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A cable-mesh structural configuration is one of the light-weight structural concepts adopted on a kind of space structures such as a
large-scale deployable reflector consisting of the surface and back-up cable meshes and tie-cables. The surface shape is stabilized
by applying appropriate tensional load to the surface cables and supported tie-cables. Variations on cable tensional force due to
uncertainties on cable natural length or Yoursgnodulus will deteriorate the surface shape accuracy that is one of the most important
factors on the space reflector. In addition, sophisticated adjusting approach to control the surface shape ittt iessquired. For

the purpose, this study addresses the uncertainty analysis on a typical type of a cable-mesh reflector consisting of 930 surface cables
and 325 tie-cables that is designed to satisfy less thari@* mmRMS surface error on the nominal condition. As a preliminary
uncertainty analysis, deterioration of the surface shape due to variations on natural length of tie-cables is investigated by Monte Carlo
simulation. Then, the surface error is described by Zernike polynomials. The surface error modeled by the appropriate number of free
parameters will make it possible to perform on-orbit adjustment of the reflector with reduced number of adjusters.
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1 Introduction cables and investigates theazff on the shape accurayby
numerical calculations using a sample cable-mesh reflector
A space reflector of a cable-mesh structural configura-shown in Fig. 1. The cable-mesh structure consists of 930
tion shown in Fig. 1 consists of a mirror cables, a back-Upgyrface cables and 325 tie-cables, and the diameter, aperture
cables as counterparts of the mirror cables and tie cables thglea and focal length of this reflector are about 5m, 12228m
connect the both cables. This structural configuration was;ng 8m, respectively.
developed to achieve the surface mirror accuracy require- First, sensitivity of the surface accuracy in terms of the
ment by loading an appropriate tension to each Cabiel e caple length is investigated. The probabilistic distribution
was adapted in HALCA satellité As the surface accuracy of the surface accuracy is estimated in terms of variation of
is affected by manufacturing errors such as length afiel sti the tie cable length by Monte Carlo simulation. Then, the
ness of cables, adjustment of these parameters are importapriation of the surface shape is estimated using Zernike’s
task before launch. HALCA satellite satisfied the shape aCpolynomiald that are used to model variation of wave sur-
curacy requirement by adjusting cable lengths at the groundaces such as defocus, astigmatism, or coma aberration modes
verification test. of the optical systems. The orthogonal polynomials are ap-
A future space mission requires higher shape accuracy tgjied to model surface errors of the space antehniasad-

observe using higher frequency electromagnetic wave. Fopjition, adjustment of the surface error on orbit is expected.
the purpose, an efient mechanism by reducing the num-

ber of adjustment parts is required to reduce the adjustmer# Variation of RMS Error Caused by Tie Cable Length Un-
efforf. On the other hand, uncertainties such as cable length certainty

errors or variation of cable elasticity have significafieet . . . _
y g In this study, deformation shape and internal force distri-

on the shape accuracy. : .

This study considers uncertainty of natural lengths of tie_bUtlon of the qable-mesh reflector are evaluated by using an
in-house nonlinear FEM code developed by one of the au-
thor. The flow of the nonlinear FEM analysis is illustrated
in Fig. 2. Newton-Raphson method with a line-search is
adopted to update the tangent stiffness matrices.

Each cable length of the cable-mesh reflector shown in
Fig. 1 is designed to have an 8m focal length parabola sur-
face for the nominal equilibrium condition. For the nonlin-
ear FEM analysis, the surface error is found to be %81

tie cables surface cables L07*mmRMS.
2.1 Variation of RMS Error
Fig. 1 Cable mesh reflector When the tie cable |engt|h, is shifted from the nominal

length asli(1 + a), the surface will deteriorate. First, the
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Fig. 2 Nonlinear FEM analysis flowf, = p(U)

(a) In case of 1% shorter

(b) In case of 1% longer

Fig. 3 RMS error distribution due to 1% variation of tie-cable
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Fig. 4 Histogram of RMS error obtained from 10000 samples
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Fig. 5 RMS errors in terms of the cfiiient of variation of the tie
cable length.

2.2 Monte Carlo Simulation

Then, statistical property of variation of RMS error caused
by the tie cable length uncertainty is estimated by Monte
Carlo simulation. Assume that the tie cable lengths are inde-
pendent normal distribution with 1% of coefficient of varia-
tion, standard deviation divided by average value, where the
average values are assumed to have nominal values. His-
togram of the RMS error obtained by Monte Carlo simula-
tion with 10000 samples isillustrated in Fig 4. Itis estimated
that the RMS error (MmRMS)is normally distributed of the
averageu = 2.42 and standard deviatiom,= 0.196. It indi-
cates that uncertainty of the RMS error can be described as a
linear function in terms of variations of the tie cable length.

Then, the averages and the standard deviations are inves-
tigated for diferent values of coefficient of variation. Fig. 5
shows the change of averageand the worst valug + 30
in terms of the coefficient of variation. The average and the
standard deviations are linearly varied in terms of the coef-
ficient of variation, when the value is less than 1%. On the
other hand, the slope is changed at around 1% of the coef-
ficient of variation. That means, some nonlinear effect will
appear on the variation of RMS errors.

deteriorate rate of the surface accuracy due to variation of

each tie cable length is investigated.

Fig. 3 illustrates the RMS error distributions in case of
1% longer or shorter variations of the tie cable length from
the nominal conditiong = 0.01, where (a)—y plain indi-
cates the position of the tie-cable, andoordinate the RMS
error value. It indicates that the edge cables have larger e
fects on the RMS error than cables around the center.

3 Shape Error Described Using Zernike Polynomials

Zernike polynomials are widely used in the analysis of
optical phase properties as reflectdrs In this study, the
shape error is represented by using these polynomials to re-

1J_ate the error to the optical mode. The polynomials are de-

fined as follows:

Unm(f,6) = Ram(r)cOS(M) ~ m=> 0 &



Fig.6 Lower Zernike modds (a) Surface error distribution example.

Unm(r, 8) = Rym(r) sin(mp) m<0 (2)
Where
Rum(r) =
e (-1 - s)! s (3
-y st{{n+m)/2— s)' {(n—m)/2— s}!

Somelower modes correspond to tilt, defocus astigmatism,
coma shown in Fig. 6.
The shape erroZ(r,8) is approximated by describing

weighted sum ot (r, 9).
g nan(r. 6) (b) Approximation using Zernike polynomials.

Z(r,0) = AtUqo(r, 6) + AoU14(r,0) + - - + AlUnm(r, 6) (4)

0.8

where A, (i = 1,---,K) is a weighting coefficient corre- 06
sponding to each term. 0.4
A sample example of the shape error distribution ob-
tained from Monte Carlo simulation in the previous section
is illustrated in Fig. 7 (a). The approximated shape error
by Zernike polynomials is shown in Fig. 7 (b). It is found
that the approximation works well when the higher modes
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are adopted, where the RMS error is 0.509 mmRMS and the 06

CoemCientS are Shown in Flg 7 (C) _0'80 50 100 150 200 250 300 350 400
Then, the statistical property of the Zernike approxima- Index number

tion is demonstrated from 10000 Monte Carlo simulation (c) Coeffcients of Zernike polynomials.

samples described in the previous section. The average, stan-
dard deviation and the absolute value of fiie&nt of vari-

ation (c.o.v.: deined as standard deviation devided by aver- _ L
age) of Zernike polynomial coefficients are shown in Fig. 8, RMS error caused by the tie cable length uncertainty is in-
where 400 Zernike terms are used in the approximation. The/€Stigated and the statistical property is investigated through
dominant terms are listed in Table 1, where terms with 0 Monte Carlo simulation. Then, the shape error is approxi-
correspond to the circular modes and thase: 6k (mode mated by using Ze_rni_ke polynomials. The dominant modes
multiplies of six) to the hexagon modes. The hexagon mode£aused by uncertainties are also demonstrated.

have significant effect on this reflector, because this reflector Based on this approach, effect of uncertainty of the ther-
is a hexagon-based shape. In addition, some modes haygal environment on orbit on the shape e}ccur"af.&and the
large standard deviations in spite of small average valuesfficiency of Zernike polynomials will be investigated.
Considering uncertainties of the tie cable length, attemio”%o\cknowledgments

should be paid on such modes.

Fig. 7 Surface error distribution and its approximation.
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4 Concluding Remarks
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Table 1 Dominant Zernike terms.

Index n m | Average Standard deviation c.o.v.
(x10%) (x10%)
1 0 O -1.57 6.59 4.20
325 18 18 2.17 9.21 4.25
145 12 12| -8.97 39.36 4.39
37 6 6 13.01 60.09 4.62
364 20 18 0.32 1.49 4.64
4 2 0 -3.77 17.86 4.74
9 4 0 -4.92 24.25 4.98
52 8 6 10.15 51.57 5.08
172 14 12| -3.85 19.85 5.15
16 6 O -4.83 26.07 5.39
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Fig. 8 Zernike cofficients obtained from 10000 samples under
1% codficient of variations of tie cable length.
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