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KiroueBble ciioBa: reKcamnoa, KoCMHYECKas O6C€pBaTOpI/I}I; MEXAaHNU3M IMO3UITUNOHUPOBAHUS aHTCHHBI,
HapaHHeHLHLIﬁ MEXaHU3M

B cratbe uaer peus 0 mpoekTe KocMU4eckoil oocepBaropun « MuunMeTpon». Bo BBeneHnn
JlaHa KpaTkasi UH(opMarius o IpoeKTe, MPUBEIEHO ONUCAHNE KOHCTPYKIIMU U OCHOBHBIE TEXHUYE-
CKHE XapaKTepUCTUKU 00CEpBAaTOPHUH.

Crarbs nenutcs Ha TpU pasnena. B mepBoM paznene ¢ MO3UIUKA yHpaBiIeHUS OpHEHTa-
IIMel TeJecKona BhIJEICHBI JiBa HAaIlpaBiIeHUs pa3paboTKku. PaccMOTpeHbl HECKOIBKO BapHAHTOB
KOHCTPYKTHBHBIX PEIICHUH TeJeCKoma, 00eCIeunBaroInX 3aJaHHbIe TEXHUIECKHE XapaKTepuC-
THUKH.

Bo BropoM paznene cTarbu IpeICTaBICHbI YETHIPE MOJEIHM IOBOPOTHOIO YCTPOWCTBA Telle-
CKOIIa, BBIIIOJIHEHHOTO B BHJI€ MHOTOCEKIIMOHHOTO MEXaHU3Ma IapaJljIeIbHON KMHEMaTHUKU THIIA
x000T. 3a7aHbl OCHOBHBIE MaccOrabapUTHBIE XapaKTEPUCTUKKU CUCTEMBI M HA UX OCHOBE BhIOpaHa
Haubosee MoaXoasIIast MOAEb. YCTaHOBIIEHBI pa3Mepbl KOHCTPYKIIMH, YIOBIETBOPSIOLINE 3a/]aH-
HBIM TPEOOBaHUSM.

Tpetuii pa3zaen cTaTbu MOCBSAIIEH MNIAHUPOBAHHUIO TPAEKTOPUH NIEPEBOJa AaHTEHHBI 00CepBaTo-
pPHH U3 TEKYILEro B 33JaHHOE JOIMYCTHMOE IojioxkeHue. s cuHTe3a TpaeKTopuH pa3paboTaHo
IIpOrpaMMHOE MPHIOKEHHE, HanucaHHOoe Ha s3blke C++. [lpunoxenue obecrieunBaeT perieHue
MOCTaBJICHHBIX B pazjiesnie IpsMoi u 0OpaTHOM 3a7a4 KMHEMaTUKU MaHUITyssTopa. PaccMoTpeHsl
UCIIOJIb3yEMBIE B IPOrPaMME UTEPALIMOHHBIN U ONITUMU3ALIMOHHBIN METO/IBI.

B 3akimroueHnn nenaercs BbIBOJA O NMPUHLMIIHMAIBHOW BO3MOXKHOCTH CO3/1aHUS MHOTOCEKIIH-
OHHOI'O MaHUITYJISTOpPA Ui 00ecrieueHusl HaBUTallMOHHBIX 33a]1a4 OpOUTaIbHON acTpopU3NIECKON
oOcepBaropun «MuunMeTpon». POpMYIHPYIOTCS MEPCIEKTUBBl AAJbHEHUIIET0 pa3BUTHUS pa-

OOTEL.
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“Millimetron” space observatory project is introduced. Essential technical requirements and capabilities
are given. Two possible design approaches regarding telescope position control are discussed. Several
designs of a multi-sectional manipulator for antenna position control are considered. Problem of
trajectory synthesis for moving the manipulator to the command position is formulated. Forward and
inversed kinematics problems are stated. Two methods for solving trajectory synthesis problem are
introduced. Programmatic solution is implemented and described. Further development directions are
designated.

Keywords: hexapod, space observatory, antenna slewing mechanism, parallel mechanism

Introduction

“Millimetron” is a project currently under development by the Astro Space Center (ASC)
in the Lebedev Physical Institute of the Russian Academy of Sciences, the NPO Lavochkin,
and the OAO “Information Satellite Systems” n.a. Academician M.F. Reshetnev in cooperation
with a number of Russian and international companies [9, 10, 11, 12]. The project is headed
by Nikolay S. Kardashev and aimed at building a space observatory with a cryogenic radio
telescope functioning in a wavelength range from 20 mm to 20 um. A diameter of the telescope
is 10 m. The observatory is intended for investigating different objects in the Universe at the
ultrahigh sensitivity (in the single-dish observatory mode) and the unprecedented high angular
resolution (in the ground-space very long baseline interferometry (VLBI) mode) in the infrared
and millimeter wavelength ranges [14]. The ultrahigh sensitivity of the space telescope is achieved
by cryogenic cooling of the antenna’s dish, heat shields, and receiving equipment using liquid
helium (Figure 1). The telescope’s sensitivity matches the sensitivity of a 100 m telescope without
cooling.

The observatory’s automatically deploying antenna is 10 m in diameter and consists of three

dishes and coaxial active and passive heat shields mounted on the “Navigator” space platform
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Figure 1: Overall view of one of the versions of the “Millimetron” space observatory

similar to the one used in the “RadioAstron” project [2]. The antenna’s main dish, its adja-
cent active heat shield and a cryocontainer for the scientific equipment are cooled by liquid
helium to the temperature of 4.5K while the receiving equipment is cooled to 0.2 K. The main
dish is formed after deployment and locking of rigid high-precision blades with adaptable re-
flecting surface. The antenna’s subdish is 57 cm in diameter and is located inside the main
mirror in the antenna’s primary focus which protects it from zodiacal light and heat radiation
of the Earth and the Sun. The subdish is equipped with a hexapod mechanism for adjusting
the antenna after its deployment. The third (flat rotary) mirror is located near antenna’s sec-
ondary focus inside the cryocontainer and is equipped with a two-degree-of-freedom mechanism
used for transmitting the radiation under study to one of the detectors positioned around the
mirror.

The natural-vibration frequencies are about 5 Hz for the antenna structure and nearly 3 Hz for
the heat shields. An accuracy of functional surface of the antenna’s main dish must be no worse
than 10 gm (RMS deviation). The antenna guidance accuracy must be no worse than 1 arcsec and
its stabilization accuracy must be no worse than 0.2 arcsec.

The telescope’s unprecedented resolution is achieved as a result of its work in cooperation with
large ground-based telescopes in the VLBI mode at distances of up to 1.5 million km away from

the Earth. The telescope is planned to be launched into the orbit orthogonal to the ecliptic plane
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in the region of anti-Sun L2 Lagrangian point to compensate for the gravitational influences of the
Sun and the Earth.

In the first part of the paper we examine design versions for the observatory. In the second
part we offer several models for the antenna’s slewing mechanism implemented with a multi-
sectional parallel “trunk” mechanism [4, 6, 13]. The third part is dedicated to planning the antenna
movement from its current point to a target position. In the conclusion, the main results of the

work and prospects for its development are stated.

1. Design versions

Several constructive decision versions meeting the technical requirements were considered
during the development of the “Millimetron” observatory. Regarding the telescope attitude control,

there are two directions of development.

The first direction suggests the permanent orientation of the observatory’s longitudinal sym-

metry axis and its radiation screens towards the Sun (Figure 2).

CornHue

Figure 2: Orientation of “Millimetron” relative to the Sun

In this case it is required to rotate the antenna relative to the service module where reaction-
propulsion engines of correction, orientation and stabilization and flywheel-engines are installed.
The antenna itself must be moved away from the nearest heat shield to prevent collision when
rotated by 90°.

One of these variants utilizes a flexible frame as a supporting device and is shown in Figure 3.

A total length of the presented version is 22—24 m; the total mass is about 7 tons, 2.5 tons of
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Figure 3: One of the design versions

which is due to the masses of the “warm” container and the service module. The mass of the
antenna with the cryocontainer is about 2.5 tons, too. The transformable structures of deployable
radiation shields and one of the active cryocontainers, as well as the slewing mechanism (with a
total length of 12 m and a total mass of 1.5 tons) are positioned between these two sections of
the observatory. Thus, the observatory has an oblong dumbbell shape with the telescope on one
side and the service module on the other side. Masses of the service module and the telescope are
approximately the same and the observatory’s center of mass lies approximately in the center of
the “dumbbell”. The location of the observatory’s center of mass in this case strongly depends on
location of the telescope’s center of mass when it moves, which makes it necessary to compensate
for incipient moments by using of the engines of the service module.

In the simplest mechanism for the flat turn of the telescope the cryocontainer is fastened to the
edge of the supporting truss (see Figure 3). Practically, though, this mechanism results in a 1.5 m
deviation of the telescope’s center of mass from the observatory’s longitudinal axis of symmetry
and in a 1 m deviation of the observatory’s center of mass. Compensation of incipient moments by
using of flywheel-engines is impossible in this case, and usage of reaction-propulsion engines of
the service module is limited by the propellant margin and the required period of unfailing service
life of 10 years.

Thus, keeping the center of mass on or near the observatory’s longitudinal axis of symmetry is
a precondition for the telescope rotation. Apart from minimization of the incipient moments, this
requirement is also conditioned by the fact that the telescope needs to be stabilized after rotation
to allow receiving the radiation. Depending on the type of the object under observation and the
scientific research program, stabilization time varies from 15 min to several hours. Stabilization
involves minimization of moments caused by external factors: solar radiation pressure and solar

wind. This is achieved by aligning the observatory’s center of mass and the geometrical center
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of the external shield on the observatory’s longitudinal axis of symmetry. To meet the above-
mentioned requirements the telescope slewing mechanism must be able to maintain the invariant
position of the center of mass and to adjust this position.

This paper is dedicated to a different type of slewing mechanism implemented with a multi-

sectional parallel “trunk” mechanism [4].

The second direction is based on a traditional layout of space telescopes. The antenna is
mounted on the space platform atop the lower transfer frame, the “warm” instrument container, and
the upper transfer frame (see Figure 1). The telescope positioning is accomplished by changing
the orientation of the whole observatory by flywheel-engines mounted on the service module.
Incidentally, to protect the telescope from heat radiation of the Sun and the Earth with shields its
slewing angles must not exceed 30° of the Sun direction.

This circumstance severely reduces the number of potentially observable objects. Nevertheless,
this number is enough to complete the project scientific program. The telescope positioning by
observatory rotation results in uneven external shield irradiation relative to its geometric center and
the observatory’s center of mass. This results in an angular, and a need of continuous work of the
stabilization system arises. This, in turn, results in vibration of the observatory structure. Thus, this

design version requires a high-performance vibration-absorbing system to be used [1, 3, 5, 7, 8].

2. Design of a multi-sectional manipulator

for attitude control of the observatory’s antenna

The main mass-dimensional characteristics of our system are as follows:

e the antenna diameter is 10,000 mm;
e total mass of the antenna and cryocontainer is 2500 kg;
e the center of mass of the antenna-cryocontainer system is on the antenna’s axis of symmetry

and is located at a distance of 3200 mm away from the cryocontainer base.

The carrier rocket blister diameter requires that the diameter of the manipulator sections should
not exceed 3640 mm. The manipulator length in its folded (transportable) state must not ex-
ceed 750 mm.

The manipulator sections are represented by hexapod parallel mechanisms (Stewart platform
[4, 13]), and their number must not be more than five on the ground of reliability and simplicity of
operation.

We assume that to minimize the manipulator’s weight hexapod platforms have the form of
equilateral triangles with beveled edges (Figure 4) made of rectangular-sectioned (40 x 100 mm)
carbon-fiber reinforced plastic (1550 kg - m™?) tubes. Hexapod beams are two- or three-sectional
and are made of the same carbon-fiber reinforced plastic. Each beam is connected to the base

(lower platform) with a Hooke joint, and to the upper platform — with a spherical hinge.
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(@) (b)

Figure 4: Model of a manipulator section

The manipulator must provide attitude control for the antenna within the hemisphere whose
axis of symmetry coincides with the longitudinal axis of symmetry of the spacecraft. In all cases
the antenna must be at least 500 mm away from the first platform base.

For the sake of simplicity we shall call the center of mass of the antenna—cryocontainer system
a manipulator clamp. Let o stand for the angle between the antenna’s axis of symmetry and the

spacecraft’s longitudinal symmetry axis and let o, stand for its maximum value (Figure 5).

5300 MM

Figure 5: Manipulator model 1a: o = apax = 52°

Preliminary analysis shows that in order to slew the antenna by 1 arcsec, the rotary device
elements must displace by 0.3 pm (for displacements from 50 to 75 um). To provide precision of at
least 0.1 pm, the rotary device includes a high-precision piezoengine hexapod. The same hexapod
is also used to reduce the antenna’s high-frequency oscillations to a value of less than 0.2 arcsec.
This hexapod is not considered in this paper.

Four parameterized models were developed using Solidworks:

e manipulator 1a: all the platforms are of the same size, beams have two sections;

e manipulator 1b: all the platforms are of the same size, beams have three sections;

e manipulator 2a: intermediate platforms are smaller, beams have two sections;

e manipulator 2b: intermediate platforms are smaller, beams have three sections.
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In all cases beam lengths must allow folding the manipulator to the transport position. Models
do not include beam actuators.

Models 1a and 1b. Five-sectional manipulator la with & = .y 1s shown in Figure 5. The
figure demonstrates that a five-sectional manipulator of this type constructed of equal-size sections
using two-sectional beams cannot transfer the observatory’s antenna to the position with o > 52°.

Model 1b in its end position is shown in Figure 6. This model supports the required position of

the antenna.

7700 M

Figure 6: Manipulator model 1b: a = apax = 93°

Models 2a and 2b. Complying with the following requirements, these models are used to
create a five-sectional manipulator:

e the first and last platform sizes match the sizes of the manipulator model 1;

e all the intermediate platforms are of the same size.

The problem was set to find the maximum possible diameter of the transfer platforms that will
meet the condition that o, = 90°. It was ascertained that the five-sectional manipulator 2a is
capable of fulfilling the task when this diameter equals 1721 mm (Figure 7).

Since manipulator 2a is capable of fulfilling the task and is structurally simpler we will not

consider manipulator 2b.

Figure 7: Manipulator model 2a: & = qpax = 90°
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3. Trajectory synthesis for moving the manipulator to the command position

A computer program to build different manipulator trajectories was created. This application
provides solutions to forward and inverse kinematics problems for the manipulator. The forward
kinematics problem consists in finding the position and maybe orientation of the manipulator clamp
with given beam lengths [4]. The inversed kinematics problem consists in finding the beam lengths
of all the manipulator sections ensuring the given position and maybe orientation of the manipulator
clamp [4, 15].

We will use the following notation: ¢; is the vector of generalized coordinates of the i-th
manipulator section; ¢ = (q1,¢o,-.-,¢s) is the vector of generalized coordinates of the entire
manipulator; () is the set of possible admissible values of components of the vector ¢; S is the
(4 x 1)-vector for the clamp position in the fixed coordinate system attached to the base of the
manipulator’s first section. In our case the vector length of ¢; is 6 and the length of ¢ is 20.

The inversed kinematics problem is formulated as follows: find admissible generalized coor-
dinates of the manipulator ¢ € () providing the given clamp position .S. This problem is a set
of six nonlinear trigonometric equations for the vector ¢ in 6(n — 1) unknowns. This system can
have no solutions (the given position is unachievable), a single solution or an infinite number of
solutions (the given position can be provided by an infinite number of manipulator configurations).
The latter case is typical for a multi-sectional manipulator and therefore we can consider a task of
finding a somewhat optimal solution to the inverse kinematics problem.

Two methods were used to solve this problem using the above mentioned computer program.

The optimization method allows taking into consideration additional structural requirements
by integrating them into the optimality criterion. This method qualifies as a known method for

solving nonlinear equations sets by reducing them to a nonlinear programming problem.

The iterative method as opposed to optimization method makes it possible to obtain not only the
sought-for final configuration but also a set of its intermediate configurations constituting step-by-
step movement of the manipulator from the initial position(http://freespace.virgin.net/hugo.elias/
models/m_ik2.htm). The main idea behind this method is the gradual increment of the generalized
coordinates by a value that will bring the manipulator clamp closer to its desired position.

The program has two distinct modes. In the first mode transition starts directly from the current
manipulator position. In the second mode the manipulator configuration is preliminary changed in
such a way that its antenna’s axis of symmetry coincides with the longitudinal axis of symmetry of
the spacecraft (o« = 0). This mode is illustrated in Figure 8 where the clamp is shown as a small
filled circle.

The program provides a solution to the problem when the clamp position is fixed and the antenna
is pointed in the desired direction relative to the longitudinal axis of symmetry of the spacecratft.
This feature allows solving the antenna attitude control task when the clamp is stationary. This
approach is preferable from the point of view of spacecraft control because it allows unloading the

flywheel-engines. This approach is also shown in Figure 8.
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(d) (e) S

Figure 8: Iterations of mode two of manipulator 2a positioning problem solution

Conclusion

This paper results show that, in principle, it is possible to create a multi-sectional transformable
space robot-manipulator to provide navigational tasks of the submillimeter space observatory
“Millimetron”.

The introduced multi-sectional manipulator solves the following problems:

e transforming the telescope from its folded (transportable) state to its working state;

e pointing the telescope towards any point in the hemisphere bounded by the heat shields;

e preserving invariable positions of the centers of mass of the telescope and the observatory
while pointing the telescope;

e correcting positions of the centers of mass of the telescope and the observatory;

e observatory attitude control;

e lowering the stabilizing oscillations of the telescope;

e off-loading the flywheel-engines;

o etc.

Further development involves solving the following problems:

e manipulator stiffness analysis;
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e natural-vibration frequencies determination;

e finding the moments of inertia to compensate for work of flywheel-engines during the antenna
reorientation;

e synthesis of optimal trajectories for antenna movement with consideration for possible failure
of one or several beam actuators;

e synthesis of classical and neural network based manipulator control systems for the antenna

reorientation with consideration for the above mentioned failures.
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