JULY-AUGUST 1990

w, ¢ maximum attitude rate (deg'I s)

. 0.01

e

L

o

S -

(G ]

=& 0.001

232 ;

£Y

[=NNe]

— i

O

a o
0.0001

0.1 - 1.0 10.0
Control frequency (llz)

Fig. 2 Control regions of two reflector drive methods.
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Fig. 3 Relations between control gain change and structural
parameters.

Antenna Structure Dynamics

Large onboard antennas, which are stowed during launch,
are deployed once the satellite reaches its designated orbit.
Reflectors are supported with antenna support booms and
deployment mechanisms. For satellite communications using
the Ka or Ku band, the subreflector itself is rigid in compari-
son with the drive control frequency. However, the antenna
support booms with deployment mechanisms are flexible. The
antenna structures, therefore, can be modeled as a flexible
cantilever with a rigid mass and a torque actuator at its tip. To
prevent these structures from resonating, their eigenfrequen-
cies must be greater than the control frequency of the ADCS.
On the other hand, very high eigenfrequencies require the
structure mass to be increased. To optimize the system, it is
important to identify clearly the dynamics of these structures.
In this study, the influences of structural parameters on con-
trol gain of the ADCS are assessed for the gain stabilization
control concept.

Satellite dynamics can be ignored in the antenna pointing
control system of ETS-VI because the attitude control fre-
quency is lower than one-tenth of the antenna drive control
frequency and the inertia of the satellite main body is much
larger than that of the driven subreflector. The dynamics of
the antenna structures, therefore, are given by

Iaéa + Iad’;q = Tac (2)
LoLba + md + 25,0,9 + wlg =0 3)
0, = Ky(0, + ¢2q + réaq) “@

where m =1 + I,¢,% + mg¢2, in which m, is a mass that is
driven. The transfer function of these structures, G,(s), is
derived using Eqgs. (2-4).

Ky bs? 4 28,w,8 + 02

Gps) = 1,52 as? + 28,0.5 + 02 ©)
where
1+ mél
a= - (6a)

ENGINEERING NOTES 763

_ 1+ mad’ﬁ — Iaqszlqusa
m

b (6b)

In Eq. (5), the term in parentheses represents the flexibility
of the antenna structures. The gain at the eigenfrequency of
the structures, w,/a”, is given by

_ @ [al —b/a)" + 4§%]
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To maintain sufficient gain margin in the ADCS at the
resonant frequency, gain changes due to deviations in struc-
tural parameters are calculated. Figure 3 shows gain changes
vs eigenfrequencies for four damping ratios. In our assess-
ment, the nominal value of Z, is 0.01, and its tolerance is
about 0.005. The gain change is, therefore, calculated to be
about 6 dB. Other flexible parameters, modal slope and modal
displacement angle, were estimated in a similar manner. The
control gain changes due to these tolerances were clarified as
about 3 and 2 dB, respectively. As a result, a gain margin of
more than 11 dB is required to make the control system stable
against changes in the structural parameters.

Conclusion

Significant structural parameters of the onboard antenna
pointing control system for ETS-VI were clarified, and the
following conclusions were reached.

1) A subreflector drive is preferable to a main-reflector
drive, because of required control accuracy and total antenna
mass.

2) A control gain margin of about 11 dB is necessary for the
control system to be stabilized against changes in the struc-
tural parameters.

Calculation of Stability Derivatives for
Slender Bodies Using Boundary
Element Method

Shinji Suzuki* and Kizuki Fukudat
University of Tokyo, Tokyo, Japan

Introduction

HIS Note presents the application of the boundary ele-

ment method to calculate the stability derivatives for a
slender body. Aerodynamic characteristics of slender fuse-
lages, wings, and their combinations have been estimated us-
ing the slender-body theory in the initial design stage.! This
theory can transform three-dimensional flow problems into
two-dimensional, incompressible flow problems in the cross-
flow plane perpendicular to the long axis of the body.??
Bryson has shown that the theoretical stability derivatives of
the slender body could be determined by use of the concept of
apparent-mass coefficients of the crossflow section of the
slender body.* However, since the conformal mapping tech-
nique has been used to analyze the two-dimensional flow, it
has been difficult to calculate the stability derivatives of a
complicated configuration by the slender-body theory. In the
present Note, the boundary element method’ is applied to
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Fig. 1 Coordinate system and element division of crossflow section.

calculate the apparent-mass coefficients of the crossflow sec-
tion with an arbitrary shape to estimate the stability deriva-
tives.

Slender-Body Theory

Figure 1 shows a typical slender body moving in an infinite
fluid, stationary at infinity. Let the body axes X, Y, and Z
have their origins fixed at the center of the gravity of the body.
The local axes &, 5, and { are defined on the crossflow plane
as shown in Fig. 1. Here, configurations are limited to ones
where the aft end of the fuselage and all wing trailing edges lie
in the bottom crossflow section.

In this Note, the flow about the body is analyzed using the
slender-body theory. The basic thought underlying this theory
is the assumption that changes in the perturbation velocities
about the bodies are small in the X direction compared with
those of the perturbation velocities in the Y and Z directions.
This causes the potential equation to be reduced to that of
two-dimensional flows in the #-{ plane (the crossflow plane).
Therefore, the disturbance potential in the crossflow plane can
be given by

O=vd1+ W+ pd3+ _;lui¢3+i 0))

where v and w are the velocities of the crossflow section in the
y and ¢ directions, and p is the angular velocity of the cross-
flow section about the £ axis. Furthermore, u; is the velocity of
the ith control surface in the crossflow section.

The kinetic energy of the fluid per unit length along the X
axis is given by

T =Y. q'Mg 0]

where

ql = [U:W,P:uh“z»---sur] (3)
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and ¢, p, and n are the boundary surface of the body in the
crossflow plane, the density of the fluid, and the outward unit
normal vector defined on ¢ as shown in Fig. 1, respectively.
Note that M;; are called the apparent-mass coefficients of the
crossflow section.

Bryson’s method of apparent masses is based on the results
of Lamb,® which indicate that the aerodynamic force per unit
length on the body at a crossflow section can be evaluated by
using the kinetic energy in Eq. (2). The total aerodynamic
forces and moments acting on the body are calculated by
integrating the sectional forces from the base to the apex along
the X axis.*
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Boundary Element Calculation

The disturbance potential in a two-dimensional incompress-
ible flow is governed by the following integral equation’:

1 1 ] 1 1 { o, (1
2¢+21r§c¢6n<g"r>ds—27rjcanen<r)ds ®

where 7 is the distance between any two points on the bound-
ary surface.

So as to solve Eq. (5) numerically, the boundary is divided
into N segments (T;) as shown in Fig. 1. The values of ¢;,
d¢;/0n are then assumed to be constant on each element. If
collocation points are selected at the middle of each element,
Eq. (5) is finally rewritten as follows’:

HU = GQ ©
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It is noted that the Q is defined by the boundary conditions,
which require that the normal component of the flow on the
boundary surface should be zero. Hence, we can get U by

U=H"'GQ (10)

The apparent-mass coefficients in Eq. (4) can be calculated by
integrating the product of vectors U and Q. The preceding
numerical calculation makes it possible to obtain the appar-
ent-mass coefficients of an arbitrarily shaped section.

Results and Conclusion

First, the apparent-mass coefficients of a circular body with
a planar midwing were calculated. The planar wing was as-
sumed to be an ellipse with a thickness ratio of 0.05. Boundary
surfaces were divided into 48 segments. Two types of appar-
ent-mass coefficients, M;; and M,,, are illustrated in Fig. 2,
where the ‘‘circle’’ shows calculated results and solid lines
indicate analytical solutions (Ref. 1, p. 372). The abscissa of
Fig. 2 denotes the ratio of the radius of the body to the
semispan of the wing. The ordinate means the apparent-mass
coefficients, which are nondimensionalized by those of the
wing without the body. This figure shows the high accuracy of
the numerical method.

The second example was the stability derivatives of a flat
triangular wing with analytical solutions. In the calculation,
the cross section of the wing was assumed to be an ellipse with
a thickness ratio of 0.05. The aspect ratio of the wing was
selected to be 2.22. The center of moments, reference area,
and reference length were adopted as the centroid of wing
area, the wing planform, and the total wing span, respectively.
Note that the angle of attack was chosen to be 0.1 rad. The
cross section was divided into 48 segments and the number of
cross sections along the X axis was 10. Table 1 compares
calculated stability derivatives with analytically determined
ones (Ref. 1, pp. 374-378.) This table indicates that the maxi-
mum error of the numerical results is less than 2%.
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Table 1 Stability derivatives of flat triangular wing?®

Analytic! Present method

Cp 0.209 0.211

Cen —~3.49 ~3.51

Cuq ~2.09 -2.11

Cig ~0.105 —0.104

Cip —0.218 -0.214

Cir —0.0157 —0.0156
Cing —-0.471 —0.474
Cnp —0.0157 —0.0158

dAspect ratio: 2.22; angle of attack: 0.1 rad.

Finally, the rolling moment due to the sideslip of the delta
wings against the aspect ratio was computed to compare calcu-
lated results with experimental data.” As shown in Fig. 3, the
profile of the cross section was an ellipse with a thickness ratio
of 0.05 and was divided into 48 segments. In Fig. 3, the solid
line denotes the calculated data and the ‘‘circle’”” means the
experimental results (Ref. 7, p. 187). It is shown that the
rolling moment due to the sideslip decreases greatly with the
decreasing aspect ratio, and that agreement between measure-
ments and calculation is good.

In summary, a simple computational method for the slender
body theory has been developed to provide a computer-aided
design tool for aerospace engineers who want to estimate the
stability derivatives of an airplane with a slender body config-
uration at its initial design stage. It is finally noted that since
the stability derivatives related to the drag force cannot be
calculated by the preceding potential-flow theory, we use a
semiempirical formula! for estimating the drag.®
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Compressed Polynomial Approach
for Onboard Ephemeris Representation

B. V. Sheela* and P. Padmanabhant
Indian Space Research Organization Satellite Centre,
Bangalore, India

1. Introduction

NBOARD ephemeris representation, be it for spacecraft

pointing,! online annotation of remotely sensed im-
agery,2 or NAVSTAR/global positioning system navigation
message generation for a user satellite,> is becoming an in-
creasingly important demand for any mission. In all of these
cases, the end user is not only concerned with the accuracy of
the ephemeris information but also the frequency and load of
ground updates and onboard processing time. The alternatives
for onboard ephemeris generation/representation known to
date are 1) modeling of all the perturbative forces onboard,*
2) conic propagation using the delta-rho perturbation method,’
3) modeling of Keplerian parameters plus perturbations,® and
4) approximating the ephemeris by polynomials and transmit-
ting the coefficients.?

As discussed in Ref. 4, although the first option allows more
autonomy for the spacecraft, limited computing power on-
board and ground update transmission limitations might ren-
der the approach unattractive sometimes. The second alterna-
tive, viz the delta-rho perturbation method,’ is a very elegant
approach, whose applicability to geosynchronous orbit has
been demonstrated with simulation studies. In this method the
trajectory of a desired orbit is treated onboard as a dispersion
around a reference orbit, whose trajectory is generated in a
large, ground-based computer and is transmitted to the space-
craft. Since this involves integration of differential equations,
it may be beyond the capacity of the limited processing power
of onboard processors. The third method, as stated in Ref. 6,
does not abruptly deteriorate in accuracy after the duration of
applicability but involves lengthy algorithms requiring large
storage requirements. The suitability of the fourth option,
namely polynomial approximation, has been demonstrated by
Wakker et al.’ for dissemination of NAVSAT ephemerides
between both the mission center and the regional center as well
as the regional center and user spacecraft. There the represen-
tation was restricted to parts of an orbit. All the same, the
polynomial approach per se has been discarded by many® as
being either incapable of representing multiple orbits or as too
demanding in terms of transmission load when extended to
multiple orbits. No evidence of exercising this computation-
ally simple approach, with a view to compress the representa-
tion further, is secn in the literature, at least to the authors’
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