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SUMMARY

This report completes the present phase of structural dy-
namics modeling for the 'lazy-Z' MSAT configuration. Substructural
models, described in earlier reports in this series, are reduced in
size with very 1little loss in accuracy. These models are then combined
to form a structural model for the overall spacecraft. This model is,
in turn, reduced in size (i.e., in number of coordinates) with only a
small penalty in accuracy. 'Modal cost analysis' is shown -to be an
effective technique for this purpose.

Two specific models are recommended in this report, and
all system data is given in the appendices for each of these models.
The model appropriate to control system design includes four elastic
modes; the final data for this model are tabulated in Appendix C.

For control system evaluation, a model that incorporates an additional
seven modes is recommended; the data for this model are tabulated in
Appendix D.
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1. INTRODUCTION

This is the final installment in a series of reports pre-
pared under the present contract (apart from the Executive Summary, Dyna-
con Report MSAT-9)T. This investigation is based on the satellite con-
figuration shown in Fig. 2.1 (p.3) and Fig. 2.2 (p.14). This is in-
tended to be representafiVe of Fthird-genefation' satellites (for the
meaning of 'third generation', see MSAT-9), and 1is motivated by earlier
studies into possible configurations for an 'operational' mobile-communi-
cations satellite (MSAT). This 'Operational-MSAT' configuration, which
is also of considerable interest in the U.S.A, represents a typical large,
flexible communications satellite of the type Tikely to follow the current
Demonstration-MSAT. The problems of attitude control and shape stabiliza-
tion for the 'third-generation' vehicle shown in Figs; 2.1 and 2.2 are
anticipated to be considerably more challenging than for the Demonstration
MSAT, and the aim of this and other collateral work is to advance the state
of Canadian technology in this area.

In accordance with this aim, the spacecraft has been modeled
with the same degree of accuracy as if it were a 'real' spacecraft. To the
authors' knowledge, the dynamical modeling in the present series of reports
has a degree of accuracy that is as~high, or higher, than for any previous
Canadian spacecraft, including the shuttle remote manipulator arm.

In this report the substructural models described in MSAT-4
for the solar-cell array, the antenna reflector, and the reflector tower
are combined in accordance with the methodology outlined in MSAT-3. The
result is a quite Targe model (i.e., a large number of coordinates) that
requires still further pruning before it can be used as an efficient tool
for control system design and evaluation. These two ideas--substructural
model synthesis and spacecraft model order reduction--are the twin themes
underlying the developments described in this report.

~Tror brevity, reports in this series will be designated simply as
MSAT-1, MSAT-2, etc.




2. SYSTEM MATRICES

2.1 Summary of MSAT Dynamics Model

The MSAT spacecraft is shown in Fig. 2.1. It ,
consists of a rigid bus structure and three flexible substructures --
the solar array, the tower and the reflector (antenna). The dynamics
models for these substructures are provided in MSAT - 4, while the dy-
namics model for the entire assembled spacecraft is given in MSAT - 5.
In brief, the equations governing the MSAT spacecraft take the form

Mg + (D + G)q + Kg = Bu + Uy (2.1)

where the system mass M and stiffness K matrices are given explicity in

MSAT - 5. It remains to specify the system, damping matrix D, gyrosco-

pic matrix G and control matrix B. The disturbance inputs u,, save for
a minor omission (see Appendix A), are as given in MSAT - 5. Also, the

assembled spacecraft coordinates are ’

ﬂ = CO] {E{b’—e‘b :E_:_G__sg_aﬁa :g_.i ,]1_},,} (2'2)

where Wy and gb are the translational and rotational displacements of

the bus, B contains the reflector gimbal angles (there are two: By about
the xr-axis and By about the yr-axis), $ and o are the translational and
rotational displacement of the tip of the tower (Qr) relative to the root
of the tower (Ot) caused by the structural flexibility within the tower,
q; are the 'internal' elastic tower coordinates and Ny and n, are moda
coordinates for the solar array and the reflector, respectively.

In what follows, D, G, and B for MSAT will be given in analy-
tical form prior to modal 'selection: however, only the . reduced design-
and evaluation-model modal system matrices will be given numerically.
Also, prior to performing these reductions, it will be necessary to spec-
ify the output matrix P. This matrix relates the spacecraft coordinates

to the important outputs y (rather than the semsed outputs, see MSAT - 1.):

Yy =Pq (2.3)
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Fig. 2.1 The MSAT Spacecraft



2.2 The Damping Matrix

2.2.1 Damping Matrix for Assembled Spaéecraft

Much of what follows is taken from MSAT-6 which describes
the modeling of energy dissipation (damping) in flexible space structures.
We adopt the view cited in Section 5.4 of the report, that the elastic
damping matrix Qe’ where

o ©
[ (2.4)
o Dq
and -
4 = oM (i4id) de(Tastic)’ (2.5)

should be partitioned into a block diagonal form, one block for each
substructure and with each block being proportional to the corresponding
stiffness matrix. To quote MSAT-6, "the rationale for this choice runs
as follows: an element of the stiffness matrix, kﬁj is nonzero if the
stiffness of the structure offers a resistance at coordinate a3 to a
force in the direction of q;3 if the structure offers zero static re-
sistance at a; to a force at q;, how can it offer any dynamic (i.e.
damping) resistance at a3 to a force at qi? If we agree that the answer
is "It can't", then the (block diagonal form for Qe) follows immediately."
(Note, it is not assumed that D is proportional to K for the assembled
spacecraft.)

For the MSAT spacecraft D, takes the form (7 = 86§,80,00,87,a1,
ii, a or r and Y a constant) :

Pss

At) Avt)

o =
o o

Q

s D=~y K (2.6)

A’t)
n
D>
o5}
@

(symmetric) D:4

210 o Ib Io

with




9, = column {yb,eb,g}

(2.7)
9 = column {§,a,n,,9;,n,.} '
given the stiffness matrix cited in MSAT-5. Qe is not strictly in
block diagonal form according to substructure in that to consolidate
the tower substructure damping, 261, Qai and 241 must be grouped with
266’ Qﬁa and Qua to form
266 A?-Soz '261
2, - b D | (2.9)
(symmetric) 241
Then Qe can be written in the desired form
Dy o 9
- na
A D (2.9)

o
(symmetric) @r

As (2.6) and (2.9) are equivalent representations, except for a minor
difference in form, and as M and K already exist both analytically and
in computer code in a form analogous to (2.6), the split-block diagonal
form (2.6) is adopted to represent 2, '

The carets (~) appearing over D2 and D' emphasize that the
solar array and reflector damping matrices appear in modal form (t=r or a):
" =ElpE (2.10)
- 11T
The modal matrix of eigenvectors §T is comprised of the 'constrained'
modes for the substructure as it appears in the system mass and stiffness
matrices, not in its pre-assembled form! While this distinction is of no
consequence for the solar array and the reflector, it is important for the
tower. Defining Mt and Et analogous in form to (2.8), where Mt and Et are
‘extracted' from M and K, and solving the eigenvalue problem yields E,.
This substructural tower model has the mass and interias of the reflector
Tumped, as if it were rigid, at the tip of the tower. The pre-assembled
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tower model given in MSAT-5 by M%t (3.15) and Kiy (3.16) does not con-
tain this lumping and consequently solving its eigenvalue problem produces

Et i Et'

The modal damping matrix for the entire assembled spacecraft
is defined in a manner analogous to (2.10). Simply

A

= ETD_E. (2.11)

<3

where D is given by (2.4) and E is the modal matrix of eigenvectors for
the entire spacecraft. Partitioning E according to rigid (r) and elastic
(e) coordinates, ‘

E E
E=| " °'¢ _ - (2.12)
o E
and expanding (2.11) one obtains
~ o o] AT
D=l o D, = ED.E (2.13)
= Ze

Furthermore, following MSAT-6, Ee itself can be partitioned according to
substructures, so that here

o _ tT, ot TA rTAY-T
Qe = E vtEe + E Q ge Ee Q_ge (2.14)
where
8
Eq
t _ o
E- | E
i
LE

and Qt is given by (2.8). At this juncture @e no Tonger retains a split-
block-diagonal form but rather is a full matrix. It remains to assign the
individual damping matrices for the tower, array and reflector. These, of
course, depend on the type of damping assumed.




2.2.2 Damping Matrices for Substructures

In the previous section, it is assumed that the damping in
each substructure t (v = t,a,r) is proportional to its stiffness (v_a

i

constant):
QT = YTET (2.15)
AT = T :
2 ELE (2.16)

It is futher assumed that each substructure is Zightiy damped. As a con-
sequence, only the diagonal elements &;a of the modal damping matrix é?

have an important impact on the vibrational motion of substructure t (see
MSAT-6). Furthermore, for vibration mode o of the substructure (o= 1,...nT),
the Tinear viscous damping coefficient is

%= 1d" /it : (2.17)

o oo’ o

T

where W, is the constrainedvnatura] frequency of mode o. The modal damping

matrix is, therefore,

D" = 277" (2.18)
where
Z" = diaglz]se. sty ) (2.19)
T
2" = diagluy,....u, } (2.20)

T

Now, substituting (2.15) into (2.16) and equating the result to (2.18)
yields

C; = %YTmT (2.21)

since ETK E = QTZ. Hence, for arbitrary y_, the loss factors increase with
=TT = T

an increase in frequency, a tendency not supported by experimental evidence.
To avoid this discrepancy linear hysteretic damping is considered; however,



the option of a Tinear vicous damping model for the substructures is retained
in the computer software for the MSAT dynamics. In this regard, for substruc-
tures in physical coordinates, (2.15) is applied directly to obtain Qf,

while for substructures in modal coordinates, @T = YTQFZ is formed. The
factor Yo is chosen to have a default value of 0.01 for all three substruc-
tures.

If one assumes the substructures to be Tinearly hysteretically
damped, then (2.15) must be replaced by

H' = e K (2.22)

where in the frequency domain j sgn(w)H replaces juD (see MSAT-6 Section 6)
in (2.1). Again, to quote MSAT-6, "(This) model has two disadvantages:

(1) It is in the frequency domain and does not lend itself to a
time-domain interpretation.
(ii) The modal equations are coupled by #H'® = ElHE
- —T—T—T

However, because the damping is assumed to be Tight it can be shown (see
MSAT-6) that
" =k et | (2.23)

.0, ao (83
and therefore; 'effective linear viscous damping coefficients' given by

SRR (2.24)
can be used in the modal equations for the substructure. Substitution of
(2.22) into the equation for H® given (2.24) implies that now

rt = Le (2.25)

o T

The loss factors, are no longer proportional to frequency, but rather are
independent of the frequency. While this is not an exact model, it is,
from experiment, a reasonable approximation to reality, and is the model
adopted for the MSAT spacecraft substructures.

Assuming light-hysteretic proportional-damping, the damping




matrices for the array and reflector (which are modeled in modal coordin-
ates) are

7 = e o? H D =¢

0% = e 8 ) (2.26)

To,

A default value of 0.01 is chosen for both € and €q Unfortunately, the

damping matrix for the tower (which is modeled in physical coordinates) is
not as easily obtained. It is necessary to generate QF using (see MSAT-6)

<S
1

t _ T
0" = MEDEM, (2.27)

given

ot = ¢ 0t (2.28)

where, recall from the previous section that, M, and E, are for the tower-
plus-Tumped-reflector substructure (at = 0.01). The constrained natural
frequencies mg(egﬁ) for this substructure, assuming either a two- or four-
element finite-element tower model (see MSAT-4), are shown in Table 1.

The inertia checks (involving a few extra termﬁ) and modal identity checks
performed on the original tower model were also conducted on this augmented
model. The analytically predicted inertias and their numerical counterparts
were the same. The results of the modal identity checks are given in Table 2

and again show good agreement.

2.3 The Gyroscopic Matrix

The system gyroscopic matrix is necessary to represent stored
angular momentum in the bus (from, for example, reaction wheels or a biased
momentum wheel). If bslis the stored angular momentum, then the additional
term ans must be added to the bus rotational equation. The gyroscopic ma-
trix, therefore, is

o

Qr 9— o] 9]
e=| T i &2 G O (2.29)
- = o o 9



Elastic
Mode No.

1
2

O o N o U1 B W

10

11
12
13
14
15
16
17
18
19
20

* Note:

- 21
+ 1.67 x 107! = 1.677 etc.

Natural Frequencies for Two- and Four-E]ement

Table 1

Tower-Plus-Lumped-Reflector Model

(rad/sec)

" Free-Free Vibration*

Two-Element

Model

1.
3.

21
67 T

-1
22

.10
.09

1

.23

.65}
2
72

2
1.86

For the

2
.59

Four-Element

Model

. =1
1.66

3.
1.

2
9

[l T S T S T o~ Vo R o BN Sy I 3 V]

.40
.37
.79
.78
A1
.86
.08
.14
.66
.01

21
10

.09
.31
1
.30 -
1
.32¢
2
L1

2

.19
2

.51

W Tw Tw

1

Constrained Vibration

Two-Element

Model

4.
9.
2.

-3
37

01

93"
-2

Q42 .

-1
.17
.15
.61

1
T4

1

4.04

2.

.30

3

Four-

Element

Model

4.

3

37

9.01

(o) TNy

-2

.93

-2

.42
.17

.15
.61
.39
1
.34

2
1.20

O H == E O DN e
o e s e e v T e .
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w w ow w N NN

free-free vibration cases there are also 6 zero
frequencies.
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Table 2

Modal Identity Check for the Two- and Four-E

Tement

Tower-Plus-Lumped-Reflector Model

m X
Inertia Properties =
* J

571 0 0 0 24,003
571 0 -24,003 - 0
571 8,166 0
1,252,168 0
(symmetric) 1,066,284
2T [T
Modal Identity L =
By He
555 0 0 0 23,921
554 2.4 -23,914 0
Two-Element 356% 8,140 0
Model 1,251,542 0
(symmetric) 1,065,731
562 0 0 0 23,
562 0.3 -23,979
Four-ETement 361* 8,164
Model 1,252,082
(symmetric) 1,066

* (M) tastic in ty direction - (mt-kmg-bmr)cos g =3

11

-8,166
0
0
0
-347,925
266,300 _

-347,925
226,289 |

979 -8,166

0 0

0 0

0 0

,198 347,925
226,295 |

91 kg (vp = 7.21°)
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where

_ WX
Qee = “D-s A (2.30)
and the dimensions for the respective zero matrices follow from the par-
titioning of § implied by (2.7). The modal gyroscopic matrix is then found
by forming

3 = ElGE (2.31)

fop

Now, row partitioning E according to the spacecraft coordinates given in
(2.2), (2.31) becomes
G=E 6. E (2.32)
= =80—00-8q *
Forms (2.29) and (2.32) for the’system gyroscopic matrices, however, are
not very useful for design purposes because any change in hs requires G

to be recomputed from (2.32) --a laborious and computationally inefficient -
process. Instead; let

3
6 =1 G;h, * (2.33)
§=1
where
- O 0 o0
G 0 = = =
Zpq =
. = ; _ X (2.34)
=1 0 ”QJ _Qm' =10 _1_1' o
° o ©o
T T
=010 07 L,=[0 1 0"; 1;=[0 0 1]
and h, is the ith component of hg (expressed in the bus frame). Then,
~ 3 ~
G =) Gih; (2.35)
i=1
where
G. = E! 6 .E © (2.36)
=i =0g—ri=6q

12




Now éﬁ need only be computed once for each i, thus greatly reducing the
effect required to recompute G whenever hs is changed.

2.4 The Input Matrix

For this report, it is assumed that the control actuators for
the MSAT spacecraft are localized on the bus and at the reflector gimbal.
Pure torquers (for example, reaction wheels) and a cluster of four thrusters
are located on the bus. It is assumed that a pure torque can be applied
directly about each of the bus axes. At the reflector gimbal, pure torques
about the reflector axes Xy and Y, are required to control the gimbal
angles B4 and 8. A cluster of four thrusters also exists at the reflector
gimbal (these thrusters, however, are attached to the tower and do not move
with the reflector). These actuator.locations are shown'in Fig. 2.2 (taken

from SPAR R.1113).

The thruster clusters on the bus and at the reflector gimbal
can be resolved into a net force itc acting at O and a net force ibc acting
on the bus at a location defined by Lhe relative to Oy (see Fig. 2.3). Also,
denote the control torques acting on the bus by 9 and those at the reflector
aimbal by gB (gB is in the Xp = Yy plane of the reflector frame). Further-
more, let f.., fy .. g,  and r, . be the components of f.., f .. ¢ and Lo €X-
pressed in the bus frame, while g are the components of 3¢ expressed in the

. X .
reflector frame. Then, adding fbc and 9. + rbcf to the bus equations,

—be

X . .
thftc and rtrgtbftc to the tower equations, and.gB to the reflector equations,
as given in MSAT-5, and performing the operations cited in Section 4.3 of that

reference, the system input matrix becomes

0 o 1 17
X X
L 0 Iy Ky
o 1 o o
0 0 o ¢C
B = tb (2.37)

O O
jO IO
O O
o3
O %
+
o

|O
|O
|O
|O

|O
|O
|O
|O



Thrusters (4)

Thrusters (4)

Reaction
Wheels

(b) Thrust Directions (specified by Spar R.1113)

Fig. 2.2 Assumed Control Inputs for MSAT Spacecraft
14
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Fig. 2.3 Model of Control Inputs for MSAT Spacecraft




where

u = C°1{gc’96’fbc’ftc} (2.38)

and B is row-partitioned as implied by (2.2). It remains to establish

fyes fio and ry. from the clustered-thruster formations shown in Fig. 2.2,

Summing the forces and torques, resulting from control in-
puts on the bus, it follows that

4

e =1 T4 (2.39)
i=1

rXf = % rXf (2.40)

where f_ is the force from thruster i and r; locates thruster i relative
to Ob' Similarly for the tower,

fic .2 (2.41)
Now, def1n1ng f to be the magnitude of the thrust from thruster i, so
that_f = f f R and given the geometry of Fig. 2.2, one obtains

fo= fy = f= -f

fo = -fy = f5 = I3
where

. el . /T T

N R L A (2.43)
Similarly, letting r; be the magnitude of ry (ri = ;1r1)

rp=rp=org =g s oLty 5 AT Gm (2.44)

Also, let the components of L in the bus frame be

16



Tpp = 105 =20 -2, (2.45)
where £ is the distance from the bus to the reflector gimbal. Substitution
of (2.42) - (2.45) into (2.39) - (2.41) yields the desired result.

A more useful form for B, whereby the inputs from the individual
actuators are highlighted, can now be obtained. This is accomplished by
defining u to be

u = CO]{gbl’gc2’gc3’gsl’932’f1’f2’f3’f4’f5’f6’f7’f8} (2.46)

and factoring Bu as given by (2.37), (2.38), (2.39) and (2.40). The result-
ing input matrix can be partitioned as follows

B = TbeysBepsPegrRyy Dapsler sRezsbegsLegsbessDegsLe7Deg] (2.47)
where
by = coltbyysDyisDay Dok Dok Lak Rik Lrk! (2.48)
ke(cl,c2,c3,81,82,f1,f2,73,F4,F5,6,f7,78)
that is, Qk is a column, row-partitioned according to (2.2).
Now, the only non-zero elements in B are
bur1 = “Pufz = Dups = By = %1
busz = Bysa = Bypg = “bypg = To
Eﬁcl =1y L){9c2 Ly L){ac:3 - 13
Dopp = ~byga = Dop3 = ~bygg = 105 0 @EC]T
bors = Dop7 = [- @z,z, %52, ‘/aﬂy]T (2.49)
borg = -borg = [fg‘ez’ -y, 1/le‘y]T
bagy = [ 0175 bggp = [0, 11"
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Cepfi s Dbsrs = Byrg = Lipfo

A ~

_ X ) o X
boes = b7 = Fevlipfi s burs = ~Burs = Fiplint

Here, Cyp is the rotation matrix from the bus to the tower frame (see

MSAT-5) and Lip is the 'vector' locating the tower end Or relative to -

the tower root Ot.(again, see MSAT-5).
The modal input matrix corresponding to (2.47) is
T
E B
ET§.= ==

t
L

B =

where (2.12) has been applied and

T
) B ) E e
B = ' H E = '
e =e
The individual rows of ET B, denoted BT where
—ee—e’ -’
bl = o'B
- o

will later prove useful in the modal cost evaluation of the flexible

spacecraft modes. Here, e, (a column of Eee

ated with the flexible mode o of the assembled spacecraft.

2.5 The Output Matrix

2.5.1 The Important Outputs

(2.49)
con't

(2.50)

(2.51)

(2.52)

) is the eigenvector associ-

As stated in section 2.1 the output matrix P relates the im-

portant outputs y to the spacecraft coordinates g via

y==r

(2.53)

Here, important outputs refers to the configurational variables that must
be maintained within suitable Timits. For MSAT these are assumed to be:

18




(1) the three attitude angles of the bus, 9.

(i1)  the relative displacement of the reflector to the bus
(normalized by the reflector focal length, f) caused
by structural deformations in the tower, §/f.

(iii) the relative rotation of the reflector to the bus,
caused by structural deformations in the tower, o.

(iv)  the reflector gimbal angles, B.

A11 of these variables are especially 'important' in the case of MSAT
as they affect the pointing accurracy for either the bus [(i)] or the
reflector [(i) - (iv)]. Now, recalling (2.2), the output and modal out-
put matrices are

P=P Ol P = PE (2.54)
where _ _
o 1 o o o
0o 0o oflio
P = . (2.55)
o o0 o o 1
0 o 1 o o]
and
y = col{e, ,f 15,08 (2.56)
2.5.2 The Weighted OQutput

Rather than assess the relative importance of each of the
eleven important outputs, a weighted sum of squares of the Y4 is used as
a single measure of system deviation from the desired (null) state:

Yolt) = y'oy (2.57)
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Here,

2,0 92 2 2
Yolt) = wy(ey) + 85) + wyey4

)2 )2

+

+ + 0

(ebz ry + Bry
)2 (2.58) .

]

w3[(eb1 + erx * Brx

+

w4(eb3 * erz * Brz

is assumed. Roll and pitch (ebl and ebz) are weighted equally; however,
yaw (ebS) is weighted differently. The small rotations of the groundward
reflector beam about the bus axes, as a consequence of structural defor-
mations of the tower and the gimbal angles at the reflector, are repre-
sented by Qr and ﬁr’ respectively. To obtain the total deflection of

the beam from the ideal vertical direction, 8, B, and 8y must be summed.
Again, the roll and pitch (x and y) components of the beam deflection are
weighted equally, while the yaw (z) component is given a different weight.
(To be consistent with MSAT-1, the chosen weights are Wy = Wg = 1.0,

Wo = Wy = 0.6.)
Now, since from MSAT-l,erz

the matrix equivalent to (2.58) becomes

= 0 and, from Appendix B’Brz =0,

yé = gy | (2:59)
where
Y = col{8,0,,:0,s8 B} | (2.60)
My My Mgy
W= Wol  wgl (2.61)
fsymmetric) w?L_
and

Wyq = diagl(wy +wg), (wy+wg), (Wy+wy)l (2.62)
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|

T 10 0]
Hyp = vy (2.63)
010 ‘

Furthermore, the important outputs are related to y by the expression

1000
4=]0 PPy O | ¥ (2.64)
0 0 0 Py

—8® —ro
cal Tength to the (aperture) diameter of the 'parent' paraboloid of revolu-

tion, a portion of which forms the MSAT reflector (see Appendix B). Con-
sequently, the weighting matrix in (2.57) becomes

where, P P, and B¥B depend only on f* (= f/Dp), the ratio of the fo-

— ' -

Hyp MipPrs MipPry  MyoPrg

) W3BIGEr6 W3E;53r 3B; L
o W3£}T~af+~ WPy obre (2.65)

_(symmetric) 3PTsBrB

Finally, (2.57) can be written in terms of the spacecraft coordinates g
using (2.56):

vg=a'%=ndn (2.66)
where, given (2.54),
.
P'QP O ~
9=P'p = [‘” _J ; Q=EQgE (2.67)
o o

The advantages of this form will become apparent during the modal cost
evaluation of the flexible spacecraft modes.
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3. SUBSTRUCTURE MODEL REDUCTION

3.1 Pre-Reduction Spacecraft Coordinates

i " As eluded to in Chapter 2, the assembled spacecraft coordin-
ates are the translation and rotation of the bus, the reflector gimbal
angles, the relative displacement and rotation of the tower tip to the
tower root, the modal array coordinates, the internal tower coordinates,
and the modal reflector coordinates. Recall (2.2),

Q= col{w,8;,8,8,0,n, 5070} (3.1)

The number of spacecraft coordinates (and hence modes) prior to substruc-
ture model reduction is, therefore, Nrotr = 3+3+2+3+3+na+n1. +"r =
14 +n +n,+n . Now, from MSAT-4, the pre-reduced reflector and solar

arrayasubstructures have 42 and 38 modes, respectively. Also, the number

of -internal tower modes is either 4 or 14, depending on whether a two- or
fourfe1ement finite-element model is chosen. Consequently, ProT = 98 or 108.
The natural frequencies for each case are shown in Table 3. The large values
for NroT suggest that it is desirable to perform some model reduction at the
substructural level prior to applying modal cost analysis to the spacecraft

modes.

3.2 A Modal Momentum Selection Criterion

It was argued in MSAT-4, that the modal identities

oLZlBOLEOL -l (3.2)
S

PR (3.3)
© T )

jud-s oo
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Table 3

Spacecraft Natural Frequencies Prior to Substructure Reduction

Four-Element Tower Model , Two~-Element Tower Model
MODE {rad/sec) CHzy MOBE (rad/sec ) ¢Hz )
1 0.000 04000 56 12.821 2,041 1 0,000 0.000 56 13.180 2.098
2 0.000 0,000 37 13,159 2,094 2 0.000 0,000 57 13.442 2.146
3 0,000 0.000 .58 13,180 2.098 3 04000 0,000 58 13,657 2,205
4 0,000 0,000 59 13.478 2,145 4 04000 0.000 59 13,857 2,205
5 0,000 04000 &0 13.857 2,205 S 0.000Q 0,000 &0 13,865 2,207
& 0,000 . 0000 ] 0,000 0,000
7 0,000 04000 &1 13,857 2,205 7 0,000 0,000 41 13,865 - 2,207
8 0,000 0,000 62 13,865 2.207 8 0.000 0,000 62 14,193 2,259
? 0,124 0.020 63 13.865 2,207 9 0,124 0,020 43 15,514 2,459
- 10 0,151 0,024 64 14.008 2,229 10 0,151 0,024 44 15,519 2,470
6% 14,125 2,248 65 15,734 2,504
11 L0240 0,038 &6 14,275 2,272 11 0.240 0.038 44 15,736 2.504
12 0,341 0.054 &7 15,514 2,449 12 © 0341 0,054 : 67 15,742 2.50%
13 0.556 0.089 68 ‘15,519 2.470 13 0e5%6 0,089 48 15,742 2,505
14 0.690 0.110 69 15,736 2,504 14 0,690 0,110 49 15,840 2.521
15 0,744 0,118 70 15,734 2,504 15 0,744 0.118 70 15,861 2,524
16 0.780 0.124 18 0.701 . 0.124
17 1.023 0.163 71 15.742 2.505 17 1.023 0,163 7 : 16,988 2.488
18 1.087 0.173 72 15,742 2,505 18 1.087 04173 72 17.183 2,735
19 1.156 0.184 73 15.881 2,528 19 1.156 0.184 73 17,184 2,735
20 1,460 0,232 74 17,183 2,735 20 1.460 0,232 74 17.238 2,743
n 75 17.184 2.735 . 75 ) 17.238 2.743
w 21 1,553 0,347 76 17.238 2.743 21 14571 0.250 76 17,241 2,744
22 1.623 0.298 77 17.238 2.743 22 1,626 0.259 77 17,241 2,744
23 1.661 0,264 78 17.241 2.744 ., 23 1,643 0,265 78 17,272 2.749
24 1.747 0.278 79 17.241 2.744 ) 24 1.747  0.278 79 21,777 3,446
25 1,831 0,291 E: [ 17.244 2.748 ' 25 1.831 9.291 . 80 21,922 3,489
24 1.937 0.308 26 1.937 0,308
27 2.262 0.3&0 g1 20,469 3,258 - 27 2.263 04360 81 24,027 3.824
28 2,298 0.364 82 214417 3.440 . 28 2.300 0,385 a2 © 24,722 3.935
29 2.306 0.367 a3 21,915 3.488 29 2.306 0,367 83 33.701 S.354
30 2.429 0,397 84 : 24,027 3.824 . 30 - 2.429 0.387 04 37,037 %5.895
8% 24,739 3.937 as - 39,009 &.208
31 2,429 0.387 84 © 28.935 4.505 31, 24429 0.387 a6 40,024 6,370
32 2.472 0,393 a7 30,942 4,925 32 2.472 0,393 . a7 40,414 5,432
33 2,790 0.444 a8 33.724 5.368 33 2,790 00444 as 41,593 64520
34 2.790 0.444 a9 37.040 5.895 34 2,790 0.444 a9 47.874 7.619
35 3.137 0,499 ?0 39.003 4.208 335 . 4.071 0.648 90 55.801 8.881
36 3,957 6,430 : 38 S.781 0.920 :
37 5,971 0.950 91 40,031 44371 37 44009 0.956 - 91 57,798 9.199
38 4.025 0,959 92 40.388 8,428 30 8,045 0.962 92 64,855 10,324
39 44651 1,058 23 41,594 £+620 39 84451 1,059 i 3 77,779 12,379
40 7.547 1.201 94 424133 6.706 40 7.548 1.201 94 B6.970 13.842
95 46,740 7.439 . ) 95 90,101 145340
41 8.633 1.374 96 47,930 7.628 . 41 2.804 .1.401 96 119,189 18,970
42 8.804 1,401 97 51,107 8,134 ’ 42 10,107 1,509 97 138.399 22,027
43 9,949 1.583 98 55.801 8.861 43 10,107 1.409 98 143,140 22.781
44 10,107 1.509 99 57,803 9.200 44 16,162 1.617
45 10.107 1.409 100 £4.908 10.330 45 10,233 1.429
46 10.141 1,617 . a6 ©10.242 1.630
47 10.241 1.430 101 77.784 12,360 47 10,242 1,830
48 10,242 1,830 . 162 87.024 13.850 48 10,679 1.700
49 10,242 1.630 103 90,101 14,340 o 10,479 1.200
50 10.679 1.700 104 100.423  15.983 S0 10.700 1.703
105 117.201 18,453
51 10,679 1.700 106 119.198 18.971 51 10,700 1,703
52 10.700 1.703 107 138,402 22.027 52 11.432 1.851
53 10,700 1,703 108 143.140 22.781 53 12.644 2.013
54 11,234 1,708 : 34 12,826 2.041
55 13,159 2,094

& 11,852 1,894




can be used in conjunction with the norms of Ea and ﬂa to select the im-
portant reflector and array modes. Simply, the modes with the most linear
and angular momentum should be retained. The number of modes retained is
determined by how well the selected modes satisfy (3.2) - (3.4) compared to
the original identities with = = 42 for the reflector and 38 for the array.
That is, combining (3.2) - (3.4) according to

PR R,
Ma = (3.5)
HP'  HH
—o—o —oo
where
m ¢ -
M_ = : Y M= M, (3.6)
E% J =
and defining
-y N -k
(M) = o[L = MR ] MM (3.7)

where p[+] is the spectral norm of [-], the original modal identity error
is found by setting N = 42 (38) for the reflector (array) in (3.7). The
modal identity error for the modes selected on the basis of the norms of
Ba and ﬂu is then

m
=
Q
=
I
©
1
H
]
=
i
N
——n
Q
1l Mz
L=
—
!;3
1
Sy
d
——
w
[00]

where

(3.9)

Unfortunately, as Tables 4 and 5 show, (3.9) is not, in general, true. Not
surprisingly, the fact that the magnitude of the linear momentum in one mode
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Table 4

Modal Momentum Norms for the MSAT Reflector

MODAL MOMENTUM COEFFICIENT NDRMS ORDERED MODAL MOMENTUM -COEFFICIENT NDRMS

G¢

MOLE FREG P-NDRMS H-NOHS P-NORMS MODE H-NQRMS MODE
(rad/sec) ¢ kg2 ¢ kgZm) (kg?) <kg?m )

i 2,0892 7+ 66711-05 1.92100+02 747270400 15 1.9100402 1
2 2.1793 5.98411+00 1,249104-01 5.98404+00 2 1.2540402 16
3 2.179% 5,98404+00 12490401 5.9840400 3 1.25404+02 17
4 #.4285 64640008 3. 5570-07 3.5890+00 9 5,11904+01 8
5 2.,4285 1.1650-07 8.9590-07 35890400 10 5.0570U4+01 27 |
4 2,7902 3.500U-08 3. 2890-07 3.20304+00 28 5,04111401 26
7 2,7902 1.,4030-07 2,94640-07 1.7760+00 35 2.5200401 34
8 9.9974 5+ 7840-04 5.,11914+01 6:9190~01 - 42 2,52004+01 33
% 10,0251 3.589114+00 1,5580+00 5.5870-01 17 1.24904+01 2
10 10,0251 3.5890+00 15580400 5.5870-01 146 1.2490401 3
11 10.1075 3, A4140~08 7.,0830-07 1.,9070-01 a7 1.0480+01 41 |
12 10,1075 3,5680-09 8,7811-08 1.9070-01 24 1.,0480+01 40
13 10.2421 3.9060-08 1,6110~07 92.2520-022 34 1.55B04+00 9
14 10,2421 64 25811-08 2, 3240-07 ?2.2510-02 33 1.5580+00 10
15 10,6424 77270400 1.8360~04 3.8000-02 40 3.227D-03 35
16 10,6665 5.587D0-01. 1.2540+02 3.7850-02 41 2,1380-03 42
17 10.6665 5,5871-01 1.25404+02 5.7640-04 8 2,0270-03 28
18 10,6792 1.,3150-08 2.0520-06 7 e66711-05 i 1,8360-04 15
19 10,6792 1.1810-08 1,2500-06 1.4030-07 7 2.8750-06 20
20 10.7000 1,5140-08 2.875D~06 1.1850-07 5 2,0520-06 18
21 10,7000 3.0250-08 1,5500~06 8.5000~-08 & 1.5500-06 21
2 13.8573 4,5250~-09 ?.5480-07 6+6400~-08 4 1.2500~06 19
23 13.8573 4,9250-09 4.5120~-07 6,2580~08 14 9. 5481-07 22
24 13,8652 1.4430~08 4,4050-07 3.90611~-08 13 8,9590-07 5
25 13.8652 2,4630-09 4, 357007 34414008 i1 7,0830~07 11
26 13,8700 1.,9070-01 5.0411401 3.0250-08 21 4,5120~07 23
27 13,8700 1,907L-01 5.0570401 1,:5140-08 20 4,4050-07 24
28 13,8716 342030400 2,0270-03 1. 4430-08 24 4,3570~07 25
29 1%5,7355 3.2850-09 3,1170~07 1.3150-08 18 3,5570-07 4
30 15,7355 2.6860-09 1,7730-07 1:1810-08 19 3:,289D~07 &
31 15,7423 2.3840~-09 1,078B0~07 643820109 32 3.117D-07 29
32 15.7423 4,3820~09 9,8330-08 4,9250~-09 23 2,9640-07 7
33 15.7444 ?,2510-062 2,5200401 4,5250-09 22 2,.5930-07 36
34 15.7464 ?.2520-02 2,52004+01 3,5680-09 12 2,3240-07 14
35 15,7478 107760400 3.,2270-03 3.2930-09 39 1.846L~-07 38
36 17,2378 6,9530-10 2,5930~07 3,2850-09 29 1.7730~07 30
37 17.2378 3.7630-10 1.3280-07 2,686011-09 30 1,6110-07 13
38 17.2408 2.0310~10 1846007 2, 463009 25 1,4230-07 . 39
39 17.2408 3293009 1.4230-07 2,3840-09 31 1,3281-07 37
40 17.2424 3.80001-02 1,048B401 669530-10 36 1,07811~07 31
41 17.2424 3.78501-02 1.0480+01 3.7630~10 37 %.8330-08 32
42 6,92190-01 2,1381~03 2,0310~10 38 8.7810-08 12

17.2430
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" "Modal Momentum Norms for the MSAT Solar Array

Table 5

MODIAL MOMENTUM COEFFICIENT NORMS

FREQ
( rad/sec)

0,1563
G. 19245
G.3409
0,6648
0.7446
1.076%9
1,1855
1.4590
1.,46148
1.65462
1.7442
1.8309
1.9365
2,2745
2.4272
S.8823
b.6413
744079
8.,7902
12,7046
13,3141
18,5648
24,0269
24,5044
33,4454
36,9200
39,9369
41,5821
46,9982
55,8010
57,7048
b4, 0257
77,6602
86,0794
20,1009
112.0664
138.3357
143,1310

F-NOKHS
( kg*

1,2850401
1.2880+01
1,1608~-01
2, 7540400
7.9690-02
3.1040+00
1.,8420-01
4,3530-01
1, 1550400
1, 0081400
146600400
1,3590~01
7.8670-02
547720400
64136D+00
843220400
2.394D+00
646041400
2.7510400
5, 3560400
5. 5040400
1,5470401
1.2160-01
3. 0800+00
3.2220400
3, 2450400
2.0930400
7.7400-01
5,1290400
1, 1950~01
1.66604+00
4,764D+00
1,6410400
3.8100+00
2,5480~02
1.1210400
5.94690-01
4,080L-01

H~-NOQRMS
(kékm)

3,54804+02
3.8330402
1.3670+01
2:2620401
1.3020400
1.1970401
2,9090+00
3.5040+00
5.0990400
4.342D+00
4,2820+00
2,76811-01
1.1870400
7.706D400
1.4748+01
642860400
8.3670+00
66080400
1.927504+00
44590400
4.,4750400
1.8150400
1.086D-01
2,0350+00
1,828L+00
1.2480400
1,1210+00
4,00201-01
1,0580+00

S5.8090-02 -

4,1851—-01
?42690-01
6.59250~-01

5.9830~01 .

2,2000-02
S5.5930-02
3.1280-01
3.+7060-01

ORDERED MODAL MOMENTUM COEFFICIENT NORMS

F-NORMS
( kg'D

1.5470401
1.28810+01
1 2850+01
8,32204+00
6,6041-+00
6413610400
S.7720100
F3.5040400

G 356I0H00

G+ 1290400

- 4.7640400

3.81004+00
3.2450400
3,2220400
3, 1040400
3.0800+00
2.7540400
2, 7510400
2, 3940+00
2,093L+00
1,6660400
1, 6600400
1.6411400
11550400
11210400
1.0080400
7.7400~01
5.9690~01
4,3530-01
4,0800-01
1.,8420~01
1.3590-01
1,2180~01
1.1950~01
1.1600-01
7+9690-02
7.867N~02
2.5481-02

MODE

34

27
31
11
33

36
10
28
37

38

12
23
30

o
13
35

H=NORHS
ckg2m)

3.548040%
35330402
2,2620401
1,47404+01
1.34670401
1.1970401
843670400
747060400

6 6580+00 .

6.2861+00
5.09904+00
4,4750400
4,4590400
4,3420+00
4,28201+00
3.5041-+00
2.90904+00
2,0350400
1, 9750+00
1.9480400
1.82804+00
1,8150400
1,5020+00
1,1910400
1,1870400

1,0580+00
- 9.9670-01

6, 5950101
5,9830-01
4,1880~01
4,0020-01
3.7060~01
3.1280~01
2,768I-01
1,0860-01
S.8090~02
5.3930-02
2.2000-02

MODE

[
DU D R

.29

34
31
28

38

12
23
30
36
35




is greater than that in another does not ensure that the same relationship
holds for the angular momentum. However, (3.8) can still be usedswhere now
aia[(61,62,...6m) U (el,ez,...en)],with §; and €. determined from the cri-
teria

\

I Ps 12 P 12 e 1T Ps Il 2 PG llsm < N |
o AL (3.10) |

I Il 2 e N2, 112 Hlsn < 0 i

for some chosen [| P || and ||H0]|~ This selection criteria was applied to
both the reflector and the array for several || P || and [Iﬂﬂll. In par-
ticular, the chosen values were

IRl =l dls HH =l H EENERTY
« = (0.1, 0.05, 0.02, 0.01, 0.001) (3.12)

The modes retained in each case are documented in Table 6 along with the
resulting sums from (3.7) and (3.8) [the @ were ordered according to as-
cending frequency in calculating (3.8)].

It is disturbing that, for the array, selecting 23 of 38 pos-
sible modes according to (3.10) produces an EM(23) = 0.736 in comparison
to 4(38) = 0.0145. Furthermore, it can also be shown that simple modal
truncation outperforms criteria (3.10) in this case (see Fig. 3.4). Hence,
an alternate modal selection criterionwas sought. One possible criterion
is suggested by the form of (3.7), namely, rank the modes according to

0ul ” a2 > Pu3 (3.13)
where Oy is defined by
= -} -
o, = oMM "M M =] (3.14)

The 0y for the MSAT reflector and array are given in Figs. 3.1 and 3.2.
Figures 3.3 and 3.4 show the consequence of applying (3.8) based on modes
re-ordered according to (3.13), rather than applying the modes in natural
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Table 6

Modes Selected According to Modal Momentum

Reflector: eM(42) = (0.659

Array:

K

O'

OO OoOO0O

Modes Retained
(ai)

1,2,3,8,9,

1 10,15,16,17,26,

27,28,33,34,35

.05

.02 as for k=0.1
.01 | plus: 40,41,42
.001 :

eM(38) = 0.0142

Modes Retained

(o)

1

1,2,4,6,11,
14,15,16,17,18,
19,20,21,22,24,
25,26,27,29,31,
32,33,34

as for x=0.1

.05 plus: 9,10,28,36

as for «=0.05

.02 plus: 3,8,37,38
.01 as for k=0.02

plus: 7

001 - as for x=0.01

plus: 5,13

Number of modes
(N)

15

18

Number of modes

(N)

23

27

31
32

34

28

8M(N)

0.659

0.659

EM(N)

0.736

0.638

0.0347
0.0146

0.0145
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order (i.e. according to ascending frequency) as is done in (3.7). The
improvement is dramatic for both the reflector and array. Very few modes
are required to obtain acceptable agreement between eM(aN) and eM(N).

Note however, that for the reflector the best that can be achieved is
eM(42) = 0.659, where theoretically for an infinite number of modes

eM(w) = 0. This suggests that the 42-mode reflector model is 66% in error.
Obviously equation (3.7) is too stringent a criterion upon which to base
modal selection. Essentially, the application of criteria based on (3.7),
which neglect frequency information, is just as gross an over-simplification
as truncating modes based solely on ascending frequency and neglecting modal
momentum. Happily, a modal selection criteria incorporating both frequency
and modal momentum information exists [Hughes, 1980]. This is the topic of
the next section.' However, prior to considering this combined criterion it
is interesting to highlight certain aspects of Fig. 3.3 and Fig. 3.4.

As stated in [Hughes, 1982], "just because a portion of eM(N),
or eM(aN), versus N is 'flat' does not mean that intermediate modes are not
making a positive contribution. This behavior just means that they are
not contributing to reducing the maximum'eigenva1ue of (3.7)," that is, the
spectral radius of (3.7). The slow convergence in Fig. 3.3 was traced to

P! = ml identity implicit in (3.7). Note,

the slow convergence of the j P P,

a=1
however, that re-ordering the modes according to (3.13) improves the rate of

convergence, but does not alter the final value for eM(N). The improvement
in the rate of convergence is most apparent for the array model (see Fig. 3.4).

Finally, while (3.7) is not the best relation upon which to base
modal selection criterion it is useful in assessing the initial completeness
of the reflector and array models. As stated previously, ideally eM(N) = 0,
for N=». This condition is enforced by the structure of (3.7), where the

® N
fact that ) M =M_ has been used to normalize the cummulative sum L M, and
o=1 ) o=1

1
-

M., through pre- and post-multiplication by M_*. This retains symmetry
while transforming the ideal sum to 1 (6x6). Now, the cummulative sum
in (3.7) is non-decreasing since M, is positive definite. Hence the
matrix difference in (3.7) is also positive definite for finite N.

The six eigenvalues of this resultant matrix are, therefore, real
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numbers between 0 and 1. For N = = all six eigenvalues are zero. For N<w,
eM(N) is the largest of the six eigenvalues and hence represents the largest
error. Consequently, eM(N) may be large while the majority of the eigenvalues

are sma]i: This is exactly what occurs in Fig. 3.3 where the ) gagl portion
N N o=1
of ) M, is sTow to converge while the other portions of ) M, are much more

rapidly convergent. This suggests that, from the point of view of complete-

ness, only a portion of the MSAT reflector model is truly 66% incomplete,
namely, the linear momentum associated with the reflector ‘breathing' modes.
The remainder of the model is much more complete. The MSAT solar array model,
however, does not suffer from this difficiency and is over 98% complete, based
on (3.7).

3.3 A Modal Momentum and Frequency Selection Criterion

It is a well established result [Hughes, 1980] that the modal mo-
mentum and natural frequencies of a flexible structure satisfy the following

identities,
J
12 = [ [ Erpe(rlo(edrde (3.15)
a=1 W, E'E
T .
= H.P X
1= = [ [ PEree(ne(e)dr de (3.16)
a=1 w
o EE
T
= HH, X X
15 | [ PEre)ge(ro(e)dr de (3.17)
o=l wy, g

Here, F(r,g) is the flexibility kernel of the structure, c(r) is the volumne
mass density at r, where r is a position vector to a point on the structure
relative to some arbitrary reference point, and the integration is performed
over the volume of the elastic portion of the structure E. In a manner ana-
Togous to that employed in the previous section (3.15) - (3.17) can be written
in the matrix form
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(3.18)

e-18
y:l

Sitn

1
where

(3.19)

UE[XJ ££[ } o(g)dr dg (3.20)

The error indicator corresponding to (3.7) is then

Am
rLZ

ém

L N 1
o) = oL - 2% ] 5 |e (3.21)
) k:l

with the 'best' value for E given by the sum X evaluated over all the
a=1""
available structural modes [N = . 42 (38) for the reflector (array)]. Again,

(3.21) is written in a normalized form, with e_(N) representing the largest
eigenvalue of the matrix difference. It is also possible to define an error
indicator analogous to (3.8),

1

1-s (]

] ~’% (3.22)

ém
é"

=t Sl'[n

where

Pl > Pq2 > Pq3 > o (3.23)

and the new definition for o, is patterned after (3.14):

1 1
=% —%

® =
—C—=o

p, = Pl ] (3.24)

ém

Plots of sE(N) and eE(aN), Tabeled matural order' and 're-ordered
by pag respectively, are given in Fig. 3.5 for the MSAT reflector. The cor-
responding plots for the array are shown in Fig. 3.6. The relative magnitudes
for the various 0y, in each case are presented in Figs. 3.7 and 3.8. As be-
fore, a substantial improvement in the percentage error results when the modes
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are re-ordered. For the reflector, prior to re-ordering, 35 modes are
necessary to guarantee an error of less than 0.1%, while after re-
_ordering only 18 modes are required. Similarly, only 27 array modes
are required to guarantee an error of less than 0.1% after re-ordering
compared with 34 before re-ordering.

It should be emphasized that once the modes required to
guarantee a given error are determined, the final percentage error is
independent of the order of the chosen modes because the cummulative
sum in (3.22) commutes. For example, say that based on (3.23) and

- : . . o
(3.24), o = 10, a2'= 5and ag = 6 (N = 3), then ZN E,

01.—0(.1
remains unchanged for (al,az,a3) = (10,5,6) or (5,6,10). The 18 re-
flector modes and 27 array modes selected according to (3.22) - (3.24)
are given in Table 7, ranked according to (3,23); however, they are re-
turned to 'natural' order in the actual. software dynamics model for the
MSAT spacecraft. '

3.4 Post-Reduction Spacecraft Coordinates

Based on the decisions made in the previous section..(na = 27
and n. = 18), the total number of spacecraft modes becomes nT0T =
14 + ngtngtn, = 63 or 73, depending on whether a two- or four-element
tower model is adopted. To retain the highest degree of accuracy prior
to applying modal cost analysis, we choose to adopt the four-element model.
Consequently, substructure model reduction has decreased the size of the
total system by 35 modes, a substantial saving. Furthermore, based on Figs.
3.5 and 3.6 this reduction has introduced very 1ittle error into the overall
model. The natural frequencies for both the 63-mode and the 73-mode space-
craft models are provided in Table 8. By direct comparison with Table 3,
one can easily identify which spacecraft modes have been deleted and the de-
gree to which a given frequency changes as a consequence of the overall model
reduction. It is noteworthy that the lower frequency modes change little as
a result of this preliminary model reduction. ’
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Table 7

Final Modes Selected According to a Combined

Modal Momentum and Frequency Criterion

Reflector: e (42) = 2.6 x 10716
Modes Retained Number of Modes
(oy) (N)
1,2,3,16,17,
15,28,27,26,35, 18
10,9,34,33,8,
42,41,40
A . . - -15
rray: e-(38) = 1.6 x 10
Modes Retained Number of Modes
(0‘1') (N)
1,2,3,22,4,
14,16,6,15,21,
20,9,10,18,11, 27
29,19,17,24,25,
7:8,32,26,5,
27,34
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Table 8

Spacecraft Natural Frequencies After Substructure Reduction

Four-ETement Tower Modal

HODE

QTN O b LRI

(rad/sec)

0,000
0,000
0,000
0.000
0.000
0,000
0.000
0.000
0.124
0,151

0:240
0,341
0.556
0.470
0.744
0,780
1.023
1.087
1.1568
144460

1.553
1.623
1.661
1,747
2262
2,298
2,304
2,472
3.137
3.957

5.971
46,025
624851
7547
844633
8.804
9.949
10,1461
10.241
11,238

11,652
12.821
13,159
13.180
13.478
14,008
14.125
14,275
15.514
15.519

15,801
17,183
17.184
174264
20,469
21,817
21.918
24,740
28,935
30,942

33.727
37.041
39003
40,032
40,388
42,133
464740
47,937
51.107
64,899

87.009
100,423
117.201

(Hz)

0,000
0.000
0,000
0,000
0.000
0,000
0.000
0,000
0.020
0.024

0.038
0054
0.089
0.110
0.118
0.124
0.1483
0.173
0.184
0.232

0:247
0.258
0.264
0.278
0,350
0.358
0.347
0,393
0.499
0.830

0.950
0,959
1.058
1.201
1.374
1.401
1.583
1.617
1.4630
1.788

1,854
2,041
2,094
2,098
2,145
2.229
2.248
2,272
2,449
2.470

2,528
24,735
2.735
2.748
3.258
3.440
3.488
3.937
4,405
4,925

54348

5.895.

6,208
6:371
64428
§:704
7+439
7629
84134
10,329

13.847
15.983
18,4653

*

42

Two-ETement Tower Model

MODE ¢ rad/secy

1 0,000
0,000
3 0.000
4 0.000
5 0,000
& 0.000
? 0,000
8 0.000
9 0,124
10 0.151
11 0,240
12 0,341
13 0,554
14 0690
15 0,744
14 . 0,781
17 1.023
18 1,087
19 1,156
20 1,460
21 1,571
22 1,426
23 1,463
24 1.747
25 2,263
26 2,300
27 2,306
28 . 2,472
29 4,071
20 5,781
31 46,009
32 5.045
33 64651
24 7.548
35 8.804
3% 104162
37 10.233 .
38 11.4832°
39 12,646
40 12,824
41 13,159
42 13,180
43 13,482
44 14,193
a5 15,514
48 15,519
a7 15,840
48 15.861
4% . 16.888
50 17,183
51 17,184
52 17.272
53 24,7279
54 21,922
55 24,723
56 33,702
57 37.037
58 39,009
59 40,027
40 40,414
51 47,879
82 84,858
&3 86,952

* adopted model

(Hz)

0,000
0,000
0.000
0.000
0.000
0,000
0.000
0,000
0,020
0,024

0.038
0.054
0.08%
0.110
0.118
0,124
0.163
0.173
0.104
0,232

0.250
0.25%
10,265
0.278
0.360
0.344
0347
0393
04448
0.920

0.956

- 0,962

1,059
1,201
1,401
1.617
1,429
1.851
2,013
2,041

2,094
2,098
24148
2.259
2.449
2,470
2.521
2,524
2.488
24735 -

2,735
2,749
3.444
T, 48%
3.935
G364

. 54895

§.208
64370
6.432

74620
10.322
13.839




4, SPACECRAFT MODEL REDUCTION

4.1 Modal Cost Analvsis

A detailed explanation of the concept of modal cost is pre-
sented in Appendix E of MSAT-1, where a single control input is assumed.
This analysis is extended to include multiple inputs in Section 4.4 of
MSAT-6. Rather than repeat the details here, only a brief summary will
be presented.

Let us assume that the control objective is to minimize some
weighted scalar performance measure over time. From Section 2.5.2, for

MSAT, this performance measure is yg(t) and hence, one must minimize

V= meé(tjdt (4.1)

It is shown in MSAT-1 that

Mot
v= T V ' (4.2)

a=1 ©
where, for a single impulsive control input

u.(t) =6H-tj) (t. > 0) (4.3)

J J
that is, the only non-zero component in u given in (2.1) is an impulse
in the jth location, the modal cost is
262,
Vo, o= ) ‘ (4.4)

If all the components in u are simultaneously taken to be impulses, then
from MSAT-6
£2bTh -
v =-Z—J%§1 = Zvaj (4.5)
zow

o ‘
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Here, w, and g, are the natura] frequency and the damping factor of the
ath f]exszehmode while baj is the jth element in the row bT defined
bx (2.52). baj is a measure of how much a particular contro1 input ex-
cites a given mode. The remaining variable La is called the involve-
ment index and measures how 'involved' a particular mode is in the per-
formance measure yg(t). The reasoning is as follows, assume only the
oth mode is present, and that the associated modal coordinate n, =1 at
the same instant. Then, since

9=En

it follows that for the present situation g is simply the eigenvector
associate with mode o, that is

9=8,
Consequently, with only the ath mode present

v = ele,

by virtue of (2.63). .In fact, (4.8) is a measure of how much mode o

(4.8)

contributes to, or is 'involved' in, yé. Hence the name, and the definition

2 _ T
& - e,

Now, the desire to minimize (4.1) suggests that the flexible

modes which produce the largest modal costs are the modes of greatest

(4.9)

concern and should be the modes retained. They will require the largest
control effort in order to minimize V. The modal costs for the 65 flex-
ible modes of the 73-mode MSAT spacecraft model, ordered according to de-
creasing magnitude, are given in Table 9. The Va shown in the table are
those obtained from (4.5) because, although the actuators are considered

to operate in pairs or alone, the total cost per mode over the range (0, =)

is the same whether the actuators act independently or simuitaneous]y.

Tables 10 and 11 give the damping factors and the involvement indices used

in obtaining Table 9. The scalar factor ﬁlﬁa is not cited explicitly but

- can be obtained by applying (4.5) to the above tables.
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Table 9

Reordered Modal Costs for the MSAT Spacecraft

FLEXIEBLE
MOIE

-
PRI OTN O R

3

38

3¢

20
4Q
T
18
17
5"\

19
48

MOonaL
COsT

2. 297730-04
1.,600730-04
1,344840-04
qh...-é-f}"’l‘l 05
3.700800~-05
1.8313401-05
1.1587460—05
7:713010-06
4. 909500-06
416837106
2.9231060-06
1.4698140-06
1.4454830-06
1262441004
4. 00022007
3. 09&8520-07
2. 280730~ 07
1.5648800—
1.36919n~07
1;10365ﬂ~0?
8. 01223008
591569008
4, 300571~ 0‘3
F.85084%0—
3542480 OQ
337328008
hoféié -8
s 70763008
ﬁaéfﬂd?ﬁ—OS
1:78505460--08
1,549 19008
110488008
3906879011

FLEXIBLE
MONE

61
37
23
50

4
1
16
35
34
&4
24
24
33
93
34
&5
28

62

25

12
47

23

2
&3
41
43
30
AQ
S
R
)
A5
A48

MODAL
cosT

3. 76028009
1.,483000-09
1.35708D0-09
1.,283080-09
1.145290-09
L. 045930~ 09
S9.213730-1
ﬁ.BéEOlﬂ*iQ
4,264880~10
3+148350~-10
1.8&129D*10
1.+.346270~
4, 1450410 ]l
3.909 0?D~IJ
3. 2046790~
3. 3?70?D~11

2.85%810-11

1.200090-11 -

H.e55080-12
H.5930810~-12
ueO(ﬁ?ﬁn“l”
I 262270~

F.2AV241 12
315784012
1.2834%0~-12
1 Q8F200-~ 1“1
F.949840-

3+?30”0ﬂ“l)
241419013
F: 25943014

PP LON- 14

('}c.t..'-}\f) FL ‘“""‘.‘J. V




Table 10

Equivalent Viscous Modal Damping Factors for the

FLEXIRBLE
MODE

VONEUNDL O =

gy

Fay
28
2
30
31
32

3%

MSAT Spacecraft

ZETA

7442075003
T+ 64249003
7:116110-03
3+013330-03
1.337440~02
8.,0330401-03
S.155010-03
2.703020~02
7+893200-03
3538088003
G+ 045051103
J.008100-03
4.833310-02
9. 22807003
7+ 278010-03
G9+031690-03
G 32409003
U.6859210-03
G 32294003

C G 27820003

8.941540~03
1+334060-02
FeBIALR2N-G3
1.,2867380~02
01615003
G.1838411-03
L. 771750-02
F. 02782003
T e3G000N-02
G, 07944003
8,15%1880-03
2L 2ERH0N-03
T 47 1630-0F

46

FLEXIRLE
MODE

34
35
36
37
39
39
40
41
42
43
44
45
44
47
49
49
50
51
£z ey

LW
G4
9%
Eé
o7
aGR

FHa
&0
&1

ZETA

911287003

9.117830-03
9.116850-03
G.18%3411-03
8.357711-02
75407361003
731003003
5.045180-03
3+ 04310003
9+ 0BAOEN-03
G9.014490-03
901389003
G.011140-03
1,012620-02
1848048002
741976003
G9.271810~03

L GRIFPN-02

Le916910-02
S 16339003
9. 03019003
168409002
G, 028EB0-03
734691002
48002

e 12471003
GL0QPFRIN-0X
9508 n-03

8, 62407002




Table 11

~ Involvement Indicies for the MSAT Spacecraft

FLEXIBLE
MODE

PRESgF S ]
OO N DU

s
3

-
S Ol

e
14}

o R e
g ONN

k3 By =

3
k3

r
b3 = O

23
24
25
26
27
28
29
30
31
32
33

INDEX

1,419160-03
3, 67408611-04
1,056110~03
1,050260~04
4,516880~03
3. 42988003
4,900990~04
5. 927771-03

2.683720-03 |

1.220120-03
3+0766110-04
2.480610-04
2. 65069003
3.070820-03
Q27739003
3+4239411-04
1.192544601-03
1.38670701-03

1L.015750-03.

1.1282710-03
Qe A42290-03
6. 0846020-03
1.089140-03
3. 240480-04
2. 88434004
1.091150-03

&2 88617004

126311004
& RECO2N-03
Q41200005
147269003
1 e BH3A420-03
1.682180-04

47

FLEXIRLE
MONE

34
35
34
37
33
39
40
41
42
23
44
45
44

INDEX

F.808720-04
3.501920-03
3:.50494601-03
1.032910-03
P 33199003
1.356040-03
1+148550-03

L 2.2403610-03

2,167990-03
7+ 47846005
1,297490-03
1, 257790~03
2,425000-05
& P221B0-04
2. 052380-03
6. 4960201-03
2.218290-03
4. 832600-03
1. 3E7360-03
1. 759730-03F
719197004
451211003
8. 37266004
AL 5ITO-05
136197002
1, 44283002
2, HOHOON-(F
15 0F0UPN-03
1, FOEEON-03
1, BEOESEN-0X
1+ 54457003
2 19RIR0-04




It is now possible to select models for control design and
evaluation based on modal costs. '

4,2 The Design Model

A design model must incorporate two conflicting desires. The

first is to choose all the flexible modes necessary to best approximate

the true total modal cost. Let us assume that the original modal costs
for each mode are reordered as in Table 9,

Vocl < Vm2 < VOL3 < uun Vocn : (4.10)
TOT
Then ideally one retains modes Gps Gps wue O (m < nTOT) such that
V“m
Vm = z Va =V (4.11)
a=ay 1

However, the second desire--a relatively Tow-order model to 1imit com-
putational expense at the design stage--implies that the smaller m, the
better. This is especially true for MSAT where there are already 8

rigid modes to be included. It was decided, therefore, to choose m

such that Vm is at least 85% of V. The modal costs in Table 9 are added
in a cummulative sum until this requirement is satisfied. By retaining
the four most important flexible modes, namely, modes 1, 8, 3 and 5 (these
modes are listed in order of decreasing importance) a 12.5% error in V
results. The design model for the MSAT spacecraft, therefore, consists

of these four modes, plus the 8 rigid modes~-12 modes altogether.

The system matrices for the design model are given in modal form
in Appendix C. The corresponding governing equations are

n+ D+ 8)n+ 9% =Bu (4.12)
y=Pn yé = n'0n (4.13)
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where the modal damping matrix 5 is qiven by (2.11), the modal gyroscopic
matrix is a sum of three submatrices C h; according to (2.35), _? is zero
except for the diagonal wh1ch consists of the squares of the natural fre-
quencies of the system Mg + Kq = 0 (arranged in ascending order), the modal
input (or control distribution) matrix E;is given by (2.50). Equation
(2.54) describes the modal output matrix EJ and the modal output weighing
matrix}i is represented by (2.63). The original physical coordinates q
are related to the modal coordinates n by the transformation

g=En (4.14)

where E is the eigenvector matrix for the system _g_+ gg_- 0. The matrices
given in Appendix C are ordered as follows: B, Q‘ D and G (i=1,2,3).
The natural frequencies for the selected modes (ordered accord1ng to in-
creasing frequency) are also included. Finally, the first 14 rows (those
which correspond to the 11 output variables in y, p]us yb) of the matrix E
are provided. The procedure used to obtain these matricies from their 73-
mode model counterparts is detailed in Appendix C of MSAT-1 and is not re-
peated here..

4.3 The Evaluation Model

As the name suggests, the evaluation model is used to evaluate
the control system design after the design has been completed. Consequently,
the order of this model must be Tlarger than that chosen for the control de-
sign model. Furthermore, this model is not used to iterate upon a control
design and hence a larger order can also be tolerated from the point of view
of computational expense. As with the design model, a threshold value for
Vm can be chosen and modes retained until the accumlated sum of the Va from
Table 9 reaches this threshold value. For the evaluation model, Vm < 0.99v
has been chosen. (Recall that V is the sum of all the Va in Table 9.) A
0.82% error results if the eleven flexible modes 1, 8, 3, 5, 13, 2, 6, 22,
38, 29, and 21 are retained. It is noteworthy that simple modal truncation
would replace modes 13, 22, 38, 29 and 21 with Tess important Tower modes.

A

The system matrices §,.E é= ée and Eh. (i =1, 2, 3) for
the 19-mode evaluation model are given 1in App endix D, along with the cor-




responding natural frequencies and the top 14 rows of E.

4.4 Some Comments on Damping

While the damping is assumed "Tight' in each flexible sub-
structure, it is interesting to enquire into the damping characteristics
for the final assembled spacecraft model. In this regard, the spacecraft
will be considered to be 'Tightly' damped if

-1z .
Il 20 sz Il << 2 ‘ (4.1)

and the modal damping matrix will be considered 'diagonally dominant' if

~off ~di
108 Il << [ 25" . (4.2)

where (from MSAT-1) the norms of the off-diagonal terms (ﬁgff) and the

diagonal terms (égiag) are given by

1927 e 2% a0 (4.3)

e mZm-15u=1 gop €oB )
oc+6

" 1/m

| 54129 hd} (4.9)

Here m is again the number of retained flexible modes and m = (4,11) for
the (design, evaluation) model. A second criterion for diagonal dominance
is given in MSAT-6, whereby (4.3) and (4.4) are replaced by

ff ) '
(X = || 4 z 2ctew_esn (4.5)
B+u
Ad‘
105" = Il dy e, (4.6)

and (4.1) is applied on a mode-by-mode basis. Here, Soy (y=0,8) is a

column of the matrix partition E_ defined in (2.12).

=e
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Application of (4.1) to the modal damping matrices for
the design and evaluation spacecraft models reveals the system to be
only marginally 'lightly' damped. The norm in (4.1) is always less
than 0.4; however, a somewhat higher damping than anticipated occurs
in the higher modes, resulting in (4.1) being only weakly satisfied.
This tendency of the damping to increase (non-monotonically) with
frequency in the assembled spacecraft, when the substructures are as-
sumed to be hysteretically damped, is an unexpected result. It sug-
gests that, while the damping model used for MSAT goes beyond the
realm of a 'knowledgeable' guess, further work is still required to
compietely understand the various aspects of modeling damping.

Criterion (4.2) revea]é, using each possible set of
norms, that the modal damping matrices for the design and the evalu-
ation models are not always diagonally dominant. While diagonal
dominance is not a required assumption in the damping model assumed
here, the control design will Tikely be formulated neglecting the
off-diagonal terms in @e‘ If such a strategy is followed, thenAt0~
assess the true importance of the off-diagonal terms. the full Qe
matrix should be employed in the computer simulations used to evalu-
ate the design. 1In anticipation of this procedure, the full @e
matrix is provided in Appendices C and D.

5. CONCLUDING REMARKS

This brings to successful completion the current effort
in modeling the structural dynamics of am MSAT-type spacecraft. This
model has also been given to Spar Aerospace Ltd. and Electrical En-
gineering Consociates Ltd. as a meaningful math model on which to fo-
cus their control-system design efforts. It is also being given to
the Jet Propulsion Laboratory to reciprocate for the JPL antenna re-
flector model used in this study. It is expected that other groups
will also exercise their control design ideas on this model. The
more individuals and groups there are who use the same dynamical
model, the more concrete conclusions will be arrived at on control-
related subjects.
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Much technical experience has been gleaned in the process of
developing this model. The reports in this series have been written with
the objective of conveying to the reader as much of this experience as
possible. Through this work a firm foundation has been constructed on
which can be built dynamical models for a wide variety of communications
satellites of the general class typified by the '‘Operational MSAT' or
'Lazy-Z' configuration shown in Fig. 2.1 (p.3).
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Appendix_A

~ The disturbance inputs uy given by (4.16) of reference 2 con-
tain a minor omission. Specifically, the disturbances governing a (the
relative rotation of the refliector frame‘Fr with respect to the tower
frame Ft, as a consequence of the tower's flexibility) should read _

X
£ * Cpdp * Fppfing , (A.1)

rather than

* Cendy | (A.2)
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Appendix B

Effect of Reflector Gimbal Angles on Beam Pointing Accuracy

This appendix follows very closely Appendix D of MSAT-1.
As such, much of the detail presented there is omitted here. Furthermore,
a thorough knowledge of Appendix D is assumed. To aid comparison the sec-
tion headings of Appendix D are duplicated here.

" Ray Reflection

This section remains unchanged from that given in Appendix D
of MSAT-1 except that, here, Fig. 1 is replaced by Fig. Bl.

The Ideal Case: Parabolic Reflector and No Structural Deformations (and
Zero Gimbal Angles)

Again, this section remains intact; however, the ideal case
also includes the assumption of zero gimbal angles at the reflector hub
(B = 0).

Perturbation in the Reflected Ray

No change is required here either; however, one should note that
the change (én) in the beam pointing direction is now not just a function of
structural deformations but also depends on the small gimbal angles By and
B, (B = 0).

Reflector Deformations

This section should be re-titled, "Variation in.Beam Pointing
Direction Caused by Structural Deformations and Gimbal Angles." As in Appen-
dix D, the elastic deformations in the reflector support tower are considered,
while those of the reflector surface itself are neglected. To be consistent
with MSAT-5, the displacement of Op> the origin of the reflector reference
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Fig. Bl

Basic Ray Geometry
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frame Fr’ with respect to Oy» the origin of the tower reference frame Ft
(as a consequence of structural deformations in the tower) is denoted S and
expressed in Ft‘ Similarly, the angular displacement of Fr relative to Ft
(arising from structural deformations) retains the notation a, with o also
expressed in F. ‘

Now, as shown in Fig. B2, the constant vector Tht locates O
relative to Op > the mass center of the rigid bus. Consequently, the dis-

~placement of O, relative to Op>» 8s the result of structural deformations

in the tower, is also given by §. Furthermore, since Ft and Fb are related
by a constant rotation matrix, the angular displacement of Fr relative Fb,
as a consequence of tower deformations (and assuming zero gimbal angles), is
a. If the gimbal angles g at O, are non-zero, then the total angular dis-
placement of Fr from its nominal orientation with respect to Fy is a + B.

As a consequence, the vector 148 from Oy to a point P on the reflector (after
the tower has deformed and gimbal angles have been applied at or) can be
written in the form (see Fig. B2)

% = Lho T S : (8.1)
where Tho is the reference vector that moves over the surface of the unde-
flected, unrotated reflector. The matrix equivalent of (B.1), expressed in-
Fb’ is

rb.= Tho T & (8.2)
where

3 Xpn
8p = Cpgd * (Gpe) (g - 1)
. « (B.3)
* (gbré-) (ﬁbo - £br‘)

and L locates O relative to Oy when the reflector is undefTected and un-
rotated. Again, to be consistent with MSAT-5 the gimbal angles are expressed
in Fr'

Equation (B.2) replaces equation (19) of Appendix D. Also,
equation (20) of that appendix is replaced here by
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| Deflected and
| Rotated Reflector

Fig. B2 Position after Structural Deformation of the '

Tower and after Rotation of the Reflector at

the Hub Gimbals



'EbY‘ = [03 ""e}';a 'zz] . . (B'4)

where it is assumed that £ =f (see Fig. B3). Then, given

1 0 0 0 1 0 ‘
gbt =1 0 -cosy; -siny; |3 gbr = |-cosy; O siny3 (B.5)
0 sinyl -CoSYy siny3 0 CoSY4

where Y1 = 2.89 and Y3 = 14.29, so that it is reasonable to assume small
angles, and approximating (fbo - rbr) byﬂ(r_b - rbr)’ (B.2) becomes

Yoo = [ Yo | T | %2 7| %3 0 =(Bptoq) || vptly
2| | 7% (By+ep) (Bptoag) 0 || z,*f
(B.6)

Equation (B.6) is analogous to (22) of Appendix D. Furthermore, the re-
mainder of the equations in the Reflector Deformations section still apply
provided the following variable transformations are performed,

QR L O O3 O
< X N < Xx

> R
o 0N

Beam Pointing Error

of two components, one (Qr) associated with the structural deformations in
the tower and the other (§¥) associated with the gimbal angles at the re-
flector hub:

The total beam pointing error (9p = 0, ideally) now consists

Qp (B.8)
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As only the small rotations of the groundward beam about the X & Yy bus axes
are of interest (to first-order the pointing error is independent of rotations
about Zb)" it follows from Appendix D of MSAT-1 that

Bpx = ONpg = =8My + nypdng/(1 + nys) (8.9)
Spy = SMp1 = Omp - nypdng/(1 ¥ ngg)
where the right-hand sides of (B.9) can be expanded using the equations
obtained by applying (B.7) in the previous section. Performing this ex-
pansion yie}ds
[:px] - lj:r‘xj + ljsr'x:l (B.10)
by ry Pry
where
rX -1
=p fIs+P a (B.11)
| Oy ] o ) o
rX
=P B (B.12)
| By | 1B
§ [61,62,63]1- ’ _(_X_= [31,32533]1- H E= [61582]-[- (B.13)
. ) ] ) ) |
Prs11 = % MMz Prg1y = % (3 + nyg = njp) + 3 nyo(1 + nyg)(L,/F)
- 2 =1L 5
Prstz =% (1 ¥ 053 = nip)  Propy =% nypngp - % nyq (1 +ny3)(£4/7)
= 1. 2 = =25 '
Pre1 = % (1 045 - nyy) Pra12 = 72 M1Mi2
Prs22 = Pro1l Proo = =#(3 + nyg - njyp)
Pre13 = N4l * ny3) Pra13 = % My1nia(,/T)
= =1 _ .2 .
Proos = % j(1 + ny3) Praza = (1 + nyg - njy ) (g /%) (B.14)
B.14)
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[To 1 o
P =P 1 0 v (B.15)

Interpretation in Terms of f/Dp Ratio

As stated in Appendix D of MSAT-1, instead of tracking the
incident ray n, for each ray emanating from the reflector (see Fig. Bl),
only a typical ray is considered. The chosen ray is taken to be the one
arriving at O the center of the undeflected, unrotated reflector. From
Fig. B3, the direction cosines of this ray are, to a good approximation,

hil =03 " ng,=sing s n;g = cosy o (B.16)
where, from the same figure,

tan x = Ey/ﬁz : (B.17)

Also, given that the equation for the 'parenf' parabolic reflector, a
portion of which forms the MSAT reflector, is

xﬁ ¥ yﬁ - 4F(zy + F) = 0 (B.18)

and given that the coordinates of Or are [xb,yb,zb] = [0,-2y,-ﬁz], it

follows that _ |
' 2
tan x = 4 {gi]+[:4£gi} -7{1 (B.19)
' Yy Yy

Furthermore,'since Y1 and Yo (see Fig. B3) are small angles,

. ' o : | ‘
Ey "EDp H £Z = f | (B.20)

where f and D_ are the focal length and aperture of the ‘parent‘ reflector.
Therefore, combining (B.17) - (B.20) one obtains

tan x © 16F%/(64F*2-1) = £,/ . (B.21)
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Fig. B3

n; (typical)

Feed Array

Determination of the Angle x
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.For the MSAT spacecraft, f* = 0.514, based on the assumed values (f,D

where

f* = f/Dp (B.22)
However, for £* >> 178, 16F%/(64F*>-1) = 1/ (4f*) and, therefore,

ﬂy/f = 1/(4f%*) (B.23)
Substitution of (B.16) and (B.23) into (B.14) of the pre-
vious section yields '

-1 0 cosy =-sinx
Prs L(1 + cosx)[1 0 0 | (3.24)
P 0 0 ‘
- 11
E¥a = 0 b , (B.25)
122 23 :

where

1

P1p = 15(2+ cosy + cosZy) +%(4F%) "Lsiny(1 + cosy)

Poo = -% (3 + cosy) ' ‘(B.26)

{

Pps = %(4f*)—1(1 + cosx)

p) =

(43.7m , 85m).

The Penalty Function

The modifications necessary to the penalty function as a con-
sequence of including small gimbal angles at the reflector hub are detailed
in Section 2.5.2 of this report.

Concluding Remarks

Finally, the concluding remarks cited in Appendix D are equally

applicable here; however,the following changes in equation numbers are

necessary:
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]

(40) (B.21)
(43) (B.24)
(44) (B.25)
(45) | , | (2.53)
(46) (2.55)
(48) (2.62)
(49) (2.59)
| (50) | | (2.60)

It is noteworthy that the introduction of gimbal angles at the reflector

hub introduces additional terms which do not require knowledge of any extra
spacecraft parameters. A1l one must know to evaluate the new scalar weighted
penalty functions is still the four weights (wl; Wo3 Wa3 w4) and the f/Dp ratio.
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Appendix C

DESIGN MODEL
for the

MSAT Spacecraft
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Rk RET&INED MOUAL CONTROL DISTRIBUTION MATRIX Xkl

RoW N COL 1 ' 2 3 4 5 _ &
L 0.000~01  0.0000-01  0.,0000~01 0.000D-01 0.0000I~-01 8.41L00L-03
2 0.:0000~01 0.0000~01 0.0001~01 0.000I-01 0.0000-01 —1.4570-02
3 0.,0000~01  0.,0000-01  0.000I~01 0.00001~01 Q.0000~01 - ¢.0000~01
4 ?.0940-04  0.0000~01 0.0000-01 0.0000-01L 0.0000l~01 §.7290-03
= =3.8590-07 1.0470-03 0.0000-01 0.0000~01 0.000D-01 3.8060-03
é ~@,2570~07  7,3310-04  2,0030-03 0,000~-01 0.0000-01 1.0220-02
7 ~?.1740-08 1.2100-04 1.4410-04 &6,9440-03 0.0000-01 1.2890-03
8 =4.,7080-05 1.1190-07 2.2130-07 46.7910-08 &6.9210~03 -8.0750-04
? -8.2820-07 -5.8360-04 1.,1570-03 -5.,3530-04 -2,1990-06 &6,3300-03
10 - -9.8880-04 2,1330-07 H.8120-04 —-1,5000-08 —-2.5770-03 ~-3.3480~03
11 8,8590-07 -3.9440-04 ~5.9320-03 8,59180-04 1,7310~046 ~2.48501-02
i2 -4,3290-06 ~5.92180-03 2746004 4.8380-03 ~2,4220~06 ~6.+4750~04
ROW \ COL 7 8 k4 10 11 S 12
1 8+4100-03 ~8.4100-03 —-8.4100-03 8.4100-03  8.4100-03 —-8.4100-03F
2 1,4570-02  1.4870-02 —~1.4570-02 -1.4570-02  1.4570-02  1.4570-02
3 0.0000-01  0.0000~01 . 0.0000~-01 0.00001~01 0.0000-01  0,0000-01
4 0 =5.7290-03 -5.7290-03 0 F.7290-03 ~2.88P0-02 2.86P0L~02 2.84%YD- 0q
AR 3.8110-03 -3.8060-03 -3,8110-03 ~1,9040~02 —1,9080-02 1.9040-
b ~7.0780-03  7.1330-03 -1.0270-02 2.29901-03 2.2840-03 —-9.2990~
7 4,89390-05 —4,1120-05 ~1.,2930-03 -2.4700-04 ~-2,7021-04  2.47311~ 04
2] 8.0810-04 8.0940-04 -8,1000-04 9,735011-04 -9,7250~-04 ~2,7330~04
? ~3.4780-03  J.4880-03 ~46.5320-03 —4.BR40~ 09 ~4,7830-02  4.8240-02
10 3.3700~-03 3,4190-03 ~3,4210~03 ~1.0870- 1.0850-01L . 1.0870-01
11 2639002 -2,4530-02  2.4990-02  H.0930~ 0” S 079002 5. 0985002
12

=3+ 0140~-03 3, 0230-03 " 6.35380-04 =2, 418001 ~2.413101  2.4180-01
RAQW N\ COL 13

-8, 410L-03
-1 . 4570-02
0.0000-01
~2+8é?n—02
1.9080~
"'.r iSSQU 03
2,7020-04
9, 7RE0-04
4, 783002
-1.,0850~01
-5, 079002
2413001

vy
HO“GCGVO\_UI-I)NPJH

%
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ROW N\ FDL 1

*h RETAINED MOUAL UUTTUI

MATRIX Rk¥ek

ot

1 0.0000~01  0.Q00D-0!
2 0.0000-01  0.0000~01
3 " QL0000-01 0.0000-01
4 0.0000-01  Q.0001-01
S 0.0000-01  0,0000L-01
é 0,0000~-01  0,0000~01
7 0.0000~01  0.0000-01
8 0, 0000-01  0,0000~01
& 0.0000~01  0.0000~01
10 0,0000-01  0.0000~01
11 0. 000001 0.0000U-01
ROW N\ ol 7 a8
ol -%2.1740~-08 ~4.,7080-05
2 1.2100-04  1.1190-07
3 1.4410-04 2,2130~07
4 0+ 000101 0. 000101
3 0.0000+01L  0,.0000-01
b 0.0000-01  0.0000-01
7 Q.. 0000-01  0.0000-01
8 0.0000-01  0.0000-01
9 0, 000001 0,.0000-01
30 6»9441.'“03 &7 “1“ -8
11 0.0000~01L &6.92210-03

3

0. 0000-01
Q,0000-01
Q000001
0.0000~01
0.0000-01
0. 000001
G.0000~01
0.0000-01
G. 000001
0, 0000~01
0. 000001

9

-8, 282007

-5, 805004
1. 18570-03
*1.756D~03
“004181"
220810 06
4,2000-06
. 738005
3. 3350-03
-5 5E30-04
=2 1PR0-Q4
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=1,

4

7. 0724004
0. 000001
0,0000~01
0.0000~01
0. 000001
0.0000~01
0.0000-01
0. 000001
0. 000001
0.0000-01
0. 000001

10

-2, 8880~-04
24133007
S.8120-04

=-F 2+ 1720-06

=5 0190-04
L.6170-03
I, 425003
17740~ 06
8.0020-

HOO0-

—~2 W 57N~ 03

5

~3,8HPN-07
1.,0471~03

0.0000~
0,000~
0. 00000~
0. 0000~
0. 0001~
0.+ 0001
0. 0000~
0 * 0001"1-
0+ 0001~

11

0”9U
~? 2540~

=5 9320~

o1
01
01
01
01
0l
01
o1
01

-7
04
03

278460103

=1 2300~
-9 65520~

~2e 49701~

w1« Q50T
o FRAN~
8.5180~-

O&
=07

06
03

03
Q4

1. 731006

&

~@, 2570~ 07
743310
2»003ﬂ~03
Q. 0000-01
Q. 0000~-01
0L, 0000~01
0. 0000~01
0, 00001-01
Q. 0000I~01
G, 000001
G+ 000001

12

~4,3290-06
~5.9180-03
2.7460-04
=&+ 200003
—4 428004
3,6380-04
$.7960-08
~1.1140~02
~A,GPR20~-04
4.83811-03

=2, 42204



¥iox RETAINED MORAL OUTFUT WEIGHTIMG MATRIX

ROW \ coL i

R OgONGLS LI =

RO SO Y

ROW N\

>

ot .
OB NDUALU e

= e
I

0.,0000-01
0.0000-01

0.0000-01

0.0000-01
0.0000-01
0.0000-01
0. 000U~01
0,0000~-01
0.,0000~-01
0. 00001~01
0.0000~01
0.0000~01

co. 7

0+ 00011~01
0.,0000~01
0. 0000-01
=1, 6469010
-1, 3EB0-0%
~94 374006
1+7910-04

=9, 7170-10
—F ROEN-08

~3+ 628009
2724006
~3.0010-056

2
B

0.0000-01
0,000L-01
0.0000-01
0.0000-01
0.0000-01
0.0000-01
0.0000-01
0.0000-0Q1
0.,00001-01
0.,0000-01
0.0000-01
0.,000D-01

8

0.0000-01
0. 000I~01
0.0000-01
1,2810-05
~5  3420~09
~1+ 244008
~9 7170-10
1,9990-04

4,3311-09

~5.1980-04
~1.9990-08

-7, H6300-09

3

0.0000~-01

0, 000101
0. 0000~01
0, 0000~01
04000001
0,00001~01
0.0000-01
0,0000-01
0.00011-01
0.,00001-01
0,0000-01
0. 0000-01

4

0.0000~01

0,0000~01
0. 000501
4y s PREN 1.0
~3, 4520-07
2., 539006
~3  ROEH 04
4,3310-09
24014000
8., 744009
-8, 0750068
3.8910-06
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AR
4

0+ 0000-01
0., 0000~01
0.,0000-01
14654006
~7.,0190-10

~1.6840-0% .

-1.6420-10

1.2810-05
~4+2230-10
=1.2370-04
=3+ 73701-10
~4,5310-09

10

06000ﬂﬁ01
0.0000-01
0.,0000~-01
-1, 237004
1.1220-09
1,5650-08
-3+ 428009
-G 198B0-04
8.74560-Q9
Lo 11850-06
-, LRE-08

. 237009

5

0.,0000~01
0.0000~-01
0,0000-01
=7.,0190-10
2+1930-046
1.8350-06
~1.,3880-05
~5.: 342009
-3+ 452007
1.12320-09
-7+ 1230-07
~& 01 40-04

11

0. 0000~-01
0.0000-01
0.00001-01
~3.7370~10
~7+1230-07
~1.4760-03F
2,7240-06
~1.9990-08
=83 Q75004

=4 10008

4, R47T-05
B a1 7N-07

6

0,0000-01
0,0000~01
0,000D-01
-1+ 684009
1.5350-06
5891006
-9, 3741-08
~1,2440-08
2. 5390-06
1.5650-08
~1+ 476005
-3, 5500-06

12

0.0000-01L
0.00Q0-01
0.,0000-~01L
~4,5310-09
~6.0140-04
~3.05300-04
«3.0010-04

~5 L 6FON-0F

F.89210-04
UL 2370-0¢
A 417007
3514005




|

ROW N COL 1 2

i 1.8460-03 2.51920-04
2 2,5190-06  3.4090-03
3 =1.7000-03 ~46.9000-04
4 3.2550~-03  1.1460-0G

5% RETAINED MODAL DAMPING MATRIX Rk

3

=1.:7000-03
~& 200006

1+.7110-02
-4, 585003
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4

3255003
1.14460~00G
-4,5890-03
4,2150-02




3t
i
35
5

ROW \

G ONUAL NR -

pavay ' ]
HOVBNDG LN~

=
3

. . so

coL 1

0.0000-01
0.0000~-01
0.0000~-01
0.0000-01
0.0000~01
0. 6000-01

0.+ 0001101

0,0000-01
0.0000-01
0.0000~01
0.00001-01
0.000D-01

coL 7

0,0000-01
0.0000-01
0. 000001
0+0000-01
1,5090~07

- ~1.,3480~07

0.0000—~01
=-1+0630-11
=2, 243007
—5.7240-10
5.46070~07
~8.84600-07

TN
A

0.0000-01
Q,0000~-01
0.,0000~01
Q.0000-01
Q. 0000~-01
0.0000-01
0.0000-01
0.0000-01
0.00001-01
0.0000-01
0.,0000-01
0, 0000-01

8

0,0000~01
0.00001—-01
0.,0000-01
0,0000-01
2,3170-10
-4+ 19530~-11
1.0650~-11
0.0000-01
-2:53910-310
6. 032013
S5.74620-10
~1.3400~-0%

RETATNED MODAL ANGULAR MOMENTUM MATRIX

3

Q. 000001
0.0000-01
0000001
0.0000-01
O OOOD"“O 1
0.0000-01
0.0000-01
Q.0000-01
0.000U-01
0.0000~-01
0.0000~01
¢+ 000001

9

0.0000~01
0,0000-01
0.00001-01
0. 000001
1.2110-06
2.,0210-06
2243007
2:59210-10
0.0000-01
I+ HE0L~09
~ 3 RPI320~0G
~& e HRAN~04

70

FOR
4

0,0000~01
0.0000-01
0. 000001
0.+0000-01
0.00001-01
0.00001-01
0.0000-01
0.0000-01
0.00001-01
0.000D-01
0.0000-01
0.0000~01

10

0.0000-01
0.,0000-01
0.0000~-01
0.0000~-01
5.+, 084611-09
3.8330-09
G+ 7240-10
S5+ 03 2N0-13
~3+ HTON-09
0.:.0000-01
-1.,0380-09
-3:4450-08

1-AXIg

9784
g

0. 000001
0. 000001
0.0000-01
0000001
Q. C000-01
-2.0980-06
-1.5090-07
~2,3170-10
-1 2110-08
~6. 08461109
S+ 2120064
AL e 8731]"“07

11

0.0000-01
0.0000-01

0. 000001

0. 000001
—&6. 212008
~=3.3950-06
—~&. 507007
~G,7620~10

3, 9320-04

1.0380-0% .

Q.0000-01

I G210-00

)

0.0000-01
0.Q000-01
0.0000-01
¢.0000-01
2.0980~06
0.0000~01

1.3680-07

641950-11
~2,0210~06
-3 833009

34555006
~1,2080~05

12

0.0000~01
~0.,0000~01
0.00011—01
3. 0000-01
2.,8750-07
1.2061-03
8.8400-07
1.3400-09
6. 6840-06
3. 445008
=3 52108

Q. 0000-01



Xuk RETAINED MODAL ANGULAR MOMENTUM MATRIX FOR 2-AXLE Kk

ROW \ COL 1 2 -3 4 ' 5 &

1 0.0000-0L 0.0000-01 0.0000-01 0.00001-01 0.000I-01  0.000D-01
2 0.0000-01  0.0000-C1  0,0000~01 0.0000~01 0.0000-01L  0.,00001-01
3 0.0000~01  0.0000-01  0.0000-01 0,000I1~01 0,000-01 0.0000-01
4 0.0000~01  0.,0000-01 " 0,0000~-01  0.000D-01 0.0000-01 ~-1.8220-04
¥ 0.0000~01 0.0000~01L  0,0000~01 0.0000~-01 0,0000~01 Z7,7310-10
é 0.0000~01 0,000-01 0.,0000~-01. 1.,8220~06 ~7,7310-10. 0.,0000-01
7 0.,0000~01  0,0000-01 0.,0000-01 1.,3100~07 ~5.3610-11 5,0400~11
-8 0.0000-01  0.,0000~01  0.,000~01 2.0130-10 -8.3410~-14 9.4320~-08
@ T 0,0000~01  0,0000-01  0,0000-01 1 oa2n- Oé ~4,4540-10 5.8840-10 -
10 0,0000~01  0.0000-01 0.0000~01 5.2850~ 2243012 1,9811-04
11 o 0,0000-01 0.0000-01  0.0000-01 MS.395D~06 2,2890-09 3,7160-09
Sl 0.0000~-01  0,000I+-01  0.0000-~01 2.49711~07 ~1.04600~10 8.4180-09
ROW N QOL 7 ' B : k4 10 11 _ - 12
1 ©0.0000-01  0.0000~01  0,0000-01  0.,0000-01 Q.0000~01 0.000I-01
2 0.0000-01  0.0000~01 0.,0000-01 0.000l~-01 0.0000-01L 0.0000-0%
3 0.,0000-01  0.0000~01 ¢.0000~01  0,000L~-01 0.,0000~0L 0.00001-01
4 =1.3100-07 ~2.,0130~-10 ~1.,0520-08 ~5¢285H"09 G, 395008 —2.4970-07
v S H.G6IN-11 8.5410-14  4.4640-10 243012 —2.2820-0%  1,0400-10
& =G3.0400~-11 ~9.4320~-08 -5.88460-10 mi PELO=06 ~F.7180~0% ~B.4180-0%
7 0. 000001 ~46.7840-09 -1.3230~-11 -1.4250-07 —4 14460-10 ~5.98460~10
8 6784009 0.000[-01  G.44460-08 H.4770-11 + 793007 1.29310-08
a 1 3RW-LL ~5.4460-08 0000001 ~1,:1440~04 "3+3&? =09 ~4,7800--09
10 1425007 —-5.47270-11 1,1440-056  0.00001-01 ~5.8840-06 2715007

11 4, 166010  2,7930-07  J.88%0-09  H,8450-06  0.0000-01 2,5440-08
B, 986010 =1 293008  4,7800-09 ~2,7180-07 «=2,5440-08  0,0000-01

P
ECE

71



ROW N\

0N O T b GRS

CoL 1

0.,0000-01
0, 0001~01
0400001
0,0000-01
0,0000-01
0.,0000~01
0.,0000-01

0.,0000-01
0.0000-01
0,0000~01
0.0000-01
0.,0000-01

coL 7?7

0.0000~01
0.0000~01
0.0000~01
1.1000-~07

4,9370-11 .

~-4,4740~-11

0.00001-01
~-5.62611-09
=1.53920-10
~1.1960-07

7.0830-11
=-1.0670-09

<
au

0.00001-01
0.0000-01
0.0000-01
0.0000~-01
0.0000-01
0.000D-01
0.0000-01
0.,000D-01
0.0000-01
0.0000-01
0.0000-01
0.0000~-01

8

0.,0000-01
0.0000~01
0.0000-01
1.0180-10
4,9300-08
3+4510-08

5. 496009

0.,0000-01
-2, 757008
~1:0080~10
~1+8540-08

~2, 786107

¥oxx RETAINED MODAL ANGULAR MOMENTUM MATRIX

3

0.0000~-01
0. 0000-01
0,000TI-01
0.,0001-01
0.,0000-01
0.0000~01
0.,0000~01
0.0000-01
0.0000-01
0.+0000~01
0.,00001-01
0.000I1-01

?

0.,0000-01
0.,0000~01
0.0000-01
~3.3250~07
1.,0930-09
1.1490-09
1.5390-10
2.7570-08
0.0000~01
S 7900-07
-8,4710-10
=2, 366109

FOR  3-AXIS

4

0.00001-01
Q0. 0000101
Q. 000~01
0.0000-01
-2, G2320-07
-6+ HH7D-0F
-L+1000~07
~1.0180~10
S.3250-07
-1+9400~10
3605007
S+38L0-06

10

0.0000-01
0.0001-01
Q. 0000-01
1.92400-10
1.0360-06
7249007
11946007
1.004601~10
~5.7900-07
0.0000-01
~3.2200-07
=5, 851L0-06

A

R

0.+ 0001-01
0., 000LI-01
0,0000-01
9 522007
0.+00011-01

~&,8630~10

-4, 937011

~4,9300-08

~1,0930~09
~1,0350-06
7+ 747010
-6, 816009

11

0.0000-01
Q. 0000-01
0.0000~-01
~3+6050-07
~7.7470-10
al e 8251-""‘1 0
-7 ORBN-11
1866008
8,4710-10
T 220007

0., 000001

& PEB0-09

6

- 0.0000~01
0.0006L-01
0.,00011~01
b+86670-07
4.8630-10
0,0000~-01
4.4740-11

—Z., 451008

~1.1490-0% -
~7+ 2490-07
2,8250~10
~B.65111-09

12

0.0000-01
0.0000-01
0.0000-01
~5.3810-06 -
5.816D-09
8.46510-09
1.0670-09
2 + 78(5]:"“07
2+3660~09
5. 851 1-06
-4 FHBN-09
Q. 000D-01




SELECTED

RETAINED FREQUENGCIES sk

FREQUENCY

(RADA/GED)

0., 0000000000000 000N-0L
0.000000000Q0000001-01
0.0000000000000000LU~01
0. 0000000000000 0000-01
0.,0000000000000000~01
0. 00000000000000000-01
0, 000000000000000011-01
0.00Q00000000000001-01
1.243495284588824200-01
2392489001 995300001

(HZ)

0. Q0000000000000001-01
0. 00000000Q00Q0000N-01
0. Q0000000000000 00N-01
0 0000000000000000N-01
0. 00000000000000001-01
0, 00000000000000000-01
0.+ 00000000000000001-01
0+ 00000QO00000D0O0ON-01
1,279084214619830700-02
38121G702402181100-02

G B6RPEEILHPITIOHON-01
7+ 794636391638210000-01

8. 833I71BIHBYPUPTOON~02
- 1424082985543549900~01

IAE S o R ca NS S R O f (I

IR 20

TabTle C-1

Relationship of Design Model Frequencies to
Original Spacecraft Model Frequencies (Table 8)

Importance According To

Original Model
Modal Cost Analysis

Mode Number

Design Model
Mode Number

Flexible!
1 1 1 T
2 2 2
3 3 3 Retain Rigid
4 4 4 Mode
5 5 5
6 6 6 l
7 7 7
3 8 8
9 9 1 1
10 11 3 3
11 13 5 1
12 16 8 2

i
1
1
i
1
1
i | combined Rigid
i
1
1
|
i
1

73



NN UD SR

i0
11

13
14

11
12
13
14

12 .

= .
SO NOU D LI

ROW N COL 1

1682002
0., 0000-01
OQOOOH"OI
0.00001~Q1
0.00001~-01
Q.0000~-01
0.0000~-01
0.0000-01
0.000D~-01
0.,0000~01
0.,000D0~-01
0.0000-01
0.0000~-01
0.,0000~01

ROW \ COL 7

1.3340-03

24454006
~1;6090-06
~2.1740~08

1.2100~04

1.4410~04

65+ 9440-03

0.0000~01

0.0000-01

0.0000-01

0.0000-01.

0.000D-01
0.000D-01
0.0000~01

¥k RETAINED EXGENVECTORS dokk

2
Ao

0.,0000~01
1.6820-02
0.0000-01
0.0000-01
0,0000-01
0.+0000-01
0+ 0000~01
0.000D-01
0.0000-01
0.,0000-01
0.+ 000001
0.0000-01
0.0000-01.
0.0000~01

8

S+ 777007
?.3380-04
~2,01460-04
~4, 708005
1.,1190-07
2+2130-07
6.7910-08
H.92210-03
0.,0000~-01
0.0000-01
Q,0000-01
0.0000~01
0.0000-01
QL. 0000~01

3

04000001
0.0001-01
1.46820-02

0,0000~-01

0.0000-01
0.0000~-01
0.0000~01]
0,00001~-01
0.,0000-01
0.Q000~01
0.0000-01
0,0000-01
0.0000~01
0.00001-01

9
3,0510-03
5« 39IN-06

3738005
=8, 282007

-5, 85601-04

1.1570-03
~3 353004
=2 1920-06

~7 672002
P 1930-02

=12 05704
9 4 &AL~ 0%
4,20001-06
5736005
3335003

74

4

0.0000-01

=&+ 61003

?.2610~-04
?.,09401-04
0,0000~01
0,0000~01
0.0060-01
0.,0000~01
0. 0000-01
0.0000-01
0L 0000101
0.0000~01
0.0000~01
0.0000~01

10

1.9860~-06
3,220D-03
4,2090-03
-9.8880-04
2.1330-07
5.8120-06
~1 +FOON~0H
=2.5770-03
=1.,3840-04

7.0660-02
B A250-03
L 7760-048
B.0021-04

5

7+6170-03
2,8070~06
~1s3480~05
~F . BEPN-07
1.0470-03
0. 000001

0.0000-01

0,00011-01
0.000~01
0.0000~-01
0.0001-01
0.0000-01
0,0000~-01

0.0000-01

11

1'541ﬁ—03
~8 289005
-5+ 252004
8.85920-07
-3.:9641-04
”50932““03
8.518n~-04
1731006
1.:2180-01
e 3741-00
-4, 218005
-3 470G G
~3 « QG OQN-03F

& 323003

é

3.1390-03
34 1720-05
~1,0160~0%
-9, 2570-07 .
7331004
2. 0030-03
0.,0000-01
0.,000D0-01
0,0000-01
0.+0000-01

© 0.0000-01 .

0. 000001
0.0000~01
0.000H~01

12

~3:+464610~03
6.7600~06
6+49260-05
—4, 3290-06
=3+ 218003
2.74611-04
4,83801-03
=2 422004
—LQ709D“01
-1 9340-04
1590004
& 7246008
-1.1140-02
~H e G220-04




Appendix D

EVALUATION MODEL
for the
MSAT Spacecraft
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ROW N\

OO N O U B G

ROW N\

N DR e

10
i1
12
13
14
15

&
17
ie

12

coL 1

0. 0000-01
0.0000~01
0+ 000001
9, 0940-04

-3 @590-07

-9, 2E7[-07

~9 4 1740~08

-4, 7080U~05

-8, 2820-07

-3 HRE50~04

-~2,8880-04
8.8590-07
~1.:4070-06
-4, 3290-04
2.46500~03
F. 082004
-6, 08501-03
1.8170-04
~1.85340-06

coL 7

 8,4100-03

1.4570-02
0. 0000101
-3+ 7290~03
3.8110~03
=7 .0780-03
4, 532005
8.0810-04
=3+ 4781103
~1,0500~03
3,3700-03
26392002
—1.,3280-02
=3+ 014003
= 201L0-03
2.9030-04
1.8260-03
6.+ 243004
~3. 829004

2
P

0.0000~01
0.0000-01
0,0000~01
0. 000001
1.+0470~-03
7+3310-04
1.21001-04
1.1190-07
~5.85860-04
3. 2050-06
2.,1330-07
-3 264004
X+ 743004
~5.92180-03
w1 +2700~04
-2 AG9N-03
2712006
-3+ 308004
3,1780-04

8

~8.4100--03
1.4570-02
0. 0000101
-3 729003
~3:.8050-03
7+1330~-03
-4, 112005
8. 094004
3. 4880-03
=1, 175003
3,4190-03
~2 . H6H30-02
13346002
F. 025003
~4 524003
-1 . 007003
2. 04620-03F
=& 2BIN- 04

4, 334N-04

3

0.00001~01
0.0000~01
Q+000~01
0,00001-01
0.0000-01
2,00301~03
1.4410-04

2.2130~-07

1.1570-03
~1.5150-00
F.8120-06
=% P320-03
3+1100-03
2,7460-04
~4,74601-00
—-2.2000-04
2:6440-05
~1 342004
8.9740-0%

9

-8,4100-03
“1 e 4B70-02
0.0000~01
B.7290-03
~3+8110-03
~1.0270-02
-1 2PIN-03
8. 1000U~04
~& . 339003
L+1880--03
~Z. 421 0~-03
2,49 N-02
] e FHTN-02
& 358004

4,60620-0F

1521003
~2.0HHN-03
H L 3A30-04
-3 PARN-04

KK RETAINED MOUAL CONTROL DISTRIBUTION MATRIX Xokk

4

0, 000001
0,0000-01
0. 000I~01
0.00011-01
0. 00011-01
0.0000~01,
6.9441-03
647911108

B GEZN-04
5, 4030-06

-1+ FHOOI-06
8, 5180104
1.6880~0%
4,8380-03
8. 9060-0%

~146410-02
9. BPON-06
1.1970-01
1.8030~01

10

8.4100-~03
-1 .4870-02
0.0000-01
~2.8490-02
w1 . 904002
9.2990-03
~2 e &750-04
9. 735004
-4, B260-02
-5 1OS0-Q2
=1, 0870~01
5.0250-02
G PEAEN-02
~2:4180-01
2+ 639001
3, 4030-01
4, 154001,
=-2.84L0 Q0
-4, 2570 00

(Cont'd)

76 -

]

0.0000-01
0. 000001
0.0000~01
0,0000~01

0.Q00N-01

0.0000-01
0.0000-01
69211003
~2+ 199006
~6.85910-04
~29770~03
1.7310~06
~8.1840-07
-2, 4220-046
~2+ 665003
=-3.70711-04&
-5+ 304003
-2, 1020-07
2.,4510-04

11

8,4100-03
1, 4570-0%
0. 0000-01
2.B46P0-02
-1 s POBN-0R
9. 2840-03
-, 7ORT-04
-9 PREU-04
4, 783N-02
5, 1780-02
1,0850-01
5, O79N-03
—3 s POPT-0R
~2. 41301
—R, 7RAN-01
3o 4030=01
4, 1440-01
~2,8620 00
~ 8, 2TH 00

&

8.4100-03

=1.4570-02
0. 000001
G 7290103
3.80601-03
1.0220-02
1.2890-03
~8.0730-04
6+3300-03

1.0440-03 -

~3 e 348003
-2, 4850-02
14358002
-6, 475004
4,1830-03
~1 505003
~1.8330~03
=5 3420104
J.4380-04

12

~3+ 41 001-03
1.4570-02
0.00001-01
2,.B846720-02
1908002

P 299003
2:.6750-04

-G 730004
4,8260-02
G lOGN-02
1.0870~01

=T QFEN-02
4, F250-02
2.4180-01

w2 HFPN-01

«3 403001
4, 1850-01
2.8410 00
4.2590

00



v , . -

MmN U D BRI

ROW N

Pl L ey
DL O

15

16

17
18
12

coL 13

~8.4100~-03
~1.,4570-02
0.,0000-01
it 8462002
1.92080-02

=2.2840-03 -

2702004
P.7250-04
4,7830-02
-5,1780-02

~1.0830-01

~3.Q720-02
4.2090-02
2+.4130~-01
2.7240-01
~3.+4030-01
~4,1440-01
2.8620 00
4,2780 00



kEck RETAINED

s
SN E D I

[ars
[

H OO NSOD GRS

=

SR R s IENE e NEd ISR 6 R

o

N GOl

MODAL
coL 1

Q.+ 000001
0. 000001
0.0000-01
O 0000-01
0.0000~01
0.0000-01
0, 0000-01
Q. 0000~01
0.000N-01
0. 000101
0.0000-01

- ROW N COL 7

~@ 1740
12100
1.44101-04
0.+0000-01
0, 0000~01
0.0000-01
0. 000001
0. 0001001
0,000~
b P440~
0 L] OOOH""

04

0l
03
01

CoOL 13

~1.+4070~04
S R K I
3»110&%02
=R+ 0750~
""'(}vx OD
0520~
EO”U
*J.M49U
32070 0$
1. 68B0-0%
-8, 1840-07

07

1%

08

04 -

QUTFUT MATRIX ook
2 3 4
0.,0000-01 0.0000-01 %.0940
0,0000~-01  0.0000-01 0.000D-01
0. 0000~01  0,0000-01 0.0000-01
0.+0000~0L  0,0000I~01  0.0000-01
0000001  0.0000-01 0.,0000-01
0. 0000~01  0.,0000~-01 0.0000-01
0.0000~01  0.0000-01 0.0000-01
0.0000-01  0.0000~-01 0.0QQ00-01
0. 000001  0.0000~01  0.0000~01
0.0000-01 0,000~ 01 0. 0000101
0. 0000~-01 0.000D~ 0000001,
8 2 10
~4.708D~05 «8. 282007 ~3.625D-04
1.1190~ -5, 8560~04 I, 2050~ 06
h.213D“O7 1.1570-03 ~L.5150-~
0,0000~01 =~1.7360~03  1.304D~ Ou
0. 000001 -2.4180-06 -5.9870-04
0. 0000~01  2,2080~06 6.2420-04
0, 00001  4.,2000-06 1.2110-03
0.0000-01 5,7360-05 ~2.,2870-06
- 0,0000-01  I.33F0O-03 ~3.0710~05
4. 7210-08 -5.5530-04 5.4030-06
6,2210~03 —2,1990-06 -6.8510-04
14 13 14
-l 32PN Ou 2.:46500-03  3.3820-06
S.9180~ ~1 270004 ~2,4TU90~03
2746004 —4,7460-05 -2,9000-04
m65200D~03 -%. 882004 ~2§?O7H 03
wd s ARHN-04 9L, 933N-03 « GO3N-06
R H3BL-06. ~4, 6B20-03 "1§ 563008
G4 796006 -7, 090003 9.1750-08
=1+ 114002 ~2,1040-04  1.34670~02
~& s HPRN-04 =3, 270005 ~3.46601-03
4, Q38003 8,2080-03 ~1.,46410-02
R AR2N-0E ~2, 665003 ~F. 707008

[

0 =3, B590~07

1.0470-03
0, 0000101
0. 000001,
0. 0000~01
0,0000-01
0.0000~01
0, 0000-01
0. 0000101
0,0000-01
0.,0000-01

11

-9, 8880~
2,1330-07
598121.“"‘“

=5.0190-04
1.6170-03
3.4250-03
1.7760-06
8.0020-04
-1.,5000-04
=2, 3770~03

17

-6, 08511~03
22712006
2,464410-05

-1.1480-0%0
—& . QHPN-03
. 0380-03
1.1340-02
~3 F02N--06
2.8470-039
2. 8900048

=8 304003

04

0&
~3+1720-06

&
~9 . 257007
7+3310-04
2,0030~03
0000001
0.0000-01
0.0000~01
0.000D-01
0:0000~01
0.0000-01
0.0000-01
0. 0000-01

12

8.8320~-07
-3+ 2640-04
—~5. 932003
2:.78611~03
"'1 » 230[""06
-2, 652007
2+ A7 004
-1.,0500-03
~H . 3230~03
8.5180-04
L.7310~08

18

L.81720-06
-5, 308004
=1 ..3420-04
~& . B450~04

1.8080-046
=8 SP6N-0F

-8, 927007
“1 1780-01

SuEan- 0"

l 19/D

"99102ﬂ“0?

1 - o BEA -

2 3.+1780~

3 8,9?4n~05
4 3. 3640-04
] mnéasén -Q7
& LeH5Lon~-04
7 -2, 431IN-04
8 —1 . 76901
9 B3O 02
10 1. 803001
11 P41 0-04

78
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N O

o s
30N

ROW N\

H .
ONVWNOG U D LI

Y
Y

12
13
14 .
15
14
17
i8
19

KK RETAINLH

coL i

0, 000D~01
0. 0000101
0.,0000-01
0.0000-01
0. 000001
0.0000~01
0.0000-01
OoOOOH*
0,0000-01
0,0000~01
0.0000~01
0.,0000-01
0. 000001
0,0000~01
0.0000~01
0.00001-01
0,0000~01
0.0000~01
0.,0000-01

coL 7

0.0000~01
0.0000-01
0,00011-01
=1:6620-10
~1.3880-05
=9 374008
1.7910-04
=9.7170-10
—3;295D 06
2,5290-08
=3 528009
2.7240~06
-1.19270-046

L =3,001T1-06

o»35&ﬂ 08
1,1880-05

=1.951 008"

~84 3640-0%5
~1. 2470104

ol

9
Aa

0.0000-01
0.0000~01
0. 0000~01
0.0000-01
0,0000-01
0.0000~01
0.0000~01
0.0000~-01
0.0000-01
C0,0000-01
0,0000-01
0.,0000-01
0,0000-01
0., 0000l~-01
0.,0000-01
0.+0000~01
0.0000~01
0.,0000~01
0.00001-01

8

G.0000-01
0.,0000-01
0. 0006L~01
1.2810-05
-+ 342009
~1.2440-08
~Q s 717010
1.9990-04
4,3310-09
7 P730-07
~5+1980-06
-1 .92990-08
9. 290T1-09
“P  H300~0Y
~2,1180~07
m3{909n_o9
=1 4020~
-9, 2290~
1.6770-

11
Q8

MODAL QUTPUT WEIGHTING MATRIX

Kkox
3 4 5 &
0.0000~01 0.0000-01 0,0000-01 0.,0000-01
0.,0000-01  0,00001-01 0.,0001~01 0.0000-01
0,0000-01 0.0000~-01 0.0000~01 0,0000~01
0.0000~-01 1.4% 4”“00 w7 019010 ~1,6840~09
0.0000~01 —7.019D— 2.1930-08  1.5350-06
0.0000-01 *1.684H—09 1.5350-06 5.891D0-06
0.0000~01 ~1,84690-10 ~1.ua8n 05 —~2.,3740~06
0.0000-01 1,2810~05 -5,.3420~09 —-1.,2440-08
0.,0000~01 —-4.,9230-10 *3.4523~o7 R,.5390-06
0.0000-01 ~3.,8200-07 2,1070-0%2 -3,4470~08
0.,00001~01 -1,2370~-06 1,1220-09 1.54650-08
0.,0000-01 ~JF.7370~10 =7 ,1230-07 —1,4760~05
0,0000-01 ~7.3430~10 —2,5980-07 7.2950-04 "
0. 0000101 —4,5310-09% —6.0140-06 —3,5500~-06
0.0000~01 8.7910-06 —1.,3600-07 =2,1570-07
0.,000-01 3J.1030-09 ~3.5320-046 -3,17001-04
0.0000-01 ~5.6420-06 7.192460-09 7.2470-08
0.0000-01 1.6660-09 5,9830-06 3.84601-06
0.00001-01 —6,0450~10 1,0100~05 7.284L1-04
? 10 11 12
0.0000-01 0.0000~01 0.,0000~01 0.0000-01
0.0000-01 0.0000-01 0,0000~01 0.0000~01
0.0000-01  0,0000-01  0.0000-01 ©.0000-01
~4 923010 =3I, 820007 ~1.,2370-06 ~Z,.7F370-10
~3,AH2N-07  R,1070-09 1 .1220-09 -7,1230- ov
25390086 ~3, 4671~ 08 1585008 ~1,4760~
~3 . R9EN-06 2.529L- ~3 . HRBN-09  2,7240- 0&
4,331n~o9 -7 8730 o, -5, 1980046 ~1.9990~08
2,01400~ ~2,BHLSN-08  B.7480-09 ~8,0750-06
-2y 3561 oa 1350007 3.7970-07  1.086460-07
8. 746009  J,79701-07  1.1150-08 ~4,1950-08
“B 0750086 1068007 —4,1950-08 4,2470-05
A S56PT=06 ~H.7790L-08  2,2830~ 0‘ -2.?Oon—05
3.8910-06 ~2.46850-08 u*-z?m e ALTFN-07
G TIRN=10 ~3. A9BI-06 5380~ _3¢;sahmov
8:0330~07 ~3.,74560-09 "6+353n~09. 3. 2990~
4,0600-08 2.2120-06 ~ 6,0810-06 -1, mLLn*o,
1, 723006 —1,.3080~08 =&, 187010 —=4,0870-07
D.32E0-046 ~1.8880-08  H,.4200-09 -3.4120-05
(Cont 'd)

79



ROW N\

QN DG D R

PR
O

12
13
14

15

16

-
4

18

12

ROW N\

SO0 N O s (B e

CoL 13

Q.0000-01
0, 0000~01
0.0000-01
~7+38630-10
2. 598007
7+ 2950~06
—1+1970-06
P+ 2201109
4,3620-06
=3 7790-08
2.2830-08
-2, 203005
1.17460-05
3 ?..62]:1—06
=1.4310-07
~2+7740-07
1.,04840-07
4,84600-07
1393004

coL 1?9

0.,0000-01
0,00001~-01
0.0000~-01.
-4:04460-10
1,0100-05
7+ 2BLN-0b
~1 + 247004
L+6770-08
2.3250-086
~1.8880—-03
H5.4200-09
~3,4120~06
1.3930-04
-2 e 258007
- FLEI-08
- JFI70-06
B 23Z0-08
EB0HN-05
G.7090-05

14

0. 0000-01
04+ 00001
0. 0000~01
—4 531 0-09
~6,0140-06
~Z L E500-08
-3, 0011~06
-9 4 430009
3.8910-06
~2, 4850-08
5, 2F70=-09
3. 4170-07
3. 2620-04
3514005
&+ PATN-07
14429005
14941008
4,1860-06
—2 REEI-07

1%

0., 000001
0., 0000-01
0. 000001
8,7910-06

-1.+34600~07

~2, 157007

~%.3350-08

-2, 1160-07
S 772010

-3 . 4981106

-0, 54811-04
3.9660-07

~1,4310-07
b+ 94BL-07
94 314005
3, 4280-07

~5, 872005
9 675D-08

-3 713008

80

14

0.0000-01 -

0.0000-01
0. 000001
S ELLO3N-0%
—3. 532006
=X+ 1700-06
1.1880-03
—=2.20920-00Q
8.0330~07
~-3.+7460~092

-6+ 3E530V-09

3. 2990-048

=2.7740-07

1.,4290-05
S+ 628007
&« P820-04
~3. 936008
—4. 3550064
~-9., 33720106

17

0. 0000-01
0.0000-01
0,0000-01
=G HA20-06
7198009
72670108
~1.,2610-08
~1.4020-06
4, 0460008
2,2120-06
6+06110-06
-1,2310-07
1,05640-07
1.9410-08
~5,. 872003
~3+2350~08
3704005
~5.0490-0¢
T 233008

18

0.0000-01
0, 00001-01 -
0.0000~-01
1:.86660-0%
5.2830-064
3. 8856008
-8.3440-05
-9 2291]"1 1
1.7230-06
-1.30801-08
~4.1870-10
—~&+ 067007
4.8600-07
4,1840-06
2, 475008
—~&4 . 3FLHU-06
-G, 0420079
3. P30N-05
. 806005




XX RETAINED MOMGL DAMPING MATRIX dokx

CROW N

tale RS BURRE N

e

ROW \

RN I+ S & QU AN % S

R

coL L

1.8460-03
-G+ 00P0-04
L2:T0190-06
=1, 7000-03

1.3233701-03

32850103

4,7180-05

1,53000-03

L.0570-05
~1.+1730~03

=2 607003

coL 7

4.7180-03
-3+ 2L00~-03
-8, 2310~03

~2e 763008

7.1880-0%
6+ 4246004
1.5010-01
3,1740-04
=8 F2LN-02
Y. 814004
G+1310-04

2
o

=3, 009006
1.70860-03
3. 644004
2246000

=1+4460-0G

=2 771005

=3, 2100-03

~1+APEN-05
2,1810-~03
1.+3300-03
2:0640-00

8

1,5000-03
=1 s APEN =05
7. 9070-08
-1 707003
24124003
1163002
3. 174004
5. &100-02
-2y BEOL-05
—1 s RRPI-01
s 89S0

3 -

2319006
3. 64410104
3.4090-03
-6+ PO00N-04
G 243006
1146003
~8.92210~-03
7+2070-08
6+3510-03
~7+45600-06
~3: 0861105
-9
1.0570~03
2,1510-03
H.3510-03
=2 617008
2.3080-05
7.4700-00
«8, 721002
~2+ 360008
1.0E60-01
& Z2UN-01
=1 322N-04

81

4

=1.+7000-03
2246000
=&+ F000-08
1701002
~4. 647003
-4, 58UN1~-03
=22 764008

~1,7070~03

~24e 617005
4.8370-03
8,0770-03

10

-1« 173003
14330005

~7 4 4601004
4,8370-03

2, SBI[-04
D, 7600-02
5,81 40-04

~1 . 229001
& BREN-O5
10550 00
1. 4480 00

W

1,2370-03
-1, 444611-05
5. 2430-06
b s 64703
1,1090~02
5, 8800-03
7. 1B80-05
2,1240-03
2 508L-05
-2, $BFL~04
-1, 308003

11

-2 607003
2564005
-3, 08611-0%
8.07701~03
=1 . 30811-03
3:6940-02
6. 1310-04
~-1.89480~01
~1 322004
14480 00
2.3420 00

é

3. 2550-03
=2, 771005
1.1460-05
-4, 58%0-03.
G.8800-03
4, 215002
6+42610~-04
1.14630-02
74470003
2,7600-02
3694002



ok RETAINEXD MODAL

RO N

VNS IR

5 pn e
O

w3

r

o
I O

15

ANMGUL. AR MOMENTUM MATRIX FOR  1-AXIS
co. 1 2 3 4
0. 0000~-01 Q0.0000~-01  0,0000-0L 0.000U~01
0,0000~01  0.0000~01 0.000[~01 ©.0000~-01
0.0000~-01L ©0,0000-01 0,0000-01 0.0000-01
0.0000~01 0.000D~01 0,0000~01 0.,0000~-Q1
0.,000N~01  0.0000~01 0,0000~01 0.0000-01
0.+0000~01  0.0000-01 0,0000-01 0.0000-01
0,0000-01 0.000I~-01 0.0000~01 0,000D0~-01
0.0000-01 0.000D~-01 0.0000~01 0,0000-01
Q.0000-01  0.0000~01 0.0000I-01 0.0000-01
0.0000~-01  0.000D~01 0,0000-01 0.0000-01
0.0000-01 0,0000-01 0,000l-01 0.000N~-01
0,0000-01  0.0000-01 0.000011-01 0:000D~01
0.0000~-01  0.000D-01 0.0000~-01 0.0000-01
C0,000D-QL  0.000D~-01  0,0000-01 0.,0000~-01
0.00001-01  ©0.,0000-01 0.0000-01 0.0000-01
0.0001~-01  0.0000-01 0.0000~01 0.0001-01
0.,0000-01  0.0000-01. 0.0000-01 0,0000~01
0.0000-01  Q.00001-01 0.0000-01 0.0001-01
0.0000-01 0.0000-01 0.0000-0 0. 000001
co. 7 8 @ 10
0.0000-01 0.0000-01 0,0000-01 0,0000I-01
0.0000-01  Q.0001-01 0.0000-01 0.0001-01
0.0000-01 0.0000—-01 0.0000~01 0.0000-01
0.0000-01  0.,0001—~01 0.000I~01  0,0000-01
14509007 2.3170~10  1.2110-08 -1 .5860-08
-1.,3680-07 ~46.1950-11 2.0210-046 ~1.89230-08
0,0000-01L  1.0630-11 2,2430-07 ~-2.3960-09
~1.0630-11  ©0.00001~ 01 2.5910-10 ~-2,5400~12
-2, 243007 -2.5910- 0.,0000-01  4,3550~-09
IR0 2.5806- l“ =&, JEGT-09  0.0001-01
=& 7248010 ~4, 032013 3,4500-09 -2,5930-11
CH OO7N-07 5. 7820-10 - 32008 \¢9L”U -08
=4, 303007 -4, 309010 L, 3880-06 « A7 40-Q9"
“8B,86001-07 ~1.3400-0% —6& 684106 . ueSbBﬂ ~08
~1: 28346008 -2.2800~-11 —~1.7470-07 2,1100-09
=3, 192007 -5, 117010 -3,0140-04 3I.8380-08
«2:8080-0% -2,35%0-12  1.85620-08 ~1,4430-10
b Q25008 -1 025010 ~&6.9280-07  J,55460-09
424008 4.0300~-11  S4,202D0-07 5. 1465009

(Cont'd)

82

ok
W

0,0000~01
Q. 000001
0.0000~01
0, 000001
0.0000-01
-2, 0980-06
-1 +5090-07
~2.3170=-10
"1&311““
1.58480-08
-4+ 0BHN-0P
H+ 212008
-3 2570064
~+87bn 07
4,9700-08
3.0370~07
—-2,7480-08
1.4060-07
~2,39270-08

11

0.0000~01
0000001
0 0000-01
0. 000001
G 0880-09
I B8330~-0QP
G 72480~
H. 032013
X HHON-09
2L B230-11
GL0000-01
w1 038109

-

-3, 345008

7L 2800U-10

=1 4REL=08
L0121
~Z e 0GBHN-0R
L. 828009

06 -

10

BIPN-09

&

0.0000-01
0.0000-01
0.0000~01
0., 0000-01
2.0981~-046
0.,0000-01
1.3680-07
&4+ 1925011
~2.0210~08
1.8930-08
-3.8330-09
3+ EEEI-06
=3+ 0300~ 06
=1.+.20600—
~2e19700 07
~4, 713006
*1*395H~08
~-2.6351 0~
d+/10n 07
12

S HL0000-01
0. 0000-01
0,0000-01

0. 0000~ 01

R g I O

—i,wfunwou
& s GO~

~5.763ﬁw10
3932008
~2 L7087
1038009
0. 000001
35 AEAL-08

CE L BRLI-05
7 347007
1o A47PI-0%
“ﬁoéOzU 09
F 0PON-08

] BEON-04



ROW N\

P

VO NG ST

1z
18
1?

ROW N

i By

o~

A WO DN

H
>

R O LY Iayiray iy

o

cCol 13

0,0000-01
S 0000001
0.0000~01
0.0000-01
3.2570-048
3+ 030006
4, 3031007
4,3090-10
-1 . 388006
6+ 474009
2,8390-09
=3+ 454006
0.0000-01
=1.83001-0%

—4,1280~07

=7+ 754004
1,8330-08
=1.7010~06
1.0220-06

coL 19

0.000L~-01

0.0000-01.

0.0000—01
0L, 0000-01
Q. E97N-08
~H 710007
-3 42410108
=S+ ION-1
~4 s 202007
S 1690-09
-1+ 828009
18301048
-1+ 022004
& L BEN-0F
3687009
-1 .+28850-07
~8, 160009
wwd JRTAD-OR
0000001,

14

0.0000~01
0, 000501
0.,000I-01
0. 000001
2.8750-07
12060005
8.8400-~07
1.,3400-09
6. 684006
-8.,8530-08
I, 445008
3 G5210-05
1+ 830005
0.0000+-01
~Z . 1E20-07
w2 e 3210068
1.5220-07
-9, 401 0~07
G+ 183007

0.0000--01
0.,0000-01
0,00001~01
0,0000-01

-4, 970008

24197007
1256008
2.2800-11
L.7470-07
=2+ 1100109
7280010
=7+ 347007
4,1280-07
3.1570-07
0.0000-01
7.,98411-08
J.2290-09
8.1460~-09
-3+ 8871109

83

146

Q.0000~01
0:.00001~-01
0., 000001
0.0000-01
~3.0371-07
4, 713006
J3.19220-07
F.1170~10
3.0140-08
~3.8380-08
1, 423008
~1.4470-05
7 756006
2:3910-06
~7:9848U-08
0,00001~01
&+ 4220-08
~1:7610-07
1+2830-07

-1?

0.,0000~01
0. 00001
0.0000~01
0.0000~01
2,7680-08
1. 395008

2.8080-0%

2.3590-12
~1.8820-08
1.44310-10
-1.0120-11
T HQ7N-09

~1.8330-08

=1 72007
=%, 229009
=&, 422008
0.0000-01
=1+ 3467008
8. 15800109

18

0.0000~01

0.0000~01

0.000n-01
0.0000~01

=1.4080-07

P ETI0-07
6.0250-08
1.02G0-10
6. 9261~07
~8 . 366109

3.+ 058009

-3+ 0960-06
1,7010~04
9+ 401 11-07

-8, 1441109
1.7610~07
1,3470-08
0. 000001
4,9740~09




-’{-

qK

20700~

hrTthEn MODAL. ANGULAR MOMENTUM MATRIX FOR
ROW N COL 1 2 3 4
1 0,0000~01 0.,0000~-01 0.0000-01 0,0000-01
2 0.0000~01 0.,0000~01 O,0000-01 0.0000~01
3 0.0000-01  ©.0000-01 0.0000-01 0.0000~-01
4 0,00001-01  0.0000~-01 0.0000-01 0.0000~-01
5 0.0000-01 0.,0000~01 0.0000~-01 0.,00001-01
& Q0.0000-01 Q.0000-01 0,0000~-01 1.8220-048
7 0,0000-01  Q.0000~01 0Q.0000-01 1.3100-07
. B 0,0000-01 0.0000-01 0.0000~01 2.013D-10
? 0.0000-01 0.0000~01 0.0000-01 1.0520-06
10 0.0000—-01 0.,0000~01 0.,0000-01 ~1.3780-08
11 0:.0000~01 0.,0000-01 Q.0000-01 5,28801-09
12 0.0000-01  0.,0000—01 Q.0000~01 ~3.392E0-064
13 0,Q00D~01  0.0000-01 0,000I-01 2,828D1-08
14 Q.0000-01 0.,0000-01 0Q.0000-01 2.4970~07
15 0.0000-01 0.0000-01 Q.0000-01 ~4.3160~-08
) 0.0000-01  0.0000-01 0,0000~01 ~-2.4370—-07
17 0,0000~01 0.0000~01 0.000L-01 2.4040-08
18 0.0000~-01 0.0000~01 0,0000-01 —-1.2210-07
12 0.0000-01 0,.000D~01 0.00011~01 8.,1610~03
ROW N\ COL. 7 a8 @ 10
1 Q0:.00001-01 0.0000~01 ©O.0000-01 0.0000-01
2 Q0.0000-01 0.0000~01 0.0000-01 .0000-01
3 0;000ﬂ~01 0.0000~-01  0.0000~01 (.0000~01
4 ~«1 . 100~ =2, Q13010 ~1.0820-04  1.3780-08
5 5 Séiuwll G:5410-14 A4,4840-10 ~5.8450-12
& u»OQOD‘ll =@, 432008 ~5,8880~10 ~7,2620-07
7 0. 000001 ~6.7840~09 =1 323011 ~J‘M23U~08
8 &:7840-0%9 0, 000001  %H.44460-08 ~7.9 -10
2 L.3230-11 ~5,44480-08 0.,0000-01 —4. 19 Oz
10 TLR230-08  F.9380-10  4,1930-07 0. ooon ]
11 1.4250~07 ~5.4770-11  1.1440-06 ~~1, 7O OS
12 4:1660-10  2.79230-07 - 3., 8890-09 c1HON-04
3 ~-8.24810~11 ~1;¥6Qh 07 “9;48?ﬂw10'#l~32?ﬁw0&
14 5.98480~-10 ~1.2930~- 08 4, 780009 ~9.9580-08
15 ~1,391IN-04& .8720~11 -1,11860-08H  1.,46340-07
16 ~4,8980-10  1.3850-08 -3.9030-0%  1.0520-07
17 8;?6Sﬁw07 1020010  7.0380-046 ~1.0180-07
18 LA9EN~ 4319009 ~1,990L-09 4,8480-08
1% h.u89uw10 -4, 2250~ 07 0% ~3.25450-08

(Cont'd)

84

.-Meﬂﬁﬂﬂ

2-AXIE dekk

5

0., 0000-01
G. 0000~
Q.. 0000L~01
0.0000~01
Q.,0000~-01
-7.+.7310-10
~Fed3SIN-11
~8.:5410-14
=4, 4540-10
T:8460~12
-2 243012
2.2890L-09
-1+ 2000109
-1 .0600~10
1.8320-11
1.31190~ 10
-1 .0200~
u§18OD
“3+4é3n~11

11

0,.0000--01
Q. 000001
Q.0000~-01
=5 2BBN-09

2243012

-1 +9810-04
=1 . 4250-07
H5.4770~11
=1+ 14406
1+70%0-08
QL. 000001
Hi886-0G
=3 075006
~2 s FLE0-07
-, 151009

LRRIN-09
:ﬁss:n«o,
~8 s 873008

0l -

07

6.
0.0000-01
Q. 0Q0N-01

0. 000001
=-1.9220-06

. 74731010

0000001
G.0400-11
P+ 432008
9.8860~-10
74262007 -
1.9810-06
3716009
~6:. 068011
8.4180-09
-1, 9330-05
-46.920801-09
1.,21920-05
=3.:3150-09
3:6310-0%

12

8.000D-01
0,0000-01
0.00011-01
S+ 325004
-2, 2BP0~ OQ'
X 7160
”ﬂolééﬂhlo
=R FR3N-67
~3. 8820079
-2, 1500-04
~3: 886004
OoOOOﬁ"Ol
] "'°OIL“OV‘
-2 G440
CHL 7250~ 05
E+099D*08
~3:H100-05
L O8&T-08
=1, 0920-08




RaW N\

s
DN MN O O R e

P A e
NI SRRSO N DGR =

PP

1%

CoL 13,

0.000001
0. Q000~01
0, 000001
=2, 828005
1,2000-09
& 0480-11
8261011
1.4640-07
2437010
1¢1E?U“06
3+ 0750~06
G.5900-09
0.0000-01
1308008

=L 00108

=1, Q730- 09
1.8920-0%
=G« AS51L10-09

5. 63PN-09

coL 19

0.0000-01

0. Q00001
0.,0000-01
~8. 14610-08
3. 463011

14

0.0000~01
0.0000-01
0, 000001
Al 45’?{'“"07
1.04600-10

—~8.4180-09

-5« 28O0-10
1.,2930-08
-4+ 730009
9.958Hw08
s 715007
k’u44n 08
=1+ 30811~
0;000U~01
=2 647008
2,7190-1.0
Lo 671006
8+33?H"11
1205010

-3 HILN-0Y

-2 589010
‘h""’bﬁ 103
2070009
"ﬁn 3HI-08
8,8730-08
1092008
=%, HBR -0
] s BOEN-10
-3, &GPN-07
2.1620-10
T L0007

g.3800-11.

QL. 000001

15

0.0000-01
0. 000001
0.0000~01
4,31460-08
~1.+8320-11
1. 9330-05
L3210 0-06
~9 879~ 11
lT.1180~
~1 63410
P 151H~09
“do?B n
3,001~ 0»

2,6490-06

0000001
-2, 799106
~3.3é7ﬂ«08
PEL-06

s 6 ON-07

85

16

00000101
0+ 0001101
0. 000001
2+ 837007

=1 119010

6203009
4.,.89460-10
-1.,3650-08
3203009
~1.,0520-07
~2.8680-07
-2+ 099008
1,0730-08
~2.7190-10
2. 7990-06
0.0000-01
=1+ 765004
4.6040-11
~2.14620-10

17

0. 000001
0000001

0. 0000~01 .

-2, 4041-08
1.0200~11
~1 L 2LEN-0%
~8 768007
~1,0200~10
~7 s OFGN-06
1,0180~07
~ 5, 2RLL-09
3. 6100~
~1.,8920~0%5
~1+6710-06
3.3670~08
1.+ 765006
0. 0000~01

8.1470-07

=5 4601107

18

0.0001-01
S0 0000~01
0.0000-01
1.,2210~07
=%+ 1800-11
L0009
2:4950~10
~&+ 31909
1.9200-0%9
~4.84680-08

~1,3270-07
05 —1,0660-08

Nied4461ND~-09
“8;227D—11
1.2 ~0b
-4, 604D 11
=8+ 167007
0+0000-0%
~8. 580011
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ROW N\ COL 1

RlRsa BN R A QR U N I T

0,0000-01
0.0000-01
0.0000-01

0.0000-01 -

0. 000001
0.0001-01
0.0000-01
0.00011-01
0.:0000~01
0.000n-01
0.00011-01
0.0000~01
0.00001-01
“0.+0000-01
0.0000-~01
0.0000-01
0.00001-01
0,0000-01
0.0000—01

coL 7

0.0000-01
0,0000-01
0.0000-01
1.1000-07
4,9370~-11
-4,4740~11
0.0000-01
~5.6240-09
-1.5320-10
~4, 385008
~1.1960-07
7.0830-11
=2, 04530~10
=1+ 067009
1,14880:04
2.0780~10
~7 36207
1.,71i10-10
=1, 9510~10

2
w

0+ 000L~01,
0.0000-01
0, 000001
0.0000-01
0.0000-01
0. 000001
0.0000-01
0.0000-01
0.0000-01
0. 0000~01
0.0000-01
0.0000-01
0.0000-01
0. 000001
0. 0000101
0. 000D~-01
0.000001
0,0000~01
0.0000~01

8

0.0000-01
0. 000001
0.0000-01
1.,0180-10
4, 2300-08
3.4510-08
5.46940-09
0.0000-01
=2 72370—-08

1.4330~10 .

~1.00860-10
-1.8850-08
=1 762008
—2.7860-07
"".4 + (?OOI]"“O‘?
—-1.1580~07

0. G3FN-10

—2., 499008
1.4960-08

3

0. 000101

0+ 000I—01
0.+ 0000~01
0., 000L-01
0.000L-01
0.0000~01
0.0000-01
0, 000101
0.0000-01
0.0000~01
0,+000L~01
0.000D-01
0.0000-01
0,000L-01
0.0000-01
0.0000-01
0,0000-01
0,0000-04
0,000~01

9

0L.0000-01
0 +* OOOB‘"‘O.L
0,0000-01
. 3250-07
1. 093009
11492009
IR A R § B 3 )
2, 757008
0.0000-01
2. 1230-07
. 790007
«8,4710-10
B 137010
-2, 386460~09

=T GEI0- 08

&y 134009
3. 553006
=1 BOZN-09
1349009

FOR  3-AXIS souk

4
0.0000-01
0, 0000~01
0.0000-01
0.0000-01

-2, 922007
~& s HS70-07

=1, 100007

~1,0180-10
S.3250~-07
-3+ G510-09
=1.9400-10
3.6050-Q7
3+4040—-07
5.3810-06
1,1550-07
2.2360-06
-2, 44681-09
4,8270-07
~2.8900L-07

10

0.0000-01
0.0000~-01
0.0000~-01
851009
F2900~07

2.6570-07

4, 385008
~1.4330~-10
-2.+1230-07
0.0000~01
~3:+ 784009
~1.:.4370-07
-1 3F7N-07

2 AAEN-0

=8+ 3540-09
-8.9120-07
-2 378008

~1 + 924007

1.1820-07

(Cont'd)
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5 -

0.0000~01
0. 0000-01
0.0000-01
Q. HG220-07
0. 000001
-6+ BEIN-10
-4 . 9370~11
~& 230008
-1+ 093009
~3+7950~07
-1 . 0350-06
7:7470-10
~1+6170-09
-6, 8150~09
1:.0100-05
2:8020-09
~&. 371006
1+&970-09
-1.8180-09

1i

0.0000~01
0400001,
0. 0000-01
1.9400-10
1., 035006
7 RAGN-07
1,1960-07
1,0060-10
w5 790007

3.7840-09
0.0000~01 .

~ZPR00-07
=3 702007
G, 831008
1235007
=2+ AFLD-0B

1.3840--09
=&, 249007

3143007

6

0.0000—01
0.,0000—-01
Q000001
64667007
6.8430~-10
Q0. 0000~01
4.4740-11
~3+4510-08
~1+1490-09
-2+ 6570-07
=7 +2490-07
2.,82T0-10
~143780-09
-8+ 4651009
7+ 074004
3500010
-4, 441106
8,4040-10
-1, 0465109

12

Q000001
0.0000-01
0, 000001
-3 H5050-07
-2+ 247010
~2.,8250-10
-7.0830~11
1.+.8660-08
G.4710-10
Le 437007
F 220007
0L GOON-01
8,8930-10
& 25B0-0%
=3 B200-04
7.9830-10
2:9120~08
~2. 498010
4. 5320~10
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COl. 13

0.0000-01
Q.0000~01
0.0000~01
=3+ 404007
1+6170~-09
1+3780-09
2.0450-10
1.7620-08

| ~541370-10

1.3570-07
3.7020-07
~8 ¢ BFIL-10
0.0000-01
~& 4 704L-09
~3, 6120-06
~4,80CI-0%
2, 278006
~1,4270-09
1,1410-09

CoL 19

0,000D-01
0.00Q0-01
0,0000~01
L2, 890007
L.8180-09
1.0650-09
1.9510-10
~1.4960-08
=1.3490-09
=1 1 T0AN-07
=3+ 143007
-4, 32010
=L+1410-09
=1, 234008
X Q67008
3412009
~1.92340-08

C =y QAGT-10

Q. 000001

14

0.0000-01

0.000-01 .

QL. 0000-01
~F+ 381006
68146009
B.8510-09
1:+08670-09
2.78460-07
2+ 38460-0%
2.1450-08
F.8510-04

6 2UuB0-09

& 704009
0.0001~01
=% 7100~
3. 184008
3+ 6011003
=1 .3030-08
"1 .2340-08

15

0.0000~01
0. 0000~01
0.,0000-01
-1, 18550~07
~1+0100-0%
=7+ 074004
=1+ 1880-04
4, 900009
S+ 651008
8.3540-0%
L+ 235007
3.8250-04
3.6120-06
F.7100-05
0.0000-01
R I7IN-05
7367007
G 122008

~3.06720-06

87

14

0.0000~01
0.0000-01
0. 000001
~2:23580~06
AL e 803["‘"09
~=3.5000-10
~2:0780~-10
1.1580-07
4,1340-0%
8.2120-07
2,4310-06
-7 583110
4.8000-09
3.1840-08
-2,3730-035
0.0000-01
1.4%460-05
=2 5865009
3:4190-09

17

0. 000001
0,0000-01
0.0000-01
2,44640-0%
&.3710-06
4. 44610-06
723462007
DL E330-10
-3 5463004
2,2780-08
-1,3840-0%
~-2.4120-04
- 2781"’"0&
-3 5010~-0%
=7+ 467007

~1 . 498611-0%

~3, 230008
1.9340-06

13

0.0000-01

0+0000-01
0.0000~01
~4,8270-07
=1+ &9 7009
~8. 404010
=1, 7110-10
2, 499Li-08
1.5030-09
1.9240-07
54249007
2,4980-10
1.,4270-09

1.3050-08

"'5 * 1 22[”"‘0(‘)_

24365009
3.2300-064
0.0000-01
4.,0860~1.0
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Design Model
Mode Number

RETAINED FREQUENCIES sk

FREQUENGCY

(RaR/SEC)

0. 00000000Q0000000I-01
Q,00000000000000001-01
0.00000000000000001-01
0. 00000000000000000~01
0. 000000000000000011~01
0.00000000000000000~01
Q. 00000000000000001-01
0.00000000000000000~01
1.24342528488824900-01

S 1.8511799727004177001-01

2.32524890019953000-01
G.562P55314693530500-01
4. 20201235520929700L--01
7+796363918382100011-01
1.56328152578219101 00
3. 1346882963048256900 00
B.F0720895490163900 00

§.24892516391729700 00

1.400831577546005100 01

(HZD)

0, 00000000000000Q00--01
0. 000000000000000011-01
0.00000000000000000~01L
0. 00000000000000000-01
0+ 00000000000000000~01
0+ 0000000000Q0000001-01
0+0000000000000000I1-Q1
0 00000000000000000--01
1.,979084214619850700~02
2.4086103F951L7692700-02
J+81L21G702402181000-02
8.89371834588P593000-02
1.09848938372430200-01
1.24082988543049200~01
2,47212432841557000-01
4, 992504294592883200-01
6, 39B0PTHAIIBARZ2000~01
1.8583420618288782000 00

2L.22PAF2700078RFFON 00

Table D-1

Relationship of Evaluation Model Frequencies to

Original Spacecraft Model Frequencies (Table 8)

Original Model
Mode Number[

Importance According to

Modal Cost Analysis

|Cmmﬂmd

F]exib]eI

Rigid
1 1 1 T
2 2 2
3 3 3 Retain Rigid
4 4 4 Modes
5 5 5
6 6 6 l
7 7 7
8 8 8
9 9 1 1
10 10 2 6
11 11 3 3
12 13 5 4
13 14 6 7
14 .16 8 2
15 21 13 5
16 29 21 11
17 30 22 8
18 37 29 10
19 45 38 9




k¥ RETAINED EIGENVECTORS ok »
ROW N CoL. 1 o2 3 4 ' ] ' )

12682002 0.0000-01  0.0000-01  0,0000-01  7,8170-03 3.1390-03
0,0000-01 1.86820-02 0.0000-01 —6:.6150-03 2:8070-086 I, 1720-05
0. 000001 0.0000-01  1.46820-02 9.98610-04 ~1.3480~-05 —-1.0160-05
0.0000-01  0.0000-01 0.0000-01 2.0940-04 ~3,8UFN-07 ~9.2570-07
0.0000~01  0.,0000~-01  0,0000-01 ©0.0000-01  1.0470-03 7.3310-04
0.0000-01L  0.0000~01 0,0000~01 0.0000-01 0.0000-01 2,0030-03
0.0000-01  0.0000-01 0,0000-01 0.0000-01 0.0000-01 0.0000~01
0.0000-01  0,0000~01 - 0.0000-01 0,0000-01L 0.,000D~01 0.0000~01
0.0000-01  0,0000~01 0,.0000~01 0.0000-01  0.,0000-01 0.0000-01
10 0., 000001  0,0000-01 0.0000-01 0.0000-01 0.0000-01 0.0000~01
i1 0.0000-01  0.0000~01 0,0000~01 0.0000-01 0.0000-01 0.0000-01

000N O U G R e

12 0.0000-01  0.,0000~01 0,0000-01  0,0000-01  0,0000-01  0.0000~01
13 0,0000-01 0,0000-01  0.0000~-01 0,0000-01  0,000D-01 0.000D~-01
14 0.0000~-01  0.0000-01 0.,000I-01  0.0000-01 0.0000-01 0.0001-01

1.3340-03 " 5.7770-07  3,0810-03 ~1..1350-00G 1.98&B“0é 1.5410-03
2444006 9.33IBL-04 5.3P30-06 -1.2870-03 L F200-03 ~-8.2890-05
=1+ 6090-06 -2,0180~04 I, 738005 5,.5270-03 4+“O?D 03 ~u¢?"?ﬂ Oé
-9, 174008 —4.7080-085 ~-8,282D0-07 "3¢uhxﬂ 04 -2, 888004 «BEPT~
1.,2000-04 1,.11920-07 -H.85s0-04  F. 9050~ Oé 2133007 -3 964D"04
1.4410~04  2,2130-07  1.1570-03 -1 .5L50~ n+d1°U Qb “u+)X”U 03
Hs 244003 S, 791008 -5, 003004 H.4030- Ou ~L¢;OOU 06 8.5180-04
0. 0000~01 " H.9210-03 ~2,1990-086 ~4, 851004 -2, 577003 1.7310-046
0 @ OOOU_OJ 0 3 OO()““()I "‘/ + \.)z 3U 02 & e 57/'!']:"‘\}4 -1 \“3 )‘U""O"i} 1.2180- O l. ’
0. 0000~01  0:0000-0) ~1,0570-04 ~2,6140-082 ~2,1930-02 -5, 37400~ :
0.0000~-01  0.,0000-01 f.8470-08 2.7E80-02  7.0850-02 “Qe218ﬂﬂ05'
0, 000001 0.0000-0L  4,2000-08  1.2110-03 I 4205003 —-2.4970-08
Q. 0000~01 Q. 0000~01  H,.7350-0% -2,2870-06  1.774D0-046 ~1,.0000-03
0,0000~01  9.0000-01  F.IFED-03 -é;O”lU 0% 002004 —6, 323003

0 ds 03 EY =

do Gd BRSO L0 ] O
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(Cont'd)

I S ROW N\ COL 7 3 B~ 10 11 _ 12 -
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ROW N\

1
D
e

3

CON G U s

13

Col.
2 P3RN-04

A, 1520-0%
1. 0370103
=1 +A4070-048
-3 743004

3.1100-03

1,6880-05
-8, 1840~07
~9,0700-02
-2, 032005
A EPS0-05
2,2090-06
~5, 2490-04
3. 2070-03

coL 19

-3.2160-05

14

~3,66111-03
& 740006
G+ 495005
-4, 329006
=3+7180-03
2.7450-04
4.+ 8380-03
—2.,4220-06
2. 709001
=-1.92340-04
1.5900-04
b+ 796006
=1.+1140-02
-4 5220-04

2.9160~05

G,2020-064
-1 .8540-06
3.1780-04

8,9740--05
I.8030-01
2,4510-04
1.,4700-02
=1 Q730~-03F
G HIP0-03
=2+ 431004
-1.76920-0Q1
I 307002

15

=&, BALN-05
-5.1070-03
~& o BA30-04
2. 450003
=1+ 270004
=4, 7446003
8. 20460035
~2. 6463003
~-4,3180-03

4.,3410-01
*&¢046H*01
=7 . 09001-03
~2.1040-04
=3 2700035

90

16

=3 147004
~-2.:5400-04
7 605006
3.5820-06
~2, 4FP0-03
~-2.2000-04
1, 641002
=3, 707006
-1.0080-01
1.55830-04
-6+ 828005
2., 173008

1367002

-3+4660~-03

17

=7 6810046
2.2450-03
3.0770-04

~& . 0850-03

2, 712008
2, 644005
9., 890008
-85 3041003
~5, 008~04

~2,6320-01

1.3370-01
1.+1340-02
-8, 3020-0d
2.8470-0G

i8

?.0090-05
2 3I2N-Q4
1.09560~04
1.8171-06
-5.3080-04
-1+ 342004
1.1970~01
~2.1020-07
~2.117D~02
7. 9030-0%
~3.8000~03
-8.9270-07
-1.1780-01

2.3520-02
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