™
1S
AD-A177 183 RFOSR-TR- 87-0224 2
>
Annual Technical Report
of .
- ve
¢ " 'y
{ AFOSR Grant 85-0253 b
o CJ.;.rLI_:,.'_‘ ) . \
: ; 3 o e
STABILIZATION AND CONTROL PROBLEMS IN STRUCTURAL DYNAMICS P
3 o
1 ,‘-
_ > ~
.- N : September 1, 1985 - August 31, 1986 >
f i Goong Chen, Principal Investigator :ﬁ
. S '
ff . S Associate Professor of Mathematics y
. ~ ‘L Department of Mathematics Sy
£ . The Pennsylvania State University i.
'1 University Park, PA 16802 E}‘
’ DTIC i
ELECTE .
MAR O 2 1987 3
“D Ne
=
A
r.l
;
—Jlron 4 - e - N
Goongﬁﬁhen,tyzzncipal Investigator Richard H. Herman, Chairman .;
Assocdate Professor of Mathematics Department of Mathematics b
Telephone: 814-865-5764 Telephone: 814-865-7527 oo
s
- \.‘
<> 0
— i
\g "
. o
i )
E :..‘u
)
. . "‘:.'
87 2 26 04¢ :
. « v Pll Redacted :&
;.'..Q.\f.-““ -'-.1' Ce \f-' '.\ \v"..-':'fl.'.. y : /. f-.r‘.. ; -'..I'.I..J'\-;'.'-;‘.‘-' NN ':\ A‘-’.‘1...J‘>.4'-‘3:--:.-"..0'-.4“‘.1':--'\~.;.-‘:.-"‘-“‘n“‘;'\-‘\\’\-'m I .‘-‘lvh\-.\'.t‘:.




IT.
II1I.
IV.

VI.
VII.
VIII.
IX.

Table of Contents

Summary

Research Program

Research Accomplishments and Work in Progress
References

List of Publications

Ph.D. Thesis Supported by the Grant

Data on Scientific Collaborators

Activities

Personnel

LN i,
B

- 18
19
20
22
22
24

¥

(*f\.-\." o \q\(\n -\-‘\-":‘\-’\..\."\-.
. »

-~
Ay

<L
A

'—l

¢S
.‘
- s..

¥

k‘:\:ﬂ;‘.“‘;‘% h
e

Cu Yy

2N

.
0

A

o
- .’ R
- 8

<
AR

T oo

LA G

.l"’,

4 tl.':' 'f .l

A

}
"~
\J

-

(g

1’\ '»




SECURITY CLASSIFICATICN OF THIS PAGE

REPORT DOCUMENTATION PAGE

'a REPORT SECURITY CLASSIFICAT/.ON
Unclassified

ib. RESTRICTIVE MARKINGS

2a. SECURITY CLASSIFICATION AUTHORITY

3. DISTRIBUTION/ AVAILABILITY OF REPORT

2b. DECLASSIFICATION / DOWNGRADING SCHEDULE

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

5. MONITORING ORGANIZATION REPORT NUMBER(S)

6a. NAME OF PERFORMING ORGANIZATION
The Pennsylvania State Univ.

Department of Mathematics

6b. OFFICE SYMBOL
(if applicable)

7a. NAME OF MONITORING ORGANIZATION

AFOSR

6¢c. ADDRESS (City, State, and ZIP Code)

University Park, PA 16802

7b. ADDRESS (City, State, and ZIP Code)
AFSC Bldg. 410

Bolling AFB, D.C. 20332-6448

8a. NAME OF FUNDING /SPONSORING
ORGANIZATION

AFOSR

8b. OFFICE SYMBOL
(If applicable)

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8¢c. ADDRESS (City, State, and ZIP Code)

AFSC Bldg. 410
Bolling AFB, D.C. 20332-6448

10 SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO.  |NO. NO ACCESSION NO.
AFOSR 85-0253

11. TITLE (Inciude Security Classification)

Stabilization and Control Problems in Structural Dynamics

12. PERSONAL AUTHOR(S)

Chen. Ggoong
13a. TYPE OF REPORT 13b. TIME COVERED 14. DATE OF REPORT (Year, Month, Day) {'S PAGE COUNT
annual FROM 9/85 _ TO_8/86 1986, October 15

16. SUPPLEMENTARY NOTATION
National Science Foundation
Washington, D.C. 20550

17 COSATI CODES

FIELD GROUP SUB-GROUP

18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

19 ABSTRACT (Continue on reverse if necessary and identify by block number)

During the first year of support of AFOSR
ators made continuous® progress on the research
structural dynamics.
analysis of stabilizers and controllers.
treated:

equation such as beams. For those structures,

izers, analyze their damping behavior, and determine the mechanical designs.

Grant 85-0253, Dr. G. Chen and his collabor-
of control and stabilization problems in

Hisf primary emphases were on the modelling, designs, placements and

Two primary types of vibrating structures were
the second order wave equation such as strings and cables, and the fourth order

he was able to classify the types of stabil-
Various methods

such as characteristics, asymptotic estimation, energy, functional analysis and the Legendre
spectral method were used to study the problems.

Some relevant theory and methods for general distributed systems and equilibrium prob-

lems were alse developed.

20. DISTRIBUT:ON/ AVAILABILITY OF ABSTRACT

BJ UNCLASSIFIED/UNLIMITED 3 SAME AS RPT O oric USERS

21 ABSTRACT SECURITY CLASSIFICATION

22a. NAME OF RESPONSIBLE INDIVIDUAL

Major James Crowley

22b. TELEPHONE (include Area Code)
202-767-4940

22¢. OFFICE SYMBOL
AFOSR/NM

0\'-

DD FORM 1473, 84 maRr

83 APR edition may pe used untll exraysted
All other editions are gpsolete

SECURITY CLASSIFICATION OF THIS PAGE




>y

[oh ST

3

!

I. Summary 2f
During the first year of support of AFOSR Grant 85-0233, Dr. G. Chen and .J

his collaborators made continuous progress on the resear . of control and E
stabilization problems in structural dynamics. His primary emphases were on g:

the modelling, designs, placement and analysis of stabilizers and ﬂ

controllers. Two primary types of vibrating structures were treated: the g
second order wave equation such as strings and cables, and the fourth order ﬂ‘
equation such as beams. For those structures, he was able to classify the f’

types of stablizers, analyze their damping behavior, and determine the k
mechanical designs. Various methods such as characteristics, asymptotic 5'
estimation, energy. functional analysis and the Legendre spectral method were E
used to study the problems. t;

Some relevant theory and methods for general distributed systems and

equilibrium problems were also deveioped. :f
s':_'

;'.,

II. Research Program ~-]
The research objectives of our research program last year consisted of g;

the study of the following Eﬁ:
i) Asymptotic spectral distribution and practical implementations of :E
various damping conditions at boundary or joints for coupled strings or 3
beams :i
ii) Numerical computation of the spectrum of a boundary damped dynamic bi- ;:
harmonic equation modelling a plate: fi
iii) Stabilization and control of nonlinear vibrating systems. e
So far, we have already completed the first phase of these objectives. as can “"?afL‘—*'tﬁ
be seen from our list of publications. U HV
During the second year of support, we plan to enter the second phase of () '

our research program by continuing the investigation of the above. focusing on ] é
more complicated systems. Meanwhile, we are also planning to research the '*"“*M—m~ﬁ é§
following new objectives: 5:dcs :} :
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iv) Analysis and control of dynamic frame structures;

v) Study of new beam models such as the one recently proposed by D. L.
Russell which exhibits better damping characteristics.

vi) Higher dimensional membrane and plate equations with nonlinearity.

They will constitute the major portion of our research program for the

second-year.

III. Research Accomplishments and Work in Progress

We first describe our research findings under headings [A]-[D] below:

[A] Analysis and designs of stabilizers for second order systems-vibrating

strings and cables.

The standard model is the wave equation

2 2
mn 2 y(;.t) - 12 ygg,t) = 0,

0 <x <L, t>0,
t dX

where y(x,t) represents the vertical displacement at position x at time
t, m is the mass density per unit length, and T is the tension

coefficient. The energy of vibration at time t |is

1
2
E(t) = 5 IO [my%(x.t) + Ty (x,t)]dx.
If a stabilizer is placed at the boundary x = L, then
d - Ty <
(1) Tt E(t) = Tyt(L,t)yx(L.t) < 0,

assuming that the boundary condition at x = 0 1is energy conserving. For

{1} to hold, we must use proportional control

-
-~
-
-
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(2) Ty, (L.t) = -kPy (L.t). k%=feedback gain >0, for all t > 0,

force is negatively proportional to velocity at x = L.
Therefore a standard viscous damper is sufficient for this purpose. as shown

below:

47y

x=0 x=L

Fig.1 A vibrating strine with a damping device at left end

The above fact is well known. Furthermore, if one chooses the feedback gain

to be

k® = T/ T/m

then the damper action (2) becomes a so called characteristic impedance
condition, which causes maximum energy loss to the vibrating system.

Now, let us consider the case when the stabilizer is installed at an
in-span point, say at X = «, 0 < « < L. Assume that the boundary conditions

at x =0 and x = L are energy-conserving. Then

d . d 1 (%2 2
(3) Tt [Total energy at time t}] = It (§ jolmyt(x.t)+Tyx(x.t)]dx -

L
1 2 R ) ; .
3 Ia[myt(x.t) Ty2(x.t)]dx) = Ty (e .thy (a . t)

Tyx(a*.t)yt(a°.t} <o0.

These are only two possibilities which can cause the negativity of the right
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hand side of (3):

(A1) Continuity of displacement (and velocity)
y(a™.t) = y(a",t)

discontinuity of vertical force

Ty, (a™.t) = Ty (a”.t) = -kfyt(a‘.t). kf=feedback gain > 0;

{(A2) Discontinuity of displacement and velocity

ela . t) - yla t) = K3Ty, (™. 1), kZ=feedback gain > 0,

continuity of vertical force
Tyx(a ,t) = I'yx(a ,t).

The mechanical designs of stabilizers of the above two types are given

in Figures 2-5.

The mathematical analysis of damping behavior associated with the above

designs is given in our paper (2], along with numerical results.

[B] Analysis, designs and placements of stabilizers for fourth order

systems-beams

These include the Euler-Bernoulli, Rayleigh and Timoshenko beam models.

We will use the Euler-Bernoulli beam

2 1
m z.xig;&l + EI z_xi§;£l =0, 0<x<L., t>0,

at aX
to illustrate our designs and analysis. In the above, y(x.t) is the
vertical displacement, m is the mass density per unit length, and EI is
the flexural rigidity coefficient. The energy of vibration at time t is

L
E(t) = 3 jo[myf(x,t) - eIy (x.t)]dx.
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Again, let us install a stabilizer at the right end x = L, and assume that

the boundary conditions at x = 0 are energy conserving. Then

(4) T E(t) = EI[y  (L.t)ye (L.t) - v (L )y (L,t)] S 0

yXXX

Now, to achieve the negativity of the right hand side above, there are many
different boundary conditions and corresponding designs which can serve this

purpose. The following is a more or less exhaustive list of them:

L2 2
(51 {-EI Vg (L t) = K3y (L. t), K& > 0
-EIyYX(L.t) =0
“Ely.._(L.t) = 0
(6) {—Elyxfo t) = K2y, ,(L.t), k>0
xx M 29 xt ' 2 ’

((L.t) =0

(7) -Ely, (L. t) = -kfyt(L.t). kf 5 0
y(L.t) = 0

(8) “EIy,, (L.t) = K3y, (L.t). K3 > o0,

1

- - 2
(9) [ EIyxxx(L.t) = yt(L t) + cly\t(L t) .2 k€ > 0
“Ely, (L,t) = kzy‘t(L t) + Coyp(L.t). k5 > 0,

where in (9), ¢y and c, are real constants satisfying
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(ci-cp)¢n - k3¢ - kZn® s 0. for all ¢, €R.

Note that throughout (5)-(9). all terms have physical meanings:

Ve = velocity

Ve = rotation, Vet = angular velocity,
-EIyxx = bending moment,

—EIyxxx = shear.

Thus the feedback schemes (5)-(9) are all proportional controls. Their
mechanical designs are indicated in Figures 6-10, cf. [3].

The analysis of eigenfrequencies of vibration has also been given in
[3].

{c] Stability criterion for point stabilizers on coupled quasilinear

vibra.ing strings

Consider two quasilinear wave equations

2
g? Wix, t) - 52 [ol(a—wﬁ'—tl)] =0, 0<x<1,
(10)
2
2 wxt) - 5% [0, Q8] -0, 1 cxc2

where 94 and o are nonlinear functions satisfying 01(0) =0, oi(u) > 0,

"
—
[\
n

for i The boundary condition at x = 0 is

2 - 2
(11) 0y (W (0.t)) - kfw, (0,t) = 0, kg > O,

and at x = 2 is

)
o

(12) w(2,t)

'y "’ \‘J'I

a
v

.
-la

’

Xt &




The two strings are coupled at x = 1 through

ol(wx(l—.t)) = oz(wx(l’,t))

we(17.8) - w,(17.t) = —kfol(wx(l’.t)), kf > 0.

(13)

Using some fairly recent theorems on quasilinear hyperbolic PDEs. we are

able to show that if kg and k? in (11) and (13) are nonnegative, then the

solution decays exponentially in the Cl-norm:
(14) Jjw(e. O 4 o CTCR 31/ < Ke™' K, «a >0 forall t2o0,
C'(0,1) c'(1.2)
provided that
-2
1 + KIKS + K2 - K1K2K3 - 40102A K3 >0
KKK, + 4 2Ky >
2(1-K KoKy + deyca “Ky) > 0
- - B -2
1 K1K3 K2 + K1K2K3 4 CICZA K3 >0
are satisfied, where
c; ® J/ol(0] . i =1,2 ¢y 2 c,.
2
4 *cy vy klc1 5
K, = a Y(c,-c,-k%c.c.)
1 1 "2 "1-1+-2
-1 2
Ky, = & "|cy-cy-kic o,
K. = |c,-k2] (c,-k2)
3 1 "0t o
for solutions of (10)-(13) with sufficiently smooth small initial data. Note

"
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2 b
that if ko = 0 in (11), then generally (14) does not hold no matter how .;
'I
9 T : - . . . . .
kI > 0 is chosen. This shows that installing 4 stabilizer in the middle of -
I*
the span (without installing another one at the boundary) is not robust with »
I.q
respect to stability. :,f
X
{D] The boundary element methods for optimal boundary control of elliptic -
partial differential equations -5
Elliptic PDEs often appear in continuum mechanics. Assume that the -
control appears on the boundary. Traditional numerical methods like the -
finite differences or finite elements require the discretization of the :f
entire domain. The boundary element method only requires the discretization ;ﬁ
of the boundary which yields numerical solutions of optimal boundary control i
much more efficiently. I[n (6], we treated the Neumann type boundary control :?
[
using the fundamental solution. In [7], Dirichlet boundary controls were &
‘.
studied using the Poisson representation of harmonic functions. Numerical :\
solutions were computed which confirmed the theoretical error estimates.
o
e
P
o
_.’
Next, under headings [E]-[G]. we describe the research that is presently ?:
in progress. o
N
. . L N
[E] Analysis, designs and behavior of dissipative joints for coupled beams. .
In [1]. [3], we have studied the case where a stabilizer is installed at I .
boundary. What do we know if a stabilizer is installed at an in-span point? -]
Let this point be x = «. 0 <« < L. Assume that the boundary conditions at x ;
= 0 and x = L are energy conserving. Then k:
fx"_
] . 3 "
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(15) d[Total ener at time t] = d {l [m 2(x t) ~ EIy__(x.,t)]dx :
dt gy dt ‘2 0 Ve X, xx'\v
L :‘
.3 j [my2(x.t) - EIy2 (x.t)]dx) .
« .
= ~lygla .t)-Ely, (a . t) -y (a . t) « Ely  (a ,t)] 5
+ [yxt(“ SE) e EIYxx(a W) - Yxt(a I EIyxx(a t)] ?'
<0, for all t > 0. s
-
We collect all possible transmission conditions below which can cause energy .
dissipation in (15): i
(E1) Continuity of bending moment and shear: j?
Ely g la . t) = -Ely  (a . t) :T
—EIyxxx(a ,t) = —EIyxxx(a ) ;{
»
o
"
discontinuity of velocity (and displacement) and rotation: a
_ - 2 - - )
Yela . t) - yela” . t) = kT - [—EIyxxx(a L)) - Cl[‘EIyxx(a Lt ]
Yo (& t) -yl t) = o, [-Ely,  (a” t)] - K2[-Ely, fa .t)] '
(E2) Continuity of displacement and bending moment T
via t) - yla . t) o
Elygyla ) = -Ely (a . t) .
discontinuity of shear and rotation S,
X
- - b] _

(-Elyyqxte t)) - [-Ely  la 1)} = kKiypla .t) = cy[-Elvy la . 1)] o
>
~>
*
N

‘ . 1 J

-’_..' .
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-10- -
Ps,
'
rd
2 o,
- . - _
Veela 2 t) -y (a7 t) = cpypla . t) - kS[-Ely,, (a7 t)]. 3
-
(E3) Continuity of displacement and rotation
yle . t) = yla™, t) By
hy
- _ . P
yx(a It) = yx(a vt) ':
discontinuity of shear and bending moment
)
[-Ely (a7, )] - [-Ely, . («*,t)] = K2y (a .t) + ciy_ (a ., t) o
XXX ’ XXX ' 17t ' 17xt ’ S
- + ~ - _ 2 -
[_Exyxx(a vt)] - [‘EIYxx(a .t)] = Cayt(a -t) kzyxt(a ,t). >
(E4) Continuity of rotation and shear 2,
- ...
yela™ t) = y (a”.t) 3
- . 5
-Elyxxx(a ,t) = —Elyxxx(a ,t)
3
discontinuity of velocity (and displacement) and bending moment ﬁ'
.’0
Vela . t) -y (¥ t) = k%[—EIyxxx(a'.t)] * Cq¥yele . t) -
- _ + _ _ - _ 2 - »”
[-Elyypla . t)] - [-Ely  (a” )] = cul-Ely, (o t)] - Koy, (™, t).
o
Note that throughout (El)-(E4), k% 20, k% 2 0 and -
LS
o
k2 + k2 >0 3
1 2 hy
(16) (c;-c," , - k3¢? - kZn% < 0.  for all ¢.n €R. o
o~
iy
In each of these cases, if a physical variable is discontinuous, then its .
-
conjugate variable must be continuous. ‘
So.far. we have completed preliminary partial designs of stabilizer il
devices according to the above classifications (E1)-(E4). See Figures ;:
r
11-14. In those designs, the choices of cy and c, are 0 and not as S
general as (16) indicates. We are presently making efforts to design devices o
with more general Cy and Cy- :%
\'I
These mechanical designs included here were worked out jointly with *i
:-:x
N
"\
N




_11..

Professor Harry H. West of the Civil Engineering Department of The
Pennsylvania State University, who is specialized in structural analysis and
designs.

Eigenfrequency analysis along with the aforementioned designs will be

presented in a forthcoming paper [5].

(F] Study of a new beam model proposed by D. L. Russell

In [9], D. L. Russell proposed the following beam model

mwtt(x.t) + Elw

1
ok (X0 - & Ioh(x.s)[th(x.t)—w€t(e.t)]de - o,

0<x<1, t>0

with, say, clamped left end

w(0.t) = 0
wx(o.t) =0

and free right end

c(1.t) =0
“Elwg,  (1+t) + f h(l E)[we (1.t) - wet(e.t)]df = 0.

The above model seems to exhibit damping characteristics of thin slender
beams more closely to a realistic beanm.
So far, we have completed the investigation of the case when
h(x.¢) 3 constant = h.

Our preliminary results are the following:

i) When

i
il
v
N
Tt
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"overdamping” occurs.

ii) When )
»
— ¢
h _ m
ET - ¥r '
"critical damping" occurs. :

iii) When

"underdamping"” occurs.

VP SN ST

¢,

iv) There exists a holomorphic Co—semigroup corresponding to the dynamic '
beam model . T

This research is currently being continued. The results have potential -
applications to the modelling and control of structures. and provide some ;
unifying ground between distributed parameter and finite element (i.e., b
lumped parameter) theories. :;
{G] Numerical computation of the spectrum of a boundary damped dynamic :f
biharmonic _equation modelling a plate t:

)

Recently, J. Lagnese [8] proved the exponential decay of energy of a N
dynamic plate using certain boundary stabilization scheme. .
AN

A Ph.D. student is writing computer codes to program the Legendre A

spectral method for the boundary damped plate. We expect to run the program

o
at the John von Neumann Center using Cyber 205. The work involving vectori- o
zation and parallel algorithms is in good progress. f'
X
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hollow fw
. vertical

column

T

Cable /
slot in column
through - ™
which pulley
shaft freely
slides.

sliding anchor
T » block within
cqlumn cavicy

pulley shafe

viscous damper

fixed anchor
block

A
Section A-A
Fig 2 Stabilizer device satisfying (A1)
A 4
» X
4 ¥
!
vertical tie-down
element
xﬂ x*Qq x = [
(a)
T
2 +
/’" T %(n ,©)
- .
T

Fig. 3 Analysis of forces and velocities for the stabilizer device in Fig, 2

21 -
gx‘“ , t)

"’17‘1&/

& viscous damper
(c=i})

(b) ¢ “Il(t)

2 L Py

\.','.r ‘PP

P

(A1) y(a ,t) = y(a*,t)

- + 2 -
Tyx(a ,t) - Tyx(a ,t) = -klyt(a ,t)
“ ¢
RSN RN 7'-".4'-‘-1'&*‘4'\ KRR TI IR T I N




sliding anchor

Z blocks within
T column cavity
hollow <:, ‘2
vertical column 7 *

) /{ pulley shaft
"~ pulley 4 :

viscous daoper
|~ which connects
sliding blocks.

slot on both
sides of column
through which

|~ cable
pulley shafts

S SN N

rotler devices

freely slide: Vﬂ attached to
E} anchor blocks
==

. H A

I A
T ’
o~ : = column wall

- thickness. "

Section A-A

it Il A A A
T,

L

(-

Fig. &4 Stabilizer device satisfying A2)

% . %
L vertical connecting
y . — element

x=0 x =q
viscous damper (c-l/k:) 2

w \L-l‘;l_L oo

R0

__1 -
::ffi Fe, 0
T, (b)

Fig. 5 Analysis of forces and velocities for the stabilizer device in Fig. 4

L
- + -
(A2) yt(a ,c)-yt(a ,c)=-k§Tyx(a ,t)
- +
Tyx(a ,t)=Tyx(G ,t)
' < K
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Fig, 5 Stabilizer arrangement satisfying

-

T ¥ (L,t)
2
S {-EI Veg(Lot) = - K3y, (L.t), k§ >0 ,
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AFSC Bldg. 410

Bolling AFB, D.C. 20332-6448

Dear Jim,

Enclosed are 3(three) copies of a Ph.D. thesis entitled
“Topics in Differential Games and Variational Inequalities",
written by my student J.Zhou, who has been partially supported
by a research assistantship from AFOSR Grant 85-0253.

In his thesis he discusses theorems of existence and N
uniqueness of an optimal strategy for N-person differential
games. He also studies simjilar problems for a solution to
(quasi-) variational inequalities. He has formulated a class
of weaker convexity (or concavity) conditions which require a
functional § (x,y,) to be quasi-convex or convex for diagonal
entries of certain type. He shows that many problems in convex
analysis and (quasi-) variational inequalities can be treated
by these generalized convexity conditions.
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These theorems have potential applications to equilibrium ~
PDE problems and multi-objective optimization.
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Part of the thesis has been redacted and submitted for
publication.

Thank you very much,
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