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Abstract
There is a great interest in developing options for measuring the structural dy

namic characteristics of space structures. These measurements are used to improve

structural analytical models and modeling techniques and to modify control systems

if unexpected dynamics occur. On space structures it is difficult to mount accelerom

eters on critical appendages(i.e. solar arrays) and to transmit the signals across

rotating joints. One alternative to the usual accelerometer approach is the method

of photogrammetrv.

In photogrammet ry. data from several cameras are triangulated to obtain the time

series of positions of selected targets in the global 3-dimensional coordinate system.

Modal identification is then performed on the time series. A concern regarding this

approach is the inclusion of random errors in the data, clue to each camera. If the

errors are not removed the errors become part of the global system and increase the

uncertainty of the system identification of the structure.

The Image Plane Modal Analysis (IPMA) identification is presented as a method

to assist in the identification of noise modes in the system by analyzing the image

plane data. before the triangulation is performed. ln the new method, system modes

identified in the image plane are used to reconstruct target motion in the image plane

coordinate system. To evaluate this method a test was performed using the Earth

Observing System dynamics testheci, a testhed that emulates the structural dynamics

of the EOS-AM1 satellite. The time series of points on the structure were subjected

to tile IPI\i\ identification method and the results were compared to both the base

line accelerometer data and tile standard method of triangulation. Results show

improved identification of system modes using the IPMA method over the standard

tria.nguia t I on met hod.
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Chapter 1

Introduction

1.1 Problem Description

The identification of the structurai dynamic characteristics of space structures is im

portant for several reasons. These reasons include: 1) improve structural analytical

models and modeling techniques. 2) modify control systems if unexpected dynamics

occur, and :3) moni 1.01 si ructtiral health using modal parameters 1j .Accelerorneters

are normally used to measure the vibrations of structures, but certain design char

acteristics may prevent the placement of accelerometers at key locations. i.e. sola.r

arrays and thermal radiators. An alternative method that can be used is photogram

rnetrv. It is I.he l)urPOSe ol this study to develop a. new method to be used with

the photogrammetric method to increase the accuracy of the system identification

of the structure. fl Image Plane Modal Analysis (IPMA ) method improves the

identification of modal parameters by identifying camera. noise in the image plane

measurements and aLlows the noise to he filtered from the data. before triangulation.

Removing the noise from the data leads to reduced uncertainty in identifying the

natural frequencies. clamping. and mode-shapes of the structure. Photogrammetry

is the science of measuring the loca.t ion of poinl.s in images. The motion of a. point

over time cmi be de ernilted if a sequence of images is used. In the traditional use

of photogramnietn’. the location of a pomt is determined by maicing measurements
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on time-correlated images from several different cameras. First, the location of the

point in the image is determined by identifying the center of the target. Once the

location of the point is known in at least several images, the location in global space

is calculated. By knowing the location, the orientation, and the characteristics of the

camera, the point is located by triangulating the information from the cameras. A

more thorough explanation of this process is given in Chapter 2. Once the time series

of several points is obtained, system identification techniques are applied to extract

the modal parameters of the system. In this study the Eigensystem Realization Algo

rthim is used to determine the dynamic characteristics of the structure. This method

is described in Chapter 3.

The IPMA method (lifters from the traditional method by applying system identi

fication to the data. before triangulation. In the traditional approach, the least-squares

method is used to determine the location of the point in global space. If there are

errors present, the errors are passed on to the triangulated location. The IPMA

method assists in removing errors that are particular to the cameras. By analyzing

each camera separately, the structural modes w’ill appear consistently in each of the

cameras. Noise that. is sped lie to one camera will not appear iii other caineras. The

system modes are then identified and used to reconstruct the image plane data for

ea.ch camera. This reconstructed data is used in the triangulation process and the

camera peculiar noise is filtered before the global location calculations.

To evaluate the IPMA method, a vibration test was conducted using the Earth

Observing System (EOS-AMi) testhed located at the NASA Langley Research Cen

ter. The testhed was excited and the free-decay response of the structure was recorded

1w 4 CCD cameras located around the test article aid 1w accelerometers on the struc

ture. The ac<eleionieters measurements were used as a baseline for comparing the

results front I he traditional photogiamnietric method and the IPMA method. A de

tailed explanation of the experiment is given in Chapter ö. The results from the

experiment are presented in Chapter 6.



1.2 Background

The motivation for this study is provided by the structural verification requirements

for the International Space Station (ISS) [l].As part of the risk mitigation for 155.

on-orbit verification of the structural parameters is necessary. The verification of

predicted modal parameters assists in the refinement of current finite element models.

This in turn control systems and structural dynamics analysis. as well as uncertainty

reduction in the design of future space structures [2]. One method proposed for

determining the modal parameters of 155 is the use of photogrammetric methods to

make vibration measurements flj - To validate this technology, an experiment will be

conducted on a shuttle mission to the Russian Space Station Mir.

A previous experiment used photogra.mntetrv to detennine the structural clynam—

ics of space structures and i.lieir appendages. the Solar Array Flight Experiment [3].

SAFE consisted in part of dynamic experiments performed on an extendable aiixl

retractable solar array. Because of the design of the array. accelerometers and their

associated wiring could not be used. instead, shuttle video cameras were used to track

18 reflective targets placed on the solar cells of the array. The dynamic characteristics

of the solar array were (leterlilined froi ii tracking the motion of the targets when the

solar array was subjected to various types of inputs and allowed to free-decay.

The Pliotogra.tninetric Appendage Structural Dynamics Experiment (PASDE)

uses photogramrnetnc measurements of the mated orbiter—Mir configuration to de

termine the \iir solar array structural mode frequencies. shapes. and damping. The

objective of the PASDE is to demonstrate the passive, low-cost photogra.mrnetric mea

surement. tecluiiques for use in t]ie (155) solar army structural verification program[l].

The PA SI) IZ ‘vi I be performed dii ri tig in issioti S1’S—T-i after the orbiter ]ias (locked

with the \4 ir station. The PASDE will measure the ]ivant 2 module solar array motion

in response to excitations from STS PI1(S jets. docking. and day/night thermal

transitions. Cameras located in Hitchhiker gas cans in the payload bay will record

the motion of the tip and root of the solar array [1]. There are three gas cans, each one

containing two cameras. with one camera focused on the tip and one camera. focused

:3



on the root of the array. The mated shuttle-Mir configuration and the locations of

the gas cans in the shuttle bay are shown in Figure 1.2. The data will be recorded

on Hi-S mm recorders located in the Hitchhiker cans.

The purpose of the PASDE is to verify the use of photogrammetric methods to

obtain low-frequency response data and to extract structural mode information from

the data. Also, the results from the experiment will be used to verify and update

the structural models of the Mir appendages. This will reduce the uncertainty in

the prediction of structural loads to known excitation events. The use of photogram

n]etrv will provide a low cost alternative to accelerometers for meeting 155 on-orbit

verification requirements.

1



Figure 1.1: Shur.tle-Mir Docked Configuration For PASDE Experiment



Chapter 2

Formulation of Photogrammetric

Methods

2.1 Introduction

Photogrammetry is defined as making measurements on images [4]. This chapter

will first discuss the mathematical principles behind tile photogrammetric process,

and second. the acquisition of image data. The last part will discuss the. calibration

techniques used in photogra.mmetry.

2.2 Mathematical Background

The field of photogramnietiv is based on a. simple pair of equations known as the

collinearit.v equations. Other names for this pair of equations include the perspecti’e

equations. the imaging equalions. and the projective equations. These edluations

relate the tvo-dimensioua] local ion of a point in the image to the three—dimensional

location of t]ie point iii space. The firsi step is to describe the orientation of the image

system compared ro the object. space coordinate system. Note tha.t the following

discussion relates Is hot N pliot ograpli ic and vineo images.
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2.2.1 Geometric Principles

The photogrammetric system consists of the point being imaged, the camera, and the

orientation and location of the camera with respect to the point. Figure 2.1 shows

the inertial frame (X,Y,Z) and the camera image coordinate system (x,y,z) before the

rotation of the camera. The origin of the image axes is located at point (X0, Y, Zj,

the camera projection center. The point j is the point being tracked and is located

at coordinates (Xi, }, Z). The image plane is shown a distance c, the focal length.

away from the camera projection center in the negative z direction.

Figure 2.2 show Elie same system as presented iii Figure 2.1. only the image

system has proceeded through three successive rotations about the X, Y, aacl Z axes,

respectively. Also, the location in the image system of point j’s image on the image

plaiie is shown. and labeled (z, y). The coordinates of the perspective center are

(xv, y,j, where the perspective center is-defined by the intersection of a line from the

projection center to the image plane and the line is normai to the image plane. To

accuratel (lefine the photograi inetric system, nine parameters need to be defined.

the six exterior camera parameters, wInch are the camera location (X0,Y. Z0) and

the three rotations for the image system, and the three interior camera parameters,

Xp,p and c.

There a-re two assumptions made regarding the geometry of the system[5]:

I ) all images lie iii a corn non plane.

2) a- point, its image. a-nd tije center of projection all lie on a- common straight

line (the collineari tv (‘on clition

The inertial and image plane coordina-te systems caa he related by successive

rotations a-round the A. 1’. and Z axes. Defining w a-s a- positive rotation ai)out the

X-a.xis. o as a positive rotation about the once rotated V-axis, and K as a positive
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rotation about the twice. rotated Z-axis gives the rotational matrices

1 0 0

= 0 cosw sinw

0 —sinw cosw

cosØ 0 —sin

M= 0 1 0 (2.1)

sin9 0 cos

C05 K Sill K 0

= —sin,c cosn 0

0 01

when multiplied sequentially yields

COS C) COS K sin Sill 0 COS K -I- COS W Sill K — cos cc Sill 0 COS K -H-- sin cc sin K

=
— cos ositi n — sin .- sin osin i. + coscc cos n cos cc sin sin K + 5mw cos K

sine — sinweoso coswcosQ

(2.2)

as the total rotation transition matrix from the (X, I’, Z) to the (x, y, z) coordinate

system.

2.2.2 Collinearity Equation

Matrix ill relates 1.1w image coordinate SVSI.eITl to the object coordinate system. Defin

ing the image vector in the image coordinate system as

(1 (2.3)

—

where (.r7,. yp) are 1.1w coorchnates of the perspective center and c is the principle

distance of the lens. Define the veci-or from the projection center to the object point

-9



x,•-xo
A = —

(2.4)

zj—zcJ

Due to the assumption of collinearity, the image and object rays are collinear and the

components of each vector expressed in the same coordinate system are equal except

for a scale factor.

Rotating vector A by the matrix 1W and multiplying by the scale factor gives the

equation

= AMA

— X — v
(2.5)

=AJVI y—iç,

—c z—zo
Dividing the first and second equation by the third yields

XXp — mji(X—X0)+m12(Y—Yo)+m13(Z—Zo)
—c —m31(X—Xo)+m32(Y—Yo)+m33(Z—Zo) 2 6

______

—m21(X—Xo)+m22(Y—Yo)+m23(Z—Zo)
—c —m31(X—X0)+m32(Y——Y0)+m33(Z—Z0)

Rearranging gives the most useful forms in terms of two functions

X — X + mii( \o)+m12(\ o)-l-m13(ZZ0)
=m31(X—Xo)+in32(\—\ o)+m33(Z—Zo) 2 7

f V — V -- Cm21(x Xo)+m22(\ \o)+m23(ZZ0)
— o2 — V 1 m31(X—Xo)+m32(Y—Yo)+m33(Z—Zo) —

where m11 is the i. j element of Al.

Equation 2.7 ale the fundameuta.I equations of photogramnietrv and involve nine

indepencleni. proJective parameters [6j

i) 3 transla.tionsX. },. Z,.

2) :3 translations ;t1,. q,,. c.

3) 3 parameters (w, e. t) which uniquely define the orientation of the image

coordinate system with respect to the object coordinate system.

lo



2.2.3 fliangulation

Consider a system of n objects that is photographed from various locations by rn

cameras. Assume that the nine projective parameters are perfectly known for the

system. Then denote the location of point j on photo i by coordinates (x1,

Putting these into the collinearity equations yield

f.. — p.. — p
..mnj(X1—Xoj)+m121(Yj—Y01)+mi3j(Zj—Z0j)—

— X X1 + C1
(XX)+(YY)+(ZZ)

— 28
f ..

— .. — +
m2i1(X—X0)+rn22t(Y—Y0)+m231(Zj—Z01)

— o21j — 3n Ypi C1 (XX)+(YY)+(ZZ) —

For point j on photograph i there are 2 equations with 3 unknowns (Xi, }, Z).

However, if point j is examined on all m photographs, then we have 2m equations

and only 3 unknowns. If rn. 2 then the system is over determined. This allows the

application of the method of least squares to improve the accuracy of (Xi, Y. Z) [7].

Before the least squares solution can he obtained the non-linear equations must be

linearized. The partial derivatives of the collinear equations with respect to each of

the parameters and i. y are given in Appendix A.

2.2.4 Determination of Proj ective Parameters

If the projective parameters are not known, there are several methods for determining

the camera rotation angles. the camera positions, and the focal lengths. Two methods

will be presented here, the iiethod of photographic resection and the bundle method

ol phot.Ogl’aIIm)et.!’i( u’iangLllation.

Bundle Adjustment Method Of Photogrammetric Triangulation

The bundle method simultaneously considers all of the sets of photogrammetric rays

(or bundles) from all cameras in an iterative process. If each of the n points appears

in the m cameras then the full system generates 2mn collinearity equations. The

advantage ci the bundle method is that it concurrently deals with the photogram—

metric resection and ti’iaugtilation. Therefore the bundle method does not require

control points except for the minimum needed for defining a unique coordinate sys

11



tern. However, the method can accommodate any control points made available from

other surveying methods P3].

The image coordinates are modeled by

xii = 4 +
(2.9)

Yii = Y9 + iç

where 4,9 is the measured value (denoted by CC) and Vr, is the correction for the

random errors assumed to he in the system or the measurement. Likewise,

LCjL4+AW1 99’--Ao

= (Xf) + AXI ) = + )ZC Zf = (Zfl° + AZI (2.10)

Xi=X/+AX; ),=Yf+Ay7 Zi=Z7+AZ?

Z, are approximations (denoted by C) and Aw1 ... AZ1 are their corresponding

corrections. Using the linearizations presented iii Appendix A, the Ta3dor first order

approximations can be ;vritl en as

Vr,j +(9Aw’j t (5f )°So1 + ()°Atq +(44AXi +(f)CAItr +(t)0AZ1c+

_i_ + :)°Ac ± (t )°AXj + (4,)°A} + (%9.)°AZ3+ F: = o
+( )°A’1+()A +(;)°AKI + (4)°AXf + (½)°A1’ +()°AZf+

+ (M)0Ap, + (-)°Ac1+ (4L)°AK, + ()°AI1 + (L)°AZ, + F; = o
(2.11)

where F? is L and F is / calculated with the current iteration values for the

12



parameters [8]. Let

C b11=()° b21=()°

= ()° b22 = ()°

= ()° b2 = ()°

b
— (8F2c b —

14— 24—

b — (° b —
15 — 25— 8yci

b — (QEn)° b —16
— ‘SZf 26

— (2.12)
b —

— (2Er.° b —
—

ii
— ‘3) 2t

—

b —(-° b —(-°18 \DlJpjJ 28 \Sypj)

= ()° b29 =

— ,‘ &F. o I — ,‘

viM)
— —

= (ç)° b211 =

= (f)° b.,1, =

Then 2.11 caJi be written a.s

v + + B.1Ai = (2.13)

where .ãjj is the first nine columns of matrix b and B11 is the last three columns of

matrix b. Also. Ejj is F and F. Vj is a column vector consisting of and V.

and .‘ are the corrections [or the appropriate parameters.

If X7°. Z° are measured values for control point j, then the coordinates of

the point in object space can he represented 1w

= X° + Vv,

1 = yOO + (2.14)

zi = zy° + vz

Combining 2.1 with 2.10 and rearranging yields

—

— = YJ — (2.15)

Z—Zj°°

or

C. I—=C (2J6)
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( As with the object space coordinates, observation equations for the external cam

era parameters can he written. Let 4° (cj)°° represent measured values for the

external parameters and V, be their corresponding residuals. Thus the true

values are given by:

WI = W° + i,

cO+V

= r + c,
N = (X3)°° -I- Vr

ye = (C)OD + Vy.c (2.17)

= (Zfl°° + V2

— /.. .oo
— m xp

Ypi = (Ypi)°° -r

= (c;)°°

Combining the previous equation with 2.10 and rearranging gives

—

A .hO 00
— 11

—

(ye)o — (37900 (2.18)

(Zfl° — (Zfl°°

1 — (x)°°

(Ypi )° — (Ypi )°°

i j (c;)° — (c;)°°

or

L — A; = 0; (2.19)

These equations define the exterior parameters for camera ‘t. It is important to

note that observation equations reed only be written for those parameters that have

measured values[6]. Therefore not all 9 equations need to be included in 2.19.

If point j appears in all in cameras then the complete set of coHinearity equations

14



C- for point j are

yj + EA1 + = (2.20)

If the collinearity equations are written for all n points the complete collection is

given by

(2.21)

where V is (2mn, 1). E is (2mm 9m), A is (9772. 1), B is (2mm 3n), A is (312, 1), and

is (2mn, 1). To complete the mathematical model of the photogrammetric problem,

the observation equations for the exterior orientation parameters and control points

need to he added Assuming all the exterior parameters have been measured, the

observation equations for all in cameras cai be combined to give

61

V2 A2 6,
— =

(2.22)

or

(2.23)

Likewise. for the ground control points the conwlete set of observation equations is

A1 61

A2 C9
(2.24)

An

or

(2.25)

Combining 2.21. 2.23. and 2.25 gives the complete mathematical model of the

photograminet.ric problem. Putting this into matrix form yields

v EE
. + —i o = 6 (2.26)

0 —I 6
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( or

(2.27)

The least squares solution for this model results in the following normal equation:

(TWThA = (2.28)

where PT’ is the weight matrix. The least-squares solution will be

A = (IWBphllTW (2.29)

The weight matrix is a series of submatrices assigned to the observed parameters.

The weight or an observation is inversely proportional to the population variance of

the measurement[6]. The weight matrix must. be stacked and organized in the same

manner as the V-matrix. The weight matrix has the form:

11’ 0 0 ]
TV = o i4 0 (2.30)

0 0 ii’

where 14’ is a (2mai. 2mn) matrix for all n image coordinates on ail in. images,

is a (9ii. Oni) matrix for the 9 camera parameters for all in cameras, and 14” is the

(3,2, 3ii.) weight matrix for the control points.
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Chapter 3

Eigensystem Realization

Algorithm

3.1 Derivation

Except where noted. most of the following derivation is taken from Juang[9j. To

describe the motion of a linear-dynamic system, a set of nsecoud-order differential

equations can be written, where i is the number of independent coordinates. Let

ting Al, C,.a.nd K represent the mass, clamping and stiffness matrices of the system,

respectiveh’. allows the second order state equations to he written as

i’I(t) + CL.(t) -f- Kq = Ri) (3.1)

where ö. . q arc’ tin’ vectors of generalized acceleration, velocity, and disp’acement,

respectively. and ,f(q. 1) is the generalized forcing function applied a.t certain specific

locations. :3,1 can he rewritten using the following definitions:

U I q(t)
4(l) = x(i) =

—jIJ(i Y’Ji’(t) —AI’C(l) c1(i)
(3.2)

0
B(t) = .j’(q(l).i) = B2u(l)

II’J(t)’ B2

where .4J/ ) is a 2n by 2i, stale matrix and B2 is an n by 7’ input influence matrix

defining the location and type of inputs. The integer r is the number of inputs. A0(i)
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( and Bjt) are continuous time matrices. Thus, 3.1 can be rewritten in first ordered

form as

i’(i) = A(t)x(t) H- B(t)u(t) (3.3)

The output is defined by the equation

y() = C(L)x(t) + D(i)u(t) (3.4)

where C(t) is the measurement matrix tha.t selects the proper terms from the state

vector x(t) and D(t) is the direct transmissioH matrix that transfers the input directly

into the oulpiit

Together 3.3 aix! 3.4 are the state-variable equations in continuous time. If the

system is time-invariant. A(t), B(t), 0(t) and D(t) are constant with respect to time

and a so]utjon can be found of tile form

r(t) = et_t0)r(i ) + fe*1Btz(r)dr (3.5)

where x(t,) is the initial conditions at some t = t, [1OL

This equation describes the variation of state variaijle x relative to initial con

ditions x(t) and input n(t ) for t > t,. Since most data is in digital form and is

measured at discrete time intervais only, let t. he represented by discrete time inter

vals OAt. 2A1 (k + flAt,... where At is a constant. In 3.5 letting t = (k+ flAt

and t0 = ?CAI yields

r[(k + I )A1 =c40r(ki) / e’Bu(r)dr (3.6)

assuming U(T ) is consta.nl over the sa.mp!e interval. Eq .3.6 becomes

r
[(k H- i )At] = c’.r(kAi) + [I e(T’)dYBcjn(kAt) (3.7)

Jo

where r has been rephiced by r’ = (IC ± I )Ai — r. If we define

=

B = J’ :lc (IYB.
(3.8)

rH,’ + 1) = .r[(k ± l)]At]

n(k) = u(kAt)

is



Then Eq. 3.7 becomes

x(k±1)=Ax+Bu(k) k=O,1,2,... (3.9)

and Eq. 3.4 becomes

y(k) = Cx(k) + Du(k) (3.10)

3.9 and 3.10 represent a discrete-time state-space model of a dynamical system. This

set of equations forms the basis of system identification of linear, time-invariant,

dynamic systems.

Because of the nature of experimenta.1 data. and the likelihood it will be recorded

in digital format, these equations are well stuted to describe the system. Matrices

A. B. (7. and B describe the input-output relationship through a discrete-time state

vector :r. Given a. series of inputs v(k)(A = 0.1,2,. . .) where it is assumed u(k) is a

constant over the sample interval k — 1 < k < A- ± 1 and an initial condition x(20),

Eqs. 3.9 and 3.10 produce a series of outputs y(k)(k = 0, 1,2, . . .) [11].

Solving for y(k) with zero initial conditions and previous inputs u(i)(i = 0, 1,2.... , k)

yields

x(0) = 0

x(i) = Bu(0)

x(2) = ABii(0) + Bmi(1) (3.11)

x( k) = tL 4t1 Bu( k —

y(O) = Du(0)

y(I) = cBzqo) + Du(l)

= (ABa(O) + (7Bu(i) + Du(2) (3.12)

y( ) = GA’Bu(k — i) + Du(k)

If u(i) is allowed to represent a pulse in one of the input variables zz(O) = 1, (i =

1,2 ) a.iid u1(Al = 0 = 1.2. . . . ) the unit pulse response can be determined by-

substituting into Eqs. 3.11 and 3.12 to yield

y(k)
=

Z )-_ (3.13)
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( where
=D.

Y = CD,

= CAB. (3.14)

= CA’B

The constant matrices in the sequence are known as the Markov parameters. Since

the Markov parameters are the pulse response of the system, they must be unique for a

given system. Therefore determining the Markov parameters from experimental data

can be used as the basis or identifying the discrete time models. Eqs. 3.9 and 3.10,

represented by the constant matrices A.B.C and D. Since B = i’d, only the three

matrices A, B and C need to be determined.

A realization is the computation of a. triplet [A, B, C] from the Markov parameters

shown in Eq. 3.14. Any system has an infinite number of realizations that will predict

the identical response for a particular input .A minimum realization is one with

the smallest state-space dimensions among aH realizable systems that have the same

input-output reIa.tion. All mininmm realizations have the same set of eigenvalues.

which are modal parameters of the system itself.

The process of system realization begins with the formulation of the generalized

Hankel matrix. Its size is am x ,9r, where a and are arbitrary integers, and is

composed of the Markov parameters

H(k —1) = ... (3.15)

k+. —J

Recall that i is the number of inputs and in is the number of outputs. In theory,

if a n and 3 n (the order of the system). the matrix H(Ic — 1) is of rank n.

However. R(k — 1) is usuailv of full rank clue to noise [10]. Substituting the Markov

parameters into Eq .3.1.5 and decomposing JI(k — 1) into three matrices yields

— 1) = VL,AQ(3 (3.16)

20



where P and Q5 are

C

CA

2r= CA2

(3.17)

CA’

AB t2B •. A0-’B]

Block matrix ‘R is the observabilitv matrix and Q is the controllability matrix.

The ERA algorithm begins b forming a block data matrix obtained by deleting

some rows and columns of the generalized Hankel matrix but keeps the first block

matrix intact. i.e.. )j.. Also. the standard ordering of entries in generalized Hankel

matrix does not need to be maintained.

To determine which rows and columns to delete from the Hankel matrix the

singular value decomposition (SVD) is used. This method permits the analyst to

select the rank of a matrix based on singular values. In theor . the rank is taken as

the number oF non—zero singular vaiues. 1-lowever, all singula.r values will he non—zero

due to noise preseit in the measurements. In this case, determining which values to

keep is typically clone by keeping all singular values above a. prescribed tolerance or

choosing where there is a sudden change in slope of successive singular values. By

choosing the rank in this manner, it is assumed that the strong modes are the only

ones represented in the system. The rest are considered weakly excited modes or

noise modes and disregarded.

The H a I <el mat rix for A = I is deroni posed as follows

xt3r Rcnlx-,; (3.18)

where the columns of R and .9 are orthonormal and is a. rectangular matrix

N-,

(3.19)
o o
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( where

,, =diag[cj,u2...,c1,c1+i,...,a] (3.20)

vi th

Ulo2...gici+1...anO (3.21)

In practice, only the first 277 modes are selected because they are assumed to be the

only true modes of the system while the other modes are noise. Let R,, and S, be the

matrices formed by tile first ii columns of R and S. respectively. Thus. the matrix

H(O) become

H(O) = (3.22)

Equating 3. 115 and 3.22 . \vitli A = 1.

= (:3.23)

According to Juang [12] the best way to partition 3.23 is the internally balanced

form because it is slightly better conditioned than other partition forms. Doing this

gives

— fi
—

(3.24)
<3 =

a ‘-N

From 3. IT and 3.24 we have

(7 = En1P = EmRr?412 -

(3.2o)
B = QEr =

where E0 and E aje selection matrices denoted by

= [ ... o, ]
Jr

Or
(3.26)

Or

Or

It should he noted that Em. aud Er are never used numerically.



Using 3.16 with k = 2 yields

H(1) = PAQ (3.27)

Since P is hill row rank and Q is full column rank

A = (pTp)-pTJJ(l)QT(QQT)_1 (3.28)

Using the orthogonality of P and Q
(pTp)—lpT

= (ER’RE/2)-1E’/2RT=
(3.29)

QT(QQT)
=SS”2(E’2S,fS’i’ =

Therefore

A = 112RR(1)SE2 (3.30)

and a. mininmni realization (of order n) is defined by

C =

A =\I/2RTH(1)$vl/2 (3.31)

B =

An eigenclecomposition of the discrete matrix A such that

Ao = (3.32)

where is a matrix with the eigenva.lues of .4 along the diagonal and is the matrix

with the eigenvectors corresponding to the eigenva.lues in z. The eigenvalues are

transformed IC) continuous time space by

(3.33)

The system natural frecjuenry and clamping are

=1*71
(3.34)

—

where denotes magnitude and’J? indicates the real part of the complex number. The

output mode shapes are determined from Cø and the modal participation factors are

determined from ‘B [10]. It can be shown that the free response data. and pulse

response data have Hanker matrices of the same form, therefore free response data

can he used a.s well.
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The computational steps for the ERA are:

1) Obtain pulse response or free-decay data.

2) Form Hankel matrices H(O) and H(1).

3) Perform the SVD on H(O) and truncate keeping only the significant modes.

4) Compute {A, B, C, D}. If using pulse-response data, D is obtained from

r columns of Y matrix. If using free decay, D dose not exist.

3.2 Modal Amplitude Coherence

The modal amplitude coherence is one of manx’ indicators developed to quantitatively

distinguish between system and noise modes. The modal amplitude coherence is

defined as the coherence between the modal amplitude history and the ideal one

formed from the initial value of the history and the identified eigenvalue. The MAC

is similar to a. clot product between tile measured vector, called j, for each mode i

and the corresponding model response history j. The MAC is defined by

MAC1 = (3.35)
IQqTWqq1D’12

where * is the complex conjugate transpose A value near unity indicates the model

reproduces the pulse response data. [9].
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Chapter 4

Technique for Modal Analysis in

Image Plane

In this chapter the IPMA method is explained. The IPMA method is used when

making measurements with the photogrammetric method. The IPMA method differ

entiates between system and noise modes in the image p’ane coordinate system and

removes tile noise from the data.. The filtered data prevents some errors in the mea

surements from propagating through the calculations and diluting the identification

results.

4.1 Image Plane Modal Analysis

In the traditional photogrammetric method, the locations of points are measured on

an image [iJ. Photogranimetry is based on the principle that a point, its image, and

the focal pobt of the camera au lie in a. straight line. When more than one camera is

used, the location of the point in a. global coordinate system can he determined from

image plane measurements. The least squares method determines the best estimate

for the intersection of the lines from each camera for the same point. If there are errors

or noise present in one or more of the measurements these errors propagate into the

results in the least squares method. The presence of these errors leads to increased

uncertainty in the system identification results when using photogrammetric data.
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( One source of errors in particular is the vibrations specific to the cameras. A

small displacement or slight change in the orientation of the camera. can result in a

large error in the measurement of the point location on the image plane. If the cam

eras are mounted independent of each other, such disturbances are uncorrelated, and

appear at different frequencies in each image plane. The IPMA method is designed

to account for some of these disturbances and to remove such contributions from the

photograrnmetric measurements.

The IPMA method performs system identification on the time series of the points

in each camera image plane. For example. if three cameras track the same point j
for period of time I, each camera will produce two position time series, x and y. If

the sample rate of the cameras is fit, then the time series will have length rn = t/St.

These vectors will be of the form

± = [xo.a:j,
(4.1)

U = [yo,yi Urn]

In the case above, there is a total of 6 position time series containing the location of

the point in the image planes of the three cameras.

Each pair of time series is analyzed independently using the ERA method de

scribed in Chapter 3. In the ERA method a model of order n. is assumed to represent

the svsteni. The resLIjts row the analysis of the time series from one camera will

produce a set of u frequencies. corresponding dampings, and confidence indicators.

Each camera is analyzed in this manner to procfuce several sets of frequencies and

dampings. Modes with low confidence levels are discarded first. The remaining fre

quencies for each camera. a.re compared to determine which modes are system modes

and which are local or noise modes. System nio.cles will generally appear in each cam

era. a.t nearly the same frequencies. Local modes will a.ppea.r a.t different frequencies

for each camera..

The pre\’iOuS step indicates a.t or near wha.t freqnencies system modes are located.

To assure coherence between the several sets of data for triangulation purposes, all of

the image plane vectors are combined into one matrix and analyzed simultaneously.
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‘While there should he little variation in modal parameters from one image plane to

C another, this step insures that the frequencies that best represent the modes in all

images are obtained. In the case examined here a matrix with 6 columns, each column

containing one of the image plane position time series, is analyzed using ERA. The

analysis provides coherent frequency and damping values for reconstructing the image

plane data.

This yields a set of 777. frequencies and lfl damping values

w = [wi, . . ,wm] 771 72

(
rn)

where m is the number of system modes identified.

The svstetn modes are used to reconstruct the image plane time series for each

camera. The reconstruction uses the model

Ax = y (4.3)

where y is the original data matrix and a. row of A is given by

c’tsinci e_CJE cosw1i . .
. sinwt coswrnt ] (1.4)

where A is 1 x 2m

The reconstructed data. is calculated from the equation

= (ATAf1 jT (4.5)

The reconstructed cinta is used in the triangulation process to find the location of the

point in global space. The errors due to local vibrations specific to one camera in the

new location are reduced.

4.2 Items of Concern

Several items are iinporta]it to keep in mind when conducting this analysis. The

(. principle that. this method is based on is that structural modes will appear in all

27



C cameras. This is true unless the motion due to certain modes is orthogonal, or nearly

orthogonal, to the image plane of the camera. Much like accelerometers are designed

to measure acceleration in only one direction, cameras detect motion parallel to the

image plane and not orthogonal to it. To avoid this problem it is important to give

consideration to the location of the cameras recording the motion. 4lso, the use

of more than the minimum number of cameras can help avoid this problem. If a

structural mode is edge on to one camera, with three cameras the other two cameras

will detect the mode.

Another item of concern is the distribution of targets on the structure being

recorded. It is important to have targets located over as wide a range as possible to

avoid having targets located at nodes and not detecting the motion due to certain

modes. If the targets are too close or there is not enough of them the targets may

not indicate that certain modes exist. Targets should he chosen so that an adequate

response of the structure can be measured.

A third item is the level of motion that is detectable with photogrammetry.

Several studies have demonstrated that suhpixel resolution is achievable, specifically

[1] and [13]. The detectable displacement is proportional to the field of view. In

the experiment described in Chapter 5. a 0.2 pixel resolution is assumed and the

images have fields of view set at roughly 120 inches. Assuming the CCD chip is

500 pixels wide. ea.ch pixel represents 0.24 inches. Twenty percent of 0.24 inches is

approximately 0.05 inches. If the field of view was doubled (240 inches) the motion

would have 1.o he greater than 01 inches. The smallest motion detectalle is important

to consider when trying to detect modes with small amplitudes.

C
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Chapter 5

EOS-AM Dynamic Test Article

To evaluate the image plane method procedure presented in Chapter 4, experimental

data has been taken using the CSI Phase III Evolutionary Test Bed IVioclel [14]. The

description of the EOS-AMI testheci model is given in Section 5.1. The experimental

set-u)) and procedure is presented in Section 5.2.

5.1 Description

The Controls-Structures Integration (CSI) area developed the CSI Evolutionary Model

(CEM) to assist in the development, implementation, and validation of CSI technol

ogy. The objective of the CEM3 test bed development is to simulate the overall

on-orbit dynamic behavior of the EOS-AMI satellite. Included in this objective is

simulating the low lrequeucv solar array and high gain antenna. appendage dynamic

interaction [14j.

The CEM3 testhed consists of a spacecraft bus structure, two flexible appendages,

gimbaled instrument simulators. aiicl dummy masses to simulate both science instru

ments and spacecraft subsystems. The key design criteria for the primary structure

design were (I) matching the spacecraft geometry, (2) sufficient torsional stiffness to

place the first structurai mode above 23 I-Iz. and (3) supporting the attached payloads

and equipment at the proper locations in order to match the overall spacecraft inertia.

properties. The design of the solar array and high gain antenna of the structure was
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( driven by the need to meet the associated frequency and stiffness requirements.

Guidelines for the construction of the model included approximating the overall

size, shape, and dynaniics of the spacecraft while using current suspension system

hardware which is capable of supporting up to 2,000 lbs [14]. To simulate the free-

free on-orbit boundary conditions, advanced suspension systems are used to support

the testbed [14]. The suspension systems provide vertical isolation while long ca

bles provide horizontal isolation. The suspension system results in six low frequency

rigid-body suspension modes. The suspension system is designed to minimize the

interaction between the 6 suspension modes and the testhed flexible body modes

in order to correctly simulate free-free dynamics and the proper coupling between

the bus and appendages. To monitor the structure and its vibrational responses,

accelerometers are located on the bus and along the solar array appendage. The

accelerometers are oriented along the three orthogonal axis of the structure and they

are aiso oriented so as to detect bending aiout two of the axis.

Suspension stiffness, location of cable attachment points relative to the testbed

center of mass, and cable length are the parameters used to drive the rigid body

modes below 0.20 Hz. ru. allows the correct simulation of free-free dynamics and

the proper coupling between the bus and appendages. The suspension devices have

verticai strokes of —f-/- 3 inches and an a4justable active stiffness setting ranging from

0.1 lb/in, to 2.0 lb/in. There are 4 devices supporting the bus and one device is used

to off-load the mast tip weight. The location of the five suspension cables can he seen

in Figs. 5.i and 5.2.

The maui goal of [1w experiment is to identify the modes of the solar array

appendage. The solar array on the CEM3 model is 15 feet in length. roughly one-half

the length of the solar array on the EOS-AMI satellite. In order for the testhed

to match the mode frequencies of the satellite’s solar array a forty pound weight is

attached to the tip of the mast. This results in the first two bending modes of the

solar array- having frequencies of 0.716 and 0.81.5 Hz, respectively. These modes are

shown in Figures 5.1 and 5.2. These figures show 4 views of the test article (starting

in the upper left and going clockwise): 1) side view, 2) oblique view, 3) front view,
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( and 4) top view. The first view in Figure 5.1 shows the high gain antenna rising

from the bus between the suspension cables In the second view the five cables of the

suspension system are shown along with the solar array appendage. The top view of

the structure clearly shows the bending mode of the array. In Figure 5.2 the second

bending mode and coupling between the appendages is visible in the front view (lower

right view).

5.2 Experiment Description

The purpose of the 1PM A experiment is Lu evaluate the IPMA method and how it

improves the motion measurements using photogrammetry by removing errors due to

noise present in the cameras. In order to accomplish this identification the motion of

both the root and the tip of the solar array are recorded. Therefore two cameras are

focused on both the tip and the root, for a. total of four cameras. The views for each

camera are shown in Figure 5.3.

The IPMA experiment targeted the first bending mode of the solar array by

applying an input to transfer most of its energy into the first mode. The input is a .5

Hz sine wave from a shaker located at one corner of the bus. The .5 Hz is very close

to the .65 lIz frequency of the first bending mode. Also, the input was applied in the

yaw (along the V—axis) direction, which is the primary direction of the first bending

mode.

The four cameras used are (‘CD cameras hat were previously installed in the

labojatorv to observe the lest struct nrc during experiments. Therefore the locations

of these cameras were predetermined and could not be changed .All cameras are

identical and the zoom capability is from 16 mm to 160 mm. The cameras record at

the rate of 30 frames per second (30 Hz). For this experiment the field of view for

each camera was set to approximately 10 feet in order to simulate the field of views

for PASDE.

The video data was recorded on four identica.l S-\HS video recorders. To synchro

nile the video data.. two strobe lights were placed so that a.t least one hght appeared

31



a 0
1

-
3

e
t

a c2 aq 0 Ct 0 U
)

0 Cr
,

a



4
T

h

.1
1

-t a 0 (1
)

a C
, 0 a 2
-

0 2
- a 0 1 c-
n

0 1 0
I

0 t t a 2
-

p (I
t’ a

0
0
0

0
7
0
0
0
0
0

N
O

D

0
0
1
0
L

O
C

II
0
1
0
0

.0

1
0

0
0

0
0

1
•
.

(
.

0
0
0

O
0

N
O

N
I
C

D
0

0
tL

-
-
O

D
0

tS
0

D

•
..

I.
C

N
0
1
0
0
1
0
.D

D
fl

L
O

c
1

0
0

1
0

0
0

0
0

0
0

;
•

1
0
0
0
;

N
.

N
%

D
7

I

D
I
N

00
0
0
0
N

O
N

O
—

N
0
0

N
O

N
;

N
-N

N
1
1

0
0

0
0

0
;

0
4
0
0
0
0

b
i
t

0
0

0
0
0
0
0
0
M

b

0
0

0
0

;
1

IN

I
_
I
.E

.
0
.4

0
0
0

0
7

0
0

:
I

7
0
1
0
;

0
0

.0
7

3

0
b
.p

I
.o

..
..
,L

.4
4
0

I
I
I
.

4
.0

0
1

N
O

t:
1
0
7

O
I
r
0
0
4
0
t0

0
0
:

i-
I
.E

0
0

0
0

I
r
io

0
1

0
0

7
.

O
M

iT

M
C

D
I

0
.0

7
.

0
1
0
;

0

I
a

I

U
t_

4 I
0
0
0
r0

0
4
0
T

4
0
4
.

I
_

I
.

U
-,

.0
0
;D

I
I
.

,1
0

IL
0

L
IM

IO
IN

0
0
0
’;

I
7

0
4

0
0

0
3

1
0
0

0
1
0
,4

4
.0

;
0
.4

4
0
0
0
0
0

N
N

N
T



Camera 1 Camera 2

Figure 5.3: Camera Views of EOS-AM1 Testbed

in each camera image. The two lights were sent a signal at the beginning of each

free-decay period to synchronize the tapes. The signal was also sent to the digital

data acquisition system that was recording the data. from the accelerometers located

a’ong the solar array appendage. including the base plate and on the mass located at

the tip.

The targets placed on the solar array were white circles four inches in diameter

on a black concentric circle eight inches in diameter. These targets can be seen clearly

in the view from camera f in Figure 5.3. Additional two inch diameter targets were

placed on the base plate at the root of the solac array. These targets can best he seen

slightly to the right of center in the view from camera 4 in Figure 5.3. There were

thirteen targets on the structure.

Camera 3

LL\frN

Camera 4

(
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To assist in the bundle adjustment method, free standing control points were

placed near the testhed such that a sucient number of points appeared in each

camera (see Figure 5.3). The locations of these control points were determined using

independent measurement techniques. Nineteen control points were measured for use

with the bundle adjustment method.

The protocol used during the experiment was as follows:

1) Each camera was set at a foca.1 length which provided a. field of view of

10 feet a.t the testbecl.

2) Begin input to the structure using a. shaker connected at one corner of the

bus. The input is designed to excite the first bending mode of the solar

array appendage and provide approximately 2 inches of displacement of

the solar array at the tip.

3) While the testhed is coming to steady state, the video recorders record

the camera. images.

4) Once the testheci reaches steady state, the input is stopped. and the strobe

lights are flashed to mark the beginning of the free decay period.

5) The data recording period lasts one minute. in which time the testhed

comes to rest.

L
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Chapter 6

Image Plane Modal Analysis

Results

An experiment using the EOS-AM1 dynamics testhed was conducted to demonstrate

the effectiveness of the image plane identification method. The first bending mode of

the solar array appendage was targeted by the excitation while both accelerometer and

video data recorded the response of the structure. The accelerometer data provides

a. baseline comparison for the photogrammetnc data.. System identification using

the ERA analysis was performed on three sets of data, The accelerometer data, the

photogrammetric data. and the IPMA data.. The results for all three are compared

to show the effectiveness of the image plane data, versus standard methods.

6.1 Accelerometer Data System Identification Re-

suits

Accelerometers are local ed along time solar array appendage and on the base plate

of the appendage. Appendix B corn ains the 21 time series used in the identification

analysis and the ocai.ion and oriental ion of each device is listed. Approximately 16

seconds of [tee-decay dlatii was used in the analysis. This allowed the amplitude to

decay to 1/3 original signal strength. The bandwidth of the accelerometer data is 0 to

36



10° .

10 *. - . ... ::::;;::::::::::::..:::::: :::::::.: -

100 5 10 15 20
Singular Value Number

Figure 6.1: Singular Value Decomposition for Accelerometer Data

6 Hz. The next part in the analysis consisted of determining the assumed number of

modes for the system. This was done by studying the singular value decomposition of

the FIa,nkel matrix. Theoretically, the number of lion-zero singular values is the rank

of the Hankel matrix. However, clue to noise none of the singular values will be zero.

Therefore a (:111-off value needs to he determined. If the difference between successive

singular values is significant then the selection is simple. The first 20 singular values

for the accelerometer data are shown in Figure 6.1. There are several drastic changes

in the slope shown in the figure. Using 10—2 as the cut-off value, 2 strong modes

can be expected and leads to a rank of the system of 4. However, it is important

to account [or the noise anu error modes present in the system. To account for the

noise. modes are included in the analysis in ai attempt to model the noise. In this

was’ the noise modes can he identified and removed from the system. In the analysis.

a state model with order of 20 was selected.
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( The ERA analysis determines a best fit for the data using a least squares method.

One input parameter that is varied in this optimization process is the number of block

row shifts in the Hankel matrix. The number of row shifts is the number of time-

shifted sub-matrices that appear in the Hankel matrix. These sub-matrices are the

Markov parameters of the system and are described in Chapter 3 3.14 and 3.15.

Increasing the number of row shifts causes the analysis to target certain frequencies.

For this reason, the number of row shifts is incremented from 2 to 40 in the analysis.

The identified natural frequencies as a function of the number of block row shifts

are plotted in Figure 6.2. Each row of results corresponds to a separate ERA analysis

with the specified number of row shifts. Each detected mode is represented by a ver

tical dash at the associated frequency. The confidence level in each result is expressed

by the length of the vertical dash, which is proportional to the MAC value. If the

highest value is attained. then the MAC value is 1 and the distance between minor

tic marks on the vertical axis is filled [15].An example of the output from the ERA

analysis is shown in Table 6.1. Only roots with normalized MAC values alove .000.5

were plotted.

C
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Three modes at frequencies 0.648 Hz, 0.758 Hz, and 1.31 Hz appear strong over

( the entire range of row shifts. The first mode at 0.648 Hz is the first bending mode of

the solar array primarily in the X-direction. The mode at 0.75 Hz is the first bending

mode primarily in the z-direction. The last mode at 1.31 Hz is a coupling mode

between the high gain antenna and the solar array appendage.

While the analysis identified these modes even with few row shifts, the other

modes are not as well identified. In fact, with 2 to 15 row shifts, freqilencies identified

vary widely from one analysis to the next even though the confidence level is quite

high for each mode. For row shifts between 15-25, the analysis began to target certain

frequencies. hut. the confidence levels are small. For row’ shifts above 25 the confidence

levels for each mode identified increased to constant values for a large number of row

shifts.

A possible explanation for these results is as follows. The MAC values are cal

cula.ted by comparing predicted modal amplitude histories with the corresponding

real histories. With a minimum number of row shifts it is more likely to have a good

comparison between the two histories .As the number of row shifts increases the more

dominant frequencies are repeated throughout the Hankel matrix. This also explains

why the confidence level increases for some frequencies as the number of row shifts

increases. However, even though the MAC values increase for the other modes, they

are still small enough to he regarded as noise modes present in the system.

Another indicator that. is used in judging the validity of modes is the correspond

ing damping value. Figure 6.3 shows an expanded view of the frequencies between

0.6 and 0.7 Hz. Along with the frequency, the clamping a.nd MAC values are shown

as the number of row shifts is varied. The plots show very little variation in any of

the values indicating a high degree of confidence for the mode over the entire range

of row shifts.

Figure 6.4 shows an expanded view of the frequency range from 2.4 Hz to 3.0 Hz.

For this mode, the clamping and MAC’ values vary as compared with the values in

Figure 6.3. The MAC values are all below’ 0.9 indicating it is not a good candidate

C for a structural mode. Changes in the damping values vary from one run to the next
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Table 6.1: ERA Results For Accelerometers with 20 Block Row Shifts

r Root No. Frequency Damping .% SVD MAC

1 1.3170 39.519 l.0586e-03 0.12374

2 1.3170 30.519 l.0586e-03 0.12374

3 3.5029 3.3530 9.8402e-04 0.063750

4 3.5029 3.3530 9.8402e-04 0.063750

5 1.0766 2.7601 9.4$47e-03 0.23090

6 4.0766 2.7601 9.4847e-03 0.23090

7 5.0941 2.0343 1.5381e-02 0.17458

8 5.0941 2.0343 1.5381e-02 0.17458

9 .5.7382 1.5925 i.9132e-02 0.28747

10 .5.7582 1.5925 1.9132e-02 0.28747

11 2.61.56 2.1067 7.3378e-03 0.64930

12 2.61.56 2.1067 7.3378e-03 0.64930

13 4.5398 0.41885 3.8382e-03 0.88087

14 4.5398 0.41885 3.8382e-03 0.88087

15 0.64815 1.2871 1.0000e+00 0.99885

16 0.64815 i.2871 1.0000e+00 0.99885

17 1.3101 0.56441 1.0493e-01 0.99041

1$ 1.3101 0.56441 1.0493e-0i 0.99041

19 0.7.5828 0.40942 3.8014e-02 0.93331

20 0.7.5828 0.40942 3.8014e-02 0.93331
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Figure 6.3: Identification Results at 0.65 Hz, Accelerometer Data

also indicate that tIns is not a good candidate mode. Figure 6.5 shows the mode in

the 5 Hz to 6 Hz range. The damping and MAC values show that this mode is a

weakly excited structural mode because of the variation in the damping value and

the low i\’IAC value.

The conclusion that is drawn from these results is that three structural modes, at

0.6.5 Hz. 0.76 Hz, and 1 .3i FIz are strongly excited in this experiment. These modes

should be mc] tided when modeling the structure.

Figures 6.6 and 6.7 show comparisons between measured free-decay data and

reconstructed free-decay data from the ERA output using only the three strongest

modes, 0.6.5 Hz, 0.76 Hz, and 1.31 Hz. Both figures show good agreement. In Figure

6.7, some difference can be seen clue LU higher frecjuencies present in the data. This

is to he expected siiice only low frequency modes were used to reconstruct the data.
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Figure 6.5: Identification Results at 5.8 Hz, Accelerometer Data
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6.2 Photogrammetric Analysis Results

The system modal frequencies were identified in the previous section. The three

system modes (0.65 Hz, 0.76 Hz, and 1.31 Hz) are the dominant modes. The pho

togrammetric data is ana]yzed in this section. The results from the photogrammetric

analysis is compared to the accelerometer analysis in this section.

The video data was digitized at 10 Hz for each of the four cameras. Both the cal

ibration targets and the motion targets on the structure were tracked for each camera

providing the time series for each point. The locations of a. number of calibration

points were known, so the photo resection method described in Section 2.2.3 was

used to determine the camera parameters for the experiment. Once completed, the

triangulation of the motion targets from image space to object space was performed.

The time series of the targets are presented in Appendix C.

Figure 6.8 shows the same type of plot as Figure 6.1 but uses the triangulated

data in this case. The singular vahie decomposition indicates that only one strong

mode is present in the triangulated data along with two secondary modes. From

Figure 6.9 the strongest mode is identified at 0.6.5 Hz. The two secondary modes

are located at 1.29 Hz and 0.13 Hz. The modes at 0.6.5 Hz and 1.29 Hz are to he

expected but the mode at 0.133 Hz is not. This mode is explained by noting that the

test article has 6 rigid body suspension modes, and all of them have frequencies below

0.2 Hz. This mode represents a pendultim-like mode due to the suspension system.

Another important fact to take from Figure 6.9 is that the ERA analysis does

not identify the second bending mode ]oca.ted a.t 0.75 Hz. In tile range of 25 to 35

row shifts the analysis identifies a. node near the frequency but the confidence level is

very low. This indicates the motion due to this mode is not as strong as the motion

from the other modes .Areason for this is this mode is not excited as much as the

first bending mode.

Figure 6.10 shows the frequency. damping. and I\’IAC values of the 0.6.5 Hz bend

ing mode. Much like the previous results. this mode is very strong and both indicators

show high confidence leve]s for the mode. More interesting results can he seen in Fig-
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Figure 6.8: Normalized Singular \Ialue Decomposition For Triangulated Data

ures 6.11 aid 6.12. The appendage coupling mode in Figure 6.11 demonstrates the

necessity to inc[ucle a large number of row shifts in the Hankel matrix. Not until the

Hankel matrix has 35 row shifts does the mode at 1.29 Hz reach acceptable confidence

levels. Figure 6.12 shows the MAC values for the 0.13 Hz mode never obtain a value

above 0.9. which is the cut-off for accepting or rejecting modes as part of the system.

Also. damping values continue to var even with a ‘arge number of row shifts. This

demonstrates that this mode should not he included when modeling the system.

Figures 6.13 and 6.11 show video data and reconstructed data. The reconstructed

data uses on];’ the two strongest modes, at 0.65 Hz and 1.29 Hz. While there is good

agreement between the two sets of data, some differences cau he seen, especially later

in time. This is a result of anal sis failing to identify the second bending mode at

0.7.5 Hz.
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Figure 6.10: Identification Results at 0.65 Hz, Triangulated Data

Figure 6.11: Identification Results at 1.29 Hz, Triangulated Data
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Figure 6.12: Identification Results at 0.12 Hz, Triangulated Data
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Measured Data

Figure 6l4: Comparison of Actual and Reconstructed Data. Target #1 Y Dir.

6.3 Image Plane Analysis Results

The IPMA method identifies modes local to each camera. These local modes are

removed from the measurements and reduces some of the noise present in the mea

surements. The IPMA method consists of several steps:

1) The .r. y motion series in each image plane were analyzed separately us

ing the ERA. Comparing the results from the separate analysis identifies

which modes were system modes and which ones were local to each cam

era.

2) The .z. y motion series were combined and analyzed using the ERA. This

assures coherence between the system frequency and damping values.

These values were used to reconstruct the z, y motion in each image plane.

3) The reconstructecL motion series were used to triangulate the global motion

series of the targets.
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4) The global series were analyzed using the ERA to provide the mode shapes

for the appendage.

The vertical and horizontal histories of the targets in each camera plane are shown

in Appendix D. First, each camera is analyzed separately using the ERA program.

As defined in Chapter ö. cameras 1 and 2 are focused on the tip of the appendage and

cameras 3 and 4 are focused on the root of the appendage. The results for camera.

1 are shown in Figure 6.1.5. The 0.6.3 Hz bending mode is the strongest mode, and

the 0.12 Hz rigid body suspension mode is also predominant. It is interesting to

note three other observations. One. the bending mode at 0.7.5 Hz is stronger in this

camera ilaite. Recall that in the triangulated data this mode did not appear with a

high confidence level. Second, all of the modes in this image are below 2 Hz. Third,

the coupling mode at 1.30 liz is not detected by this camera.

One reason for several modes not being detected by the camera. is the orientation

of the camera with respect to the motion induced by a. certain mode. The camera

can not detect motion that is orthogonal to the image plane. The coupled mode, and

to a lesser extent, the 0.75 Hz bending mode are orthogonal to the image plane of

camera 1. This is why more tha.n the minimum number of cameras should be used in

any system identification process. This will help ensure that ail modes will appear in

at least two cainera.s and niake certain they are not dismissed as noise or local triodes.

Figure 6.16 presents the ERA analysis for camera plane 2. In this plot all 3

system modes are present and all 3 have high confidence levels.

An analysis of camera 3 is shown in Figure 6.17. The two predominant modes

are at 0.65 Hz and 0.12 Hz. What is interesting is the complete lack of indication

of the other bending and coupled modes. Examining Figure 6.18 and the image

plane 4 analysis. a. similar situation is shown. The reason neither of these analyses

detected these modes is that ‘lie structure was driven to excite the first bending mode.

Therefore the motion of the j is (tue to the free-decay of this mode and neither of

the other two modes are present.

C Figures 6.17 and 6.18 demonstrate the usefulness of looking at each image plane

separately. Both cameras show modes between 2 Hz and .5 Hz .At various number
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of row shifts each of these modes exhibit high levels of confidence. However, each of

these modes is present only in one of the cameras, indicating it is not a system mode

but is particular to that image plane. This information can assist in determining

sources of error in the measurements and isolating them if necessary. .lso, modes

can have high confidence levels in the image plane data and not have as high a level

of confidence in the triangulated data. This is caused by the inclusion of noise in the

data when the triangulation is done.

Once the modes are identified in the image plane, all of the camera. data is

analyzed together to assure coherence between the modes. The results of analyzing

all of the image time series together is shown in Figure 6.19. It is essential to combine

and analyze the image plane data so that the same frequency and damping values are

used to reconstruct the image plane data. The reconstruction is done by selecting the

system modes identified in the first step of the process and use the modal parameter

values determined in the second step of the IPMA method.

As with the accelerometer and photogrammetric data, the results of the ERA

analysis for the TPMA method is used to reconstruct the data and an example is

shown in Figure 6.20. The data for each of the four cameras is reconstructed with the

four most dominant modes. The reconstructed data is then used in the triangulation

method to obtain new triangulated series for the targets. Then the ERA analysis

is applied to this set of data and a plot of the MAC values at their corresponding

frequencies is shown in Figure 6.21.

Comparing Figure 6.21 to Figure 6.9 shows that the three structural modes are

much stronger in the reconstructed data. The image plane analysis allows the iden

tification of modes thai can be lost or not identified in the triangulated data. Also,

it reduces noise and error modes from being passed on from the image plane to the

global coordinate system.

As a. comparison of the three methods, the frequencies and dampings for the

three structural modes are presented in Table 6.2. The taijle demonstrates the strong

agreement between the frequency values for al] of the modes. There is some variation

in the damping values hut t.his variation is small and well within acceptable limits.
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Table 6.2: Comparison of Frequency and Damping Results for Three Identification

Methods

C

MethocC First Bending Mode Second Bending Mode Coupling Mode

Freq. Damp. Freq. Damp. Freq. Damp

Accelerometer 0.65 1.29 0.76 0.41 1.31 0.5644

Photogrammetric 0.6.5 1.51 0.7.5 0.67 1.29 1.22

IPMA Method 0.6.5 1.43 0.73 0.80 1.30 2.53
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( Table 6.3: Comparison of Modal Responses Near the Tip For Three Modes

Method Mode 1 Mode 2 Mode 3

Accelerometer 0.347 0.201 0.0352

Photogrammetry 0.244 0.115 0.0265

__JPMA Method 0.238 0.145 0.0265

Another method of comparison is to examine the mode shape response of the

same point in all three methods. The modal response in the X direction of a point

near the tip of the solar array due to each of the three structural modes are shown in

Table 6.3. The table show’s tha.t most of the energy is in the first bending mode, and

less energy is in the second bending mode and the the coupling mode. This important

fact explains why only the first mode appears in all four image planes and the other

two do not. It is important to remember that the input was designed to primarily

excite the first. mode. Another important comparison to make is the results from the

IPMA method and the traditional photogrammetric method. These results are very

similar for all three modes. This indicates the mode shapes response measured by the

IPMA method are only slightly better than the traditional method hut demonstrate

that nothing is lost in the IPMA process. The reason both photogrammetric responses

are smaller than the accelerometer response is the photogrammetric method does not

have as high a resolution a.s the accelerometers.

Image plane analysis is beneficial in two ways. It can localize sources of error

to individual cameras and allow’ the error to he filtered from the data before the

triangulation. Second. the image plane information can indicate modes present that

ma.y not he identified after the least squares triangulation is completed.

(
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Chapter 7

Conclusions

A method has been presented to assist in determining the dynamic characteristics of

space structures. The Image Plane Analysis Method (IPMA) is designed to filter un

correlated noise resulting from camera. disturbances in photogrammetric data. IPMA

first identifies structural modes and noise modes in the camera image plane before

triangulating the data. into an inertial coordinate system.

To evaluate this method, an experiment using tile CEM3 testbed was performed

to evaluate the JPMA method . Accelerometer measurements a.re used a.s a. baseline

for comparing the results from using the traditional photogrammetric method and

the JPMA method. fh accelerometer data analysis indicated three structural modes

present. at 0.65 Hz. at 0.76 Hz. and at 1:31 Hz. The traditional photogrammetric

method identified the first bending mode at 0.65 Hz, the second mode at 0.75 Hz and

identified the coupling mode at 1.29 Hz. but the method did not adequately identify

the bending mode a. 0.75 Hz. The IPMA method identified all 3 structural modes.

Also, the JP’[A method cleinonstrstecl a slight improvement over the photogrammet

nc in measuring the modal response of the structure. Neither the photogrammetric

or IPMA method matched the accelerometer results for the modal response of the

structure. but this is due to the lower resolution associated with tile photogrammetric

measurements.

Severa.1 important considerations arose from the experiment. The placement of

cameras with respect to the motion of the structure can affect the ability of the IPMA
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C method to detect motion due to certain modes. If the motion induced by a mode is

orthogonal to the camera plane, it is more difficult to measure this motion. It is best

to place the cameras where tile motion of the structure is parallel to the image plane.

The second consideration is the placement or selection of targets on the structure. If

a target is placed at or near a node, and there are few other targets in the image, a

particular mode may not appear strongly in the analysis of that image plane data.

Since the IPMA method relies on the principle that all structural modes will appear

in all cameras, some structural modes may be discarded.

It has been shown tha.t the IPMA method improves identification results over

the traditional photogrammetric method based on qualitative observation. This new

method improves the standard photogrammetric method by identifying and removing

noise contributions to the signais when the noise is a result of independent distur

bances to the cameras. The IPMA method identifies structural modes in the image

plane and differentiates them from local noise modes resulting from disturbances ap

plied to the camera. Modes peculiar to only one camera are discarded and only modes

that appear in two or more cameras are identified as structural modes. The image

plane data is reconstructed using only the modal parameters identified as system pa

rameters. Once the image plane data is reconstructed, the location of the points in

object space are determined using the least-squares fit, similar to what is clone in the

tra.ditiona.] photogrammetri c method.

I
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Appendix A

Partial Derivatives of Collinearity

Equations

First. define the variables U. V. and 14’ as

U

V = M y — (A.1)

Z—Z

where M is the rotation matrix given by2.2.

The partial derivatives of the equations with respect to the image coordinates are

10
dr Jy

= (A.2)

With respect to the camera. interior orientation parameters

rif
—‘ 0 (f/Hf

= (A.3)
0-IV/W

Then. with respect to the camera position
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= [—mu + (U/W)m31]

SYC = * [—m12 + (U/W)rn32J

= * —7fll3 + (U/T’V)m331
(A.4)

= * [—ma + (V/W)m31]

= * [—11122 + (V/W)m32]

= * [—inn + (V/W)m33]

And finally, with respect to the exterior camera parameters (see Chapter 2 for defi

nitions)

=
— Z) — — 1)

—

[inao(Z
— Z)

— —

= . (_ — V° ‘U — sin

8w — 14
(A.5)

= (m.22(z
— Z) — ?fl23(Y — Y) — [m32(Z

— Z) — mss(Y —

= (sincw_ *[costU—siucVj)

8w — 14’

The partial derivatives with respect to the1)oint coordinates are the negatives of

the partial derivatives with respect to the camera coordinates.
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Appendix B

Accelerometer Time Series

The accelerometer time histories are given in this appendix .All accelerations are

measured in in/s2. The key for the 24 plots is given below (the number in parenthesis

is the corresponding grid point for the finite element model of the testbed):

1) Y direction, located at solar array base plate(2329).

2) Z direction, located at solar array base plate(2329).

3) X direction, located at! solar array base pate(2329).

4) Z direction, located 9 in. back from tip(600202).

.5) X direction, located 9 in. back from tip(600202).

6) Y direction. located 9 in. back from tip(600202).

7) Z direction. located at solar array tip(600203).

8) X direction. located at! so]ar aria’ tip(600203).

9) Z direction, located 26 in. back from tip(600181).

10) X direction, located 26 in. back from tip(600181).

11) Z direction. located 52 in. back from tip(60015l).

12) X direction, located 52 in. back from tip(600151).
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13) Z direction, located 107 in. hack from tip(600091).

14) X direction, located 107 in. hack from tip(600091).

15) Y direction. located 107 in. hack from tip(600091).

16) X direction, located 107 in. back from tip(600092).

17) Z direction, located 107 in. hack from tip(600092).

18) Z direction, located 134 in. back from tip(600061).

19) X direction, located 131 in. hack from tip(600061).

20) X direction, located 162 in. back from tip(600031).

21) Z direction, located 162 in. back from tip(600031).

22) X direction. located 80 in. back from tip(600121).

23) Z direction, located 80 in. hack from tip(600121).

24) \Y direction, located on the truss of the st.ructure(2301).

C
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Figure B.i: Accelerometer Time Series # 1-8
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Appendix C

Triangulated Targets’ Time Series

The triangulated time series of the structure targets are presented in this appendix.

1) Series 1 through 8, Targets 1-8, X position in global coordinates.

2) Series 9 through 16, Targets 1-8. Y position in global coordinates.

3) Series 17 through 24, Targets 1-8, Z position in global coordinates.
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Appendix D

Image Plane Targets’ Time Series

The image plane time histories are given in this appendix. The key for each image

plane is given below:

Image P1aie 1:

1) Series 1 through 5. Targets 1-5, X position in image plane coordinates.

2) Series 6 through 10. Targets 1-5. Y position in image plane coordinates.
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Figure D.i: Image Plane # 1 Time Series
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Image Plane 2:

1) Series 1 through 5, Targets 1-5, X position in image plane coordinates.

2) Series 6 through 10. Targets 1-5, Y position in image plane coordinates.
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Figure D.2: Image Plane # 2 Time Series
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Image Plane 3:

1) Series 1 through 3, Targets 6-8, X position in image plane coordinates.

2) Series 4 through 6, Targets 6-8, Y position in image plane coordinates.
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Figure D.3; Image Plane #3 Time Series
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Image Plane 4:

1) Series 1 through 3, Targets 6-8, X position in image plane coordinates.

2) Series 4 through 6, Targets 6-8, Y position in image plane coordinates.
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Figure D.4: Image Plane # 4 Time Series
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