sectional area.

For transverse loading, the virtual work is

L
aWnc=£p(X,t)av(x,t)dx (2.6)

Substituting equations 2.4, 2.5, and 2.6 into Hamilton's equation,
integrating by parts, and applying geometric boundary conditions gives
the equation of motion

2 2 2
E?ilE(xLH(x>f—59%fl1+p(x>A<x)9-192£l=p<x,t) (2.7)

x ax atl




and the natural boundary conditions

2,
E(x)I,(x) 37 (X t) (Xz't) | =My (E)
ox

Bv(x,t
_‘i"_l|x=,_

x>

E(x)I,(x) =Vy(t)

For free vibration, equation 2.7 reduces to

2 2
9% (E(x)I,(x) Mﬂ‘z;t_) ] +p(x)A(x)
dx® dx

Assume a solution of the form

v(x,t)=V(x)cos{wt-a)

Substituting equation 2.11 into equation 2.10

dZ
dx® dx

For a uniform beam

4
9°V(x) _ pA V(x)=0
Jx’ EI,
Let
p= pAuf
Yy "EI,
then the eigenvalue problem
4
vix) -p';V(x)=o
ax*

has a general solution of the form

V(x)=C1sin(ﬂyx)+C2cos(BYx)+C3sinh(BYx)+C4cosh(BYx)

2
4 (B(x)I,(x) iﬂ_z’il]-p(x)A(x)V(x)c.?:o

(2.8)

(2.9)

(2.

(2.

(2.

(2.

(2.

(2.

(2.

10)

11)

12)

13)

14)

15)

16)




Equationg of Motion - Torsion. Hamilton's principle can also be

used to derive the equations of motion for torsion. The potential

energy for torsion is given by (9:200-202)

L
K;%!G(x)J(x)[ﬂa’;’_t.).]zdx (2.17)

and the kinetic energy is

L
_1 a0 (x,t) .2 .
T _Ztgp(x)rp(x)[TJ dx (2.18)

where
~G(x) is the shear modulus.
-J(x) 1is a geometric property of the cross section.
—Ip(x) is the polar moment of inertia.

-B8(x,t) is the rotation at x.

The virtual work of the external forces is

L
awnc=£r(x,t)ae(x,t)dx+TL(L,t)89(L,t) (2.19)

where
-7(x,t) is a distributed moment.

-T (t) is a concentrated end moment.

Substituting equations 2.17, 2.1R8. and 2.19 into Hamilton's equation,
integrating by parts, and applying the geometric boundary conditions,
the equation of motion is found to be

3% (x,t) _ 3
3,2  Ox

% x[G(x)J(x)ﬂa"x;F_)]vr(x,c) (2.20)
t

P (%) Ip(x)




and the natural boundary condition is

E) ) | xa =My (L, E)

[G(x)J(x)ﬂ(g_‘;"_

For free torsional vibration 7(x,t) = 0, thus

F} a0 (x,t) ,_ 3% (x, t)
75 (6007 (0 DG o100 2200

For a uniform bar

oI, 2%0(x,t) _5;0%0(x,t)
at? ax?°
Assume a solution of the form
0(x,t)=0(x)cos(wt-a)

Substitute equation 2.24 into equation 2.23

2
crAe(x) +afpI ®(x)=0
dxz

and let
2 _ pIp (1)2
o
The torsional equation of motion can then be written as

2
d 0(:) +Bi¢(x) =0

dx

The general solution is of the form

®(x) =Cysin(P,x) +Cocos (B, x)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)




Numerical Solutions

The position dependent equations of motion for x-y plane bending

and torsion are again

dl.v(x) _BI‘V -

-7 (x)=0
dx* Y

de 2 _

___(2"1+px¢>(x) =0
dx

with general solutions

V(x)=A1sin(BYx)+A2cos(ﬂyx)+A3sinh(BYx)+A4cosh(ﬁyx)

& (x)=Cysin(Pyx) +Cocos (B,x)
The boundary conditions at the clamped end are
v(0,t)=0
6(0,t)=0

av(0,t) _4
— 3t

At x = L, the boundary conditions are

3%v(L, t)
V=mh_______.
Y at?
3% (L, t)
M =Id ——
X XX atz
3% [dv(x,t)

"z=Idzzs't—2[—-3x—-]

where the shear force and moments are

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

After applying the above boundary conditions the equation of

motion for x-y plane bending reduces to 2 equations and 3 unknowns while
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3
v, =51, 9V Xst) (2.39)
3
dx

ux=—GJﬂa’.‘§'_t_) (2.40)

2
=g, 3V(x, ) (2.41)

ax®

the equation of motion for torsion reduces to 1 equation and 2 unknowns.

The x-y bending plane equation of motion can be represented in matrix

form as
F(ByL)[Ar A]'=(0] (2.42)
with
A1=—A3
A2y (2.43)
F(BYL) is defined as
F11 Fq2 2.44
F ): ( - )
(ByE Fa1 Fa2

where

F11=-(ByL)%my(sin(P,L) -sinh (B L)) +LpA(B,L) (cos(B,L) +cosh(B,L)) (2-45)
F12=(ByL)?my(cos (ByL) -cosh(ByL) ) +LpA(B,L) (sin(ByL)-sinh(B,L)) (2-46)
F21=(ByL)>I; (cos (B,L) ~cosh(ByL)) -L>pA(sin(B,L) +sinh(ByL))  (2-47)

F22=(ByL)*I,;(sin(P,L) +sinh(B,L)) +L3pA(cos (ByL) +cosh(BL))  (2-48)

For equation 2.42 to have a non-trivial solution, the determinant must

be zero. The natural frequencies for bending are found by setting

2-11




detF(B,L)=0 (2.49)

solving for BYL, then using
BYL]Z[EII]E (2.50)

to solve for the natural frequencies.
After applying the boundary conditions for torsion we find c, = 0.
The equation of motion can be written as a transcendental function

. PIok
an(BxL)—TBxL)—IXX—O (2.51)

of BXL.

The natural frequencies are found from

=E[ﬂ‘; (2.52)
L pIp
Once BYL and BXL are found, the constants A;, A,, and C, can be found
from equations 2.31 and 2.32.

Equations 2.49 and 2.51 were solved numerically. The natural
frequencies of the beam without the end mass were also determined.
Table 2.3 contains the numerical solutions to the theoretical equations

of motion.
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Table 2.3 Numerical Results

Beam without End Mass

Beam with End Mass

XY Bending
M-1 6.65 2.17
M-2 41.72 28.01
M-3 116.81 76.36
M-4 228.91 138.35
M-5 378.40 240.29
Torsion
T-1 391.89 15.07
T-2 1176.00 784.25




III. Actuators, Sensors, Measurement Channel, and Configuration

The original Advanced Beam Experiment conducted by Cristler used
two pairs of linear proof mass actuators mounted on a circular disk
attached to the beam. The actuators, mounted in orthogonal axis,
theoretically allowed for simultaneous control of the beam in both
bending planes and torsion. The weight of the actuators, however,
created second and third bending modes close to the free end of the
beam. In addition, the actuators could not achieve full force output
below 5 Hz. Since the first bending mode in both the x-y plane and the
x-z plane was below 5 Hz, effective control was achieved with only the
first torsion mode.

The modified ABE conducted by Jacques used only 1 pair of linear
proof mass actuators to control first mode bending in the x-y plane and
the first torsion mode. To control second and third mode bending, a
structural dynamics shaker was added. 1In addition, improved accel-
erometers and integration circuits were used. This chapter covers the
changes implemented in the modified ABE which was used as the model for

this work.

Actuators

In the original ABE, AFWAL chose linear proof mass actuators based
(7:2.1) on a design by TRW. The actuators are linear dC motors which
use momentum exchange between the base plate and the moving mass to
provide a control force. The actuators consist of a linear motor coil
mounted on two support brackets connected to the base disk. The motor
coil is driven by a power amplifier circuit which transforms a voltage
command into a drive current. The drive current is limited to 2 amps by
a current limiter to prevent burning out the motor coils. The motor

coils drive the motor magnets which are contained in the 0.9258 kg




cylindrical proof mass. The proof mass travels on linear bearings which
allow for *1.067E-02 meters of travel. Below 5 Hz the maximum force
output is limited by the distance the proof mass can travel. For low

frequencies, the peak force can be predicted by
Fout = mgPd (3.1)

where m, is the mass of the proof mass and attached accelerometer, o is
the frequency in rad/sec of the signal driving the motor, and d is the
peak displacement., Figure 3.1 is a graph of the theoretical force
output for each actuator. BAbove 5 Hz the maximum force output of an
actuator is limited to about 8.9 N by the motor coil capability of 2
amps. Jacques (7:18) measured the actual control force available from
the actuators to control mode 1 bending. Table 3.1 gives Jacques'

measured results versus predicted results. The total force available at

100.00 —
b seaee Actuator A & B Force OQutput o
] seeee Maximum Force Qutput Due To Current Limit
80.00
60.00
g N
° ]
0 -
5 ]
[T -
40.00
b
2000
0.00 4
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00
Frequency (MHz)

Figure 3.1 Actuator Theoretical Force Ouput
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2 Hz is found to be * 2.625 N which is the sum of maximum output for

both actuators.

Table 3.1 Actuator Maximum Force Outputs at 2 Hz (7:18)

Actuator : Efficiency (%)

" B 1.606 1.299 80.9 "

The actuators are instrumented with Linear Variable Differential
Transformers (LVDT) which provide feedback of the relative position
between the proof mass and the motor base. The proof mass is
instrumented with an Endevco piezoresistive accelerometer. Figure 3.2
is a schematic of the linear proof mass actuators from Christler
(5:C.1 - C.4). Table 3.2 gives a description of each component, its

mass, and its dimensions. Tauies 3.3 and 3.4 list the center of gravity

Table 3.2 Actuator Mass Model Components (5:C.1)

Part Figure Mass Dimensions (107°m) "
Description (kg)
Length Width Height Diameter

1 Rectangular 2.49E-2 2.79 0.76 4.32 -
Plate

2 Circular 3.49E-2 11.43 - - 0.64
Cylinder

3 Rectangular 8.48E-2 2.79 0.76 4.32 -
Plate

4 Rectangular 3.49E-2 2.79 0.76 5.40 -
Plate

5 Circular 9.47E-2 13.97 - - 1.91
Cylinder

6 Hollow 51.36E-2 5.72 Inside Diameter = 0.64
Circular Outside Diameter = 5.40
Cylinder




Top View

Side View

Figure 3.2 Proof Mass Actuator (5:C.2)
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and mass moments of inertia for each component of actuators A and B.

The specifications for the linear motors, the LVDT's, and the Endevco

accelerometers are listed in Appendix B.

also given.

The power amplifier circuit is

Table 3.3 Actuator A Mass Model (5:C.3)

Part

Center of Gravity (10'2 m)

Mass Mom%?t of Inertia
kg-mz)

(10°

X

L]

=
(o]
[
~
o
.

%]
()]
(=)
o>
(=]

X

y

2

X

Y

|
177.55 5.72 10.16 0.17 0.55 0.40

177.55 -5.72 -10.16
2 176.78 0.00 -10.16 3.81 0.018 3.81 _
3 177.55 5.72 -10.16 0.59 1.87 1.36
4 172.70 5.72 -10.16 0.24 1.07 0.86
5 171.32 6.20 -10.16 15.62 0.43 15.62
6 176.78 0.00 ~10.16 40.99 33.13 40.99

Table 3.4 Actuator B Mass Model (5:C.4)
Center of Gravity (10'2 m) Mass Moment of Inertia
Part (10 ° kg-m%)
- - - I 1 I

z

1

2 176.78 0.00 10.16 3.81 0.018 3.81
3 177.55 -5.72 10.16 0.59 1.87 1.36
4 172.70 -5.72 10.16 0.24 1.07 0.86
5 171.32 -6.20 10.16 15.62 0.43 15.62
6 176.78 0.00 10.16 40.99 33.13 40.99




Initial open loop testing of the actuators by Cristler found them
to have several undesirable characteristics. These characteristics
(5:8-9) are

1. The low frequency behavior was non-linear due to several
factors. The bearing friction and associated hysteresis caused
drift of the center position. Also, the limited stroke length
would not allow for maximum force output below about 5 Hz. For
very low frequencies ( < 1 Hz), the bearing friction often
overcame the commanded force output of the actuator.

2. The zero adjustment of the power amplifier circuit
required continual adjustment, as the zero position would shift as
a function of both frequency and amplitude.

3. The open loop frequency response has a roll off and
associated phase shift in the vicinity of one of the fundamental
bending mode frequencies.

4. Non-linear bracket dynamics appeared in the region of
120-150 Hz.

A closed loop feedback system was designed to overcome these open loop
characteristics. The details of this design are completely described in
Reference 7. The overall goals (7:2-4) of the design were:

1. Actuator frequency response should be "flat" over the

structure control bandwidth. While the original ABE limited the

control bandwidth to 0 to 50 Hz, the modified experiment uses an
expanded control bandwidth of 0 to 100 Hz.

2. The actuator proof mass should maintain an inertial position

when the actuator is not being commanded.

3. The proof mass should maintain its centering when commanded at

different frequencies and amplitudes.

4. The actuator proof mass should remain within the *0.5 inch

actuator stroke limits.




The actuator compensator circuit used in the modified ABE was
identical to the circuit used in the original experiment except for
modifications in resistance values. These modifications (7:10) were
necessary for the following reasons:

1. The characterization of the open loop actuator changed

slightly. The low frequency pole shifted higher, the bearing

friction deteriorated further, and the actuators were sensitive to
environmental changes.

2. The modified ABE required a bandwidth of 0-100 Hz because the

third mode bending frequency of 60-70 Hz was included.

3. Different feedback accelerometers were used, and the

difference in the sensitivities had to be compensated for.

The details of these modifications are covered in detail in Reference 7.

The final control configuration is shown in Figure 3.3.

Pre-Filters Power Amplifier Plant
H b
E(s) 0.1(s+10) 454.5 | . _s00 | s X(s)
= By }
(s+1) F{ (8+2772)] ~ ??;ﬁs\’f’(s4zsoo) | | (s+10)
|
|
Current Feedback l
Filter 1
PN ! !
T fsv303)
|
i
Gain LVDT '
0. 8425 . ! |
I 1 5 2 f )
s z
|
Feedback | Accelerometer }
Cqmgensat1on
Filter ‘
-
| 8545.6 | 0.00z5f |
(3+606) !
| E——

Figure 3.3 Actuator Compensation Block Diagram (7:12)




Structural Dynamics Shaker

The third actuator was added to control second and third mode
bending. The actuator used was an Acoustic Power Systems (APS) Model
113-LA Structural Dynamics Shaker driven by an APS Model 114 dual mode
power amplifier. This shaker was chosen because of its long stroke
limit and excellent response in the control bandwidth. The
exceptionally flat response allowed "open loop"” operation, thereby
eliminating the feedback problems encountered with the proof mass
actuators. Since the structural dynamics shaker was physically mounted
in the laboratory, the original intent of the ABE to use inertial
controllers mounted to the beam wasg violated. 1In future experiments,
Jacques suggested (7:22) that the structural dynamics shaker should be
freely suspended. Since the goal here is to model the results of
Jacques' work, the structural dynamics shaker will be modeled as a non-
inertial controller. Details of the open loop testing are in Reference
7. Specification sheets for the shaker and the amplifier are in

Appendix B.

Sensors/Measurement Channels

One of the goals of the modified ABE was to improve the sensors
and integrator circuit. The original ABE used piezoelectric accel-
erometers which provided relatively poor low frequency responses and the
original integration circuit was susceptible to drift -aused by
integrating dC offsets or very low frequency signals. The modifi¢d ABE
used Endevco Model 2262 piezoresistive accelerometers which have a good
low frequency response. The integrator circuit used in the modified ABE
was designed by WRDC/FIBG to have negligible phase shift and a
straight -20 dB/decade magnitude slope above 1 Hz. Specifications for
the accelerometers and the integration circuit diagram are contained in

Appendix B.



Signal amplifier I Integrator amplifier 11T PC-1300
Conditioner GI=5S GII=20 Input
G=50 Channels
Beam
Acrelerometer

Figure 3.4 Measurement Channel Block Diagram (7:48)

A side effect of signal

integration was attenuation of the signal.

Amplification was necessary to boost the analog-to-digital input signal

up to the minimum range. Two
first stage was placed before
placed after the integrator.

to avoid clipping the signals

required gain was provided in

amplification stages were necessary. The
the integrator while the second stage was
Gain had to be kept low in the first stage
in the integrator. The remainder of the

the second stage. The low pass filter on

both amplifiers was set to 1 KHz. While this thesis will use velocity

feedback as shown in Figure 3.

4 to examine tne integration Ot

structure/control optimization, the control law will be implemented

using perfect sensors.




Accelerometers Signal Amplifier I Integrator Amplifier II PC-1000
Cond.
¥s > yS
y8 = v8 |
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Compensation
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\ . ] :
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~—_
— Actuators — Power Amps
r_v‘
Uc
e

Figure 3.5 Final ABE Block Diagram (7:54)

Final Confiquration

Figure 3.5 shows the modified ABE final hardware configuration.
The hardware consisted of an inverted cantilevered beam with base plate,
two linear proof mass actuators, two linear proof mass actuator
compensation circuits, a structural dynamics shaker, four
accelerometers, four signal conditioning/integrator circuits, a PC-1000
Array processor and its host computer. Figure 3.6 shows the system
configuration for the beam with base plate, the actuators, and the
structural dynamics shaker. There are 11 positions located 7 inches
apart. The shaker is located at position 4 (28 inches from the fixed
end) and provides good control over second and third mode bending. The

proof mass actuators, shown in Figure 3.7, are mounted parallel to the

3-10




y-axis. When they are operated symmetrically they provide control over
x-y plane bending modes and when they are operated asymmetrically the
provide control of the torsion mode. The arrows indicate positive

direction for measurement of force input.




Position

#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

#11

//////
,,,,,,,,,,,

. Accelerometer 3

%//

/////

Actuator C

%% Accelerometer 4

Actuators A and B

Accelerometers 1 and 2

igure 3.6 ABE Final Configuration (7:52)
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Sensor #1
’A
- 5.08E-2m

:
Fﬁﬁ:ﬂ N —4

Actuator A 1.02E-1m

3-13

Y
< - I 1.925E-02 m —— 3.05E-1m
fe—>| 2.5658-02 m
Actuator B 1.02E-1m
—
. — —
5.08E-2m
¥
Figure 3.7 ABE Base Plate Configuration (7:53)




IV. Finite Element Modeling of the ABE

The finite element method can be thought of as a version of the
assumed-mode method. Instead of defining a function which describes the
deflected shape of an entire structure, the finite element method
defines a shape function Y over a small region in such a way so as to
maintain the inter-element continuity of the y's for the entire
structure. A brief review of the theory from Ref. 9 for beams in
bending and torsion is presented in this Chapter. Ref. 10 contains a
more detailed discussion of finite element theory. Also included in
this Chapter is the development of the ABE finite element model using

MSC/NASTRAN.

Theory

If we assume Bernoulli-Euler beam theory, the transver