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Construction of communication spacecraft with large-size transformable antennas developed tendencies to increase
the operational band frequencies, to reduce specific mass and to increase the overall dimensions of the structures. The
improvement of technical performance of communication spacecraft with large-size antennas cannot be achieved with-
out ensuring the required accuracy of antenna pattern and of the antenna gain coefficient at its maximum.

Factors affecting the final quality of large-size structures for space application (of antennas in particular), keep
influencing the products through all their service life — from design and production to tests and actual operation. The
“direct” elimination of the negative factors affecting the final output is often unprofitable considering the present de-
velopment of technological support in hi-tech industries. In this respect, control of the ultimate operational characteris-
tics of large-size spacecraft antennas in conditions of real performance, and compensation, if necessary,
of deviations from the required values, is optimal with respect to the output/cost ratio. This approach is practical
in determining the onboard antenna pattern and compensating its operational distortions in the process of specified
spacecraft performance.

There are two methods of measuring the antenna pattern at the orbit. The first method is based on measurements
of radio engineering characteristics obtained from ground space vehicles’ service stations. This method is sufficiently
accurate, but it has several drawbacks. For example, this method increases the number of requirements to ground stations —
their number, location and characteristics of the equipment in use. The second method bases on obtaining radio engi-
neering characteristics from the configuration and orientation of antenna reflector. The reflector is imaged as a cloud
of checkpoints reflecting the deviations of the construction’s configuration and orientation from the specified values.

To obtain the antenna pattern measurements using the second method, an antenna configuration control system
(ACCS) must be worked out for measuring the coordinates of the reflector surface points. To perform its specific func-
tion, the system should have the following configuration: measuring equipment mounted on the spacecraft casing, and
control elements fixed on the construction components. This configuration allows to present the antenna construction
components in the form of checkpoint cloud.

In the process of the system development the constructional analysis of the possibility of using the antenna configu-
ration measurements for the its pattern calculation and for further assessment of its deviation from the specified values
was made. This article presents the assessment of the required number of monitored checkpoints on the reflector sur-
face. For this purpose, Ku-band of frequencies was chosen as one of the most common frequency bands used
by telecommunication spacecraft. Several sets of points were considered, among them the sets belonging both to the
deformed reflector profile and to the one without deformation. For each set the antenna pattern calculation was made.
Visual representations of the focal beam and the directive antenna gain were compared. The analysis of the obtained
data allowed to determine the necessary minimum of checkpoints for antenna pattern calculation with the required
accuracy. The obtained data were taken into account in formulating the requirements for the system of orbital control
of antenna configuration.

Keywords: large-size transformable antenna, deployable reflector, antenna pattern, orbital adjustment, antenna
configuration control system.
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B cosdanuu ceasnbix Kocmuneckux annapamos ¢ KpynHo2adapumubiMy mpancihopmupyemviMu aHmeHHAMU UMEeIOmcs
MeHOeHYuU K YBeTUYeHUI0 acmom pabouezo OUana3oHd, CHUICEHUI) YOeIbHOU MACCbl U 803DACMAHUID 00wux 2aba-
PUMO8 KOHCMpYKyull. Yiyuuienue mexuHudeckux Xapakmepucmuk CEs3HbIX KOCMUYeCKUX annapamos ¢ Kpynmo2aba-
PUMHBIMU AHMEHHAMU HEeB803MONICHO be3 obecneuenust mpebyemMol moyHOCmu Hagedenus: OUazpamMmbvl HaANPaAGIeHHO-
cmu, Ko3ghpuyuenma ycunenus 6 e€ Makcumyme.

Daxmopwl, enusiowjue Ha KOHEYHOE KAYeCmeo KPYNnHO2abapumHblx KOHCMPYKYULl KOCMUYECKO20 HA3HAYEHUS, U AH-
MEHH 8 YACMHOCMU, NPUCYMCMEYIONM HA 8CEM HCUSHEHHOM YUKLe OGHHOU NPOOYKYUU.: OM NPOEKMUPOBAHUSL U U32OMO6-
Jlenust 00 UCHbIMAHULL U IKCHIYamayuu 68 HAmypHuIx yciosusix. Ilpu smom npsmoe ycmpaneHue npuyuH, He2amueHo
BIUSIOWUX HA KOHEUMbIU Pe3yIbmanm, 3a4acmyio SGSemcs IKOHOMUUECKU HeBbI2OOHbIM NpU HbIHEWHeM DA36UmuU
MEXHON02UYECK020 0becnedeHuss OAHHbIX HAYKOEMKUX NPOU3600Cms. B cesa3u ¢ smum KOHmMpoib KOHEUHbIX IKCHLYama-
YUOHHBIX XAPAKMEPUCMUK KPYNHOLAOAPUMHBIX AHMEHH KOCMUYECKUX annapamos 6 HAMypHuIX YCI08UsX U, 8 clyyae
HeoOX00uMoCmu, NApuposanue ux OMCMYWIeHUll om mpebyemblX 3HAYeHUll AGNAIMCA Hauboee ONMUMATLHLIMU
C MOYKU 3peHusi OmuouleHus pesyromam/3ampamol. Jaunwiti n00X00 pearuzyemcs npu onpeoeneHuu Oudazpammol
HanpagneHHocmu OOpmMoBoU AHMeHHbl U KOMREHCAYUU e€ UCKAICEHUs. 8 NPoYecce IKCNIYAMAYUU KOCMUYECKO20 anna-
pama no yeiegomy HA3HaA4eHUo.

Cywecmegyrom 06a cnocoba usmeperus ouazpammsl HanpagieHHocmu Ha opoume. Ilepgvlii cnocob ocHO8aH HA U3-
MEPEHUSX PAOUOMEXHUYECKUX XAPAKMEPUCTNUK, NPOU3B0OUMBIX NO HAZEMHBIM CIAHYUAM OOCTYHCUBAHUSL KOCMUYLECKUX
annapamos. Jlaunwiti cnocod, HecMOmpst Ha NPUEMIEMYIO MOYHOCMb, UMeem psio Hedocmamkos. Hanpumep, ucnonvso-
8aHUe OAHHOU MEMOOUKU YEETUNUBAET KOIUYECMBO MPebO6aAHULL K HA3EMHbIM CIMAHYUSM — UX KOIUYECmaEY, pasmeuje-
HUIO U XAPAKMEPUCMUKAM NPUMEHSEeMOU annapamypel. Bmopoii cnocob ocnosan na onpedeneHu paouomexHuyeckux
Xapakmepucmux, ucxoosi u3 Qopmol u noaoxcerus: pegprexmopa aumentul. Peghnexmop npeocmaensitom 6 eude oonaxa
UBMEPEHHBIX TOYEK, KOMOopble OMPAdNCAlOm OMKIOHEHUS. OPMbL U NOJLOJNCEHUS KOHCMPYKYUU ON NPOEKMHbIX 3HAYe-
HU.

[l peanuzayuu usmepenuti Ouazpammvl HANPAGIEHHOCMU NO 6MOPOMY CHOCOOY HeoOX00UMO paspabomams Cuc-
memy KOHmMPOJIs 2e0MEempulL AHmMeHHbl, NPeOHAZHAYEHHYIO O/ USMEPEHUsL KOOPOUHAM MOYeK NOBEPXHOCMU peieKmopa.
st binonnenus yenesblx 3a0ay CUCIEMbL UMEem MeCo CedVIoudst CXeMd: U3MepUmenbHas annapamypd, pasmeuiet-
HASL HA KOPNyce KOCMUYeCKO20 annapamad, U KOHMpPOLbHbLE dNEeMEHNbl, PA3SMEUEHHbIe HA INEMEHMAX KOHCMPYKYULL.
Takas kongpueypayus cucmemvl nO36015€N NPeOCMAIsMG INEMEHMbl KOHCMPYKYUU AHMEHHbL 6 6ude 001aKa KoH-
MPOTILHBIX MOYEK.

B pamrax pabom no paspabomie smoui cucmemuvl HpogeOeH NPOEKMHbIL AHAIU3 BO3MOICHOCTIU NPUMEHEHUSL U3Me-
PeHUll 2eomempuy aHmeHHvl Ol pacyema OUazpammvl HANPAGLEeHHOCMU U OdibHeluell OYeHKU eé OMKIOHeHUs
om npoexmuuix 3navenuu. IIpogedena oyenka HeobX00UMO20 KOIUYECMBA USMEPIEeMbIX KOHMPOIbHbIX MOYeK NOGepX-
Hocmu pegaexmopa. /s smux yeneii o6vin gviopan Ku-ouanazon uacmom xax oOun u3 nauboiee NONYIsSpHbIX OUanazo-
HO8 4acmom, UCNOAb3YEMbIX 8 MENeKOMMYHUKAYUOHHBIX KocMuyeckux annapamax. Bvlnu paccmompenvl neckonvko
sapuanmog Habopos mouex. Cpedu HUX ObLIU HADOPLL MOUEK, NPUHAOAEIHCAWUX KAK HeOe@OpMUPOBAHHOMY, MAK
u depopmupogannomy npogunto peprekmopa. Ilo kaxcoomy Habopy 6vin npoussedeH pacuem OUaAcPamMmbl HANPAGIEH-
Hocmu anmenHul. [Ipogedeno cpasHeHnue 8u3yaIbHbIX NPeOCMAagieHull (POKAILHO20 1yHa U KOIpPuyuenma HanpasieH-
Hoeo Oelicmeus. B xode amanuza nonyuenHvlx OaHHBIX ObLIO ONpedeseHO MUHUMAIbLHO HeobdX0O0umMoe KOAudecmso
KOHMPOAbHBIX MOYEK O/ pacuema OUdspamMmbl HANpasieHHocmu ¢ mpedyemou mounocmoio. Ilonyyennvie oannvie
ObLIU yumenvl npu hopMuUposanuu mpebosanull Kk cucmeme opoumanbLHO20 KOWMPOIsk 2e0MempUu AHMEHHbI.

Kniouegvie cnosa: kpynnoeabapummusie mpancghopmupyemvie aHmeHHbl, pa36epmvleaeMblll peiekmop, ouazpamma
HanpagneHHoCmu, opoUmManbHas OCMUPOBKA, CUCIIEMA KOHMPOJISL 2e0MEMPUL AHMEHHDL.

Introduction. Today one of the priority trends in the load-carrying structure — the rod. The next important LTA
world satellite construction is producing communication  component (from the point of view of the AP formation)
spacecraft (SC) with large-size transformable antennas is the reflector [4—6]. The reflector is a rigid framework
(LTA) [1; 2]. LTA is a complex technical system on the consisting of a base and spring-type spokes, a form-
deployment and on the required configuration of which  building structure fastened to the framework, and a net
depend both the quality of the signal provided for sub-  sheet sewn to the form-building structure (fig. 1). To
scribers in the required coverage zone, and general accu-  maintain the quality of the signal the form of the net sheet

racy of SC specified performance. surface of the reflector must be close to the paraboloid
The quality of the signal is determined by the orienta-  of revolution.
tion accuracy of antenna pattern (AP) of LTA [3] for the Because of the large size of LTA for its rather small

target coverage zone, and by the level of LTA gain in this ~ weight, the structure rigidity is not sufficient. As a result,
zone. The necessary radio engineering characteristics during the operation at the orbit the structure is subject to
(REC) of LTA are determined by its practically applied temperature and elastic deformations [7; 8] which, in turn,
construction configuration designed with the required cause deterioration of the antenna REC and make the sig-
accuracy. One of the LTA configuration characteristics nal in the coverage zone weaker.

that influence its REC is the accuracy of the feed and re- It is possible to compensate REC deterioration, also
flector interposition, greatly dependent on the reflector — with the help of the stated current AP [9].
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Fig. 1. Reflector design

Puc. 1. Konctpykuus pediiekropa

So the following task can be formulated: to measure
the AP and determine the deviations of its axis from the
specified values. To assess these AP deviations of SC
working at the orbit, two different methods can be used.

The first method is based on the REC measurements
made by ground SC service stations. This method is suffi-
ciently accurate, but it has some drawbacks. For example,
it can’t be applied when the spacecraft is being used for its
specified purpose. The requirements for ground stations —
their number, location and equipment — also increase
when this method is applied.

The second method is based on deriving REC meas-
urements from the configuration and orientation of the
antenna reflector. The reflector is imaged as a cloud of
monitored checkpoints able to reflect the deviations of the
construction’s configuration and orientation from the
specified values.

To obtain AP measurements using the second method,
an antenna configuration control system (ACCS) must be
worked out [10-13] for measuring the coordinates of the
reflector surface points. The system should have the fol-
lowing components: measuring equipment mounted on
the spacecraft casing, and control elements (light reflec-
tors), on the construction elements. This configuration
allows to present the LTA construction in the form of
a checkpoint cloud.

The initial data required for AP calculation are:

— coordinates of the radio-reflecting surface points
or general orientation of the given surface (when radio-
reflecting surface deformations are negligible);

— feed directional pattern;

— operation frequency.

Thus ACCS measurements complementing AFS char-
acteristics specified at the stage of its design and produc-
tion form the initial data sufficient for AP setting.

There is also a problem of the required number of
checkpoints. To control the configuration of “rigid” re-
flectors (reflectors having negligible radio-reflecting sur-
face deformations), it is enough to monitor several check-
points, the number and location of which is chosen to
meet the precision requirements when determining the
orientation of such reflectors. However, to control the
configuration of elastic large-size reflectors functioning as
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parts of antennas with UHF operation frequencies, it is
necessary to assess the reflecting surface deformations,
since the deformation data contribute a lot to REC of the
antenna. In these cases the required number of monitored
checkpoints can reach several thousand. Besides the fac-
tors mentioned, the number of checkpoints determined by
ACCS depends on:

— weight and dimensions of control elements;

— structural features of the antenna;

— characteristics of calculation algorithms and on-board
computer;

— characteristics of measuring instruments.

This paper shows how the number of checkpoints may
influence the precision of REC determination for an
antenna with a large-size deformed reflector. A calculation
was made to find the AP representing the LTA focal beam
electrical axis orientation for different numbers of check-
points. AP calculations were made both for the theoreti-
cally determined reflector profile (without deformation)
and for the deformed reflector profile. The lower KU-
band frequency was taken for the antenna operational
frequency.

Initial data for evaluating the electrical character-
istics of antennas. To find the necessary number of
points of the reflector surface sufficient for calculating the
antenna electrical characteristics with proper accuracy,
AP and orientation of the focal beam electrical axis were
calculated for the antenna reflector with a 12-meter aper-
ture. The calculations were made for different sets of
points: 1488, 1250, 1000, 750, 500, 250, 25.

In the documentation for software sets used to calcu-
late AP, it is advisable to choose the number and orienta-
tion of control surfaces that make the distance between
two neighboring points not more than A/(5-6) mm, where
A is wave length.

However, it must be taken into account that the reflec-
tor surface is a set of flat trapezoidal facets formed by the
frontal network checkpoints. It means that the location of
points inside the facets can be determined by the points
forming each facet. Thus, the influence of points within
each facet on the AP can be expressed through the 4 nodal
points of the frontal network.
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Consequently, the basic data on reflector surface de-
formations can be derived from coordinates of the frontal
network nodal points, and to obtain a reliable AP it is
enough to use for calculation the data on points, the dis-
tance between which (for the current implementation of
the frontal network) does not meet the above-mentioned
requirement.

So, for the checkpoints, at their maximum number, the
frontal network points with coordinates derived from the
reflector finite-element model (FEM) can be taken,
in case the model is framed according to the method
described in [14].

The deformations were obtained in modelling how the
reflector KEM is affected by a model device of reflector
configuration finishing adjustment (RCFA). RCFA is a
device that allows to adjust the position of the spoke
in the plane of the reflector symmetry axis. The main con-
trols are the tie-rod devices which tighten the cords
attached to the spokes.

A more detailed description of RCFA model and im-
plementation logic is presented in [15].

The cartogram of distribution of the frontal network
checkpoints deviations from the theoretical profile made
for the reflector initial design is shown in fig. 2. Devia-
tions are calculated as the shortest distance from frontal
network checkpoints to theoretical profile. The SCD of
the frontal network checkpoints from the reflector theo-
retical profile is 0.2 mm.

The deformed configuration was framed artificially by
changing the RCFA tie-rods position in FEM. Tie-rod
movements are presented in tab. 1.

The cartogram of distribution of the frontal network
checkpoints deviations from the theoretical profile for the
reflector with deformations is presented in fig. 3. The
SCD of the frontal network checkpoints from the reflector
theoretical profile is 18.1 mm.

The theoretical paraboloid coordinate system (TPCS)
is a coordinate system associated with the SC casing, in
which the theoretical location of the reflecting surface
points (theoretical profile) of the reflector is described by
the canonical equation of paraboloid of revolution.

The reflector coordinate system (RCS) is the coordi-
nate system determined in [9].

The coordinates of different numbers of reflecting sur-
face points were formed by performing the following se-
quence of actions:

1. The coordinates of a large number (1001000) of the
reflecting surface points were formed. The coordinates y
and z of these points were calculated from the following
parametric equations:

y =3vcos(v)+8.3, 1
z =3vsin(v), M
where v — parameter changing from 0.002 to 2 with step
of 0.002; v — parameter changing from 0 to 2z with step
0f 0.002.

Zrm, M

2+

! 0.8, MM

0.6

0.4

-0.4

-0.6

-0.8

Fig. 2. Distribution of deviations from TP in the initial design

Puc. 2. Pacnipenenenune otkinonenuit ot TII B MpoeKTHOM COCTOSIHUM

Table 1
Rod movements, mm
Rod 7 Rod 8 Rod 9 Rod 10 | Rod 11 Rod 12 Rod 1 Rod 2 Rod 3 Rod 4 Rod 5 Rod 6
20 0 20 0 20 0 20 0 20 0 20 0

Note: “+” —is the movement in direction of the reflector folding.
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Fig. 3. Distribution of deviations from TP in the deformed state

Puc. 3. Pacnpenenenue orkinonenuii ot TII B neopMrpoBaHHOM COCTOSTHHN

The x coordinates of the deformed and undeformed
profile were calculated by interpolating the frontal net-
work checkpoints (1488) of the deformed reflector at the
points with y and z coordinates, calculated from the
expression (1).

2. The coordinates of the reflecting surface points
formed in 1 were recalculated in RCS:

Xp X X P_TII
Yp :MTH_P' Yo | = YP_TH > (2
Zp Ztn ZPfTH
cos(0) sin(@) O
where M p =|-sin(0) cos(0) 0| — transition matrix
0 0 1

from TPCS to RCS; 0 — rotation angle of RCS about the
axis of OZ TPCS equal to 26.5651 degr; Xtn, Y, Ztn —
coordinates of the point in TPCS; Xp, Yp, Zp — coordinates
of the point in RCS; Xp 111, Y i, Zp i — coordinates of
RCS center location in TPCS equal to [2296.35 mm,
8731.49, mm 0].

3. Coordinates of the required number of reflecting
surface points were formed. For the purpose a formation
of a network of points uniformly distributed in the YOZ
RCS plane was carried out: y coordinate of the network
points changed from —7 to 7 m; z coordinate of the
network points changed from —6 no 6 m; interpoint step
relative to both coordinates made % (tab. 2).

The coordinates x of the points of the reflector’s
deformed and undeformed profiles were determined
by interpolation of the points obtained in 2, at the points
of the pre-formed network. In the process of interpolation,
the network points located outside the radio-reflecting
surface were discarded. A network of 250 points of radio-
reflecting surface in the YOZ plane of RCS after interpo-
lation is shown in fig. 4.

4. The coordinates of the required number of reflect-
ing surface points formed in 3 were recalculated in TPCS

70

X Xp X P_TI
Yo |=Mp | Yo [+ Yo 1 |» 3)
Z TIT Z P VA P _TII
cos(0) —sin(@) O
where M 1 =|sin(0) cos(6) 0O — transition matrix
0 0 1

from RCS to TPCS; 6 — rotation angle of RCS about the
axis of OZ TPCS; Xtn, Y1, Zmn — coordinates of the point
in TPCS; Xp, Yp, Zp — coordinates of the point in RCS;
Xp 1, Yp i, Zp i — coordinates of RCS center location
in TPCS.

A network of 250 points of radio-reflecting surface
in YOZ plane of TPCS is shown in fig. 5. Dashed lines in
fig. 5 show the circle that is the generator of a cylinder,
the intersection of which with the paraboloid of revolution
forms the radio-reflecting surface.

Antenna REC calculation. That was made for the
following numbers of reflector surface points: 1488,
1250, 1000, 750, 500, 250 and 25.

Fig. 6 shows the focal beam pattern at the lower
operational band frequency for the antenna reflector theo-
retical profile at different profile points number.

Fig. 7 shows the focal beam pattern at the lower
operational band frequency for the deformed reflector
profile of antennas with different profile points number.

Fig. 8 shows the focal beam pattern for the unde-
formed profile (left) and for the deformed profile (right)
at 25 points.

Tab. 3 presents calculations of antenna focal beam DG
at the upper KU-band frequency for the deformed reflec-
tor profile and for that without deformation.

Analysis of calculation results. Fig. 6 and 8 of the
focal beam pattern indicate that with the lower number of
reflector’s monitored points, the beam pattern is distorted;
the effect is present even at 500 checkpoints, and the
beam pattern gets completely distorted at 25 checkpoints.
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Table 2
Network step h, m
Reflecting surface points 1250 1000 750 500 250
number
Theoretical profile 0.31775 0.355 0.4098 0.499986 0.7052
Deformed profile 0317 0.3552 0.40954 0.5 0.7055
6 o T o |
| | 1 1 1 | | |
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| | | |
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Fig. 4. Network of 250 points in the YOZ plane of RCS after interpolation

Puc. 4. Cerxa u3 250 touek B mnockoctd YOZ CKP nocne uHTepnoasnuu
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Fig. 5. Network of 250 points in the YOZ plane of TPCS

Puc. 5. Cetka u3 250 touek B miockoctu YOZ CKTII
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Fig. 6. Focal beam pattern at the lower operational band frequency
with different numbers of the reflector theoretical profile points

Puc. 6. KonTyp (hoxanbHOTO0 dy4a Ha HIKHEH yacToTe pabouero quamna3oHa
TIPY Pa3IHMIHOM KOJIMYECTBE TOUCK TEOPETHIECKOTO NPOGHIIs pediieKTopa

Fig. 7 and 8 showing the focal beam pattern for a de-
formed reflector indicate that the given reflector deforma-
tion causes a deep distortion of the beam. They also con-
firm that with a decrease in the number of reflector’s
monitored points the contour of the beam is distorted. For
the deformed reflector the beam contour is completely
blurred at 25 checkpoints.

The results of directive gain of antenna focal beam
calculation presented in tab. 2 confirm the deterioration of
focal beam characteristics at the upper operational band
frequency with the decrease in the number of reflector’s
monitored points. The minimum of 250 monitored reflec-
tor checkpoints is acceptable; at that the calculated dete-
rioration of the focal beam DG at the upper operational
band frequency is 2.21 %. That number of the reflector
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surface monitored points makes it possible to assess the
antenna focal beam electrical characteristics with a per-
missible error.

Conclusion. The problem of choosing the monitored
points number of the reflecting surface considered in this
paper is relevant for the problem of design of LTA con-
figuration control system at the orbit. Such system allows
to determine the AP when the orientation and form of the
LTA components is stated. The proposed approach
to determination of the monitored points number, as well
as the results of its application for a specific operating
antenna are aimed at perspective SC projects and at
formulating the technical specification requirements for
making SC antenna-feeder systems.
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Fig. 7. Focal beam pattern at the lower operational band frequency
with different numbers of the deformed reflector profile points

Puc. 7. Koutyp doxanbpHOro jgyda Ha HIKHEH 4acToTe pabouero quamna3oHa
NPH Pa3IMYHOM KOJIMYEeCTBE Touek aedopmupoBanHoro nmpoduiist pediexropa
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Fig. 8. Focal beam pattern at the lower operational band frequency
with 25 points for both reflector profiles

Puc. 8. Kontyp doxanpHOro jgyda Ha HIXKHEH 4acToTe paboyero Juana3oHa
npu 25 Toukax Ajs AByX mpoduiieii pedekropa
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Table 3
Directive gain of the antenna focal beam at the upper operational band frequency for different reflector profiles
Number of points DG, percent
Reflector profile without deformation Deformed reflector profile
1488 100 74.77
1250 99.83 75.15
1000 99.75 75.52
750 99.62 76.17
500 99.26 75.33
250 97.79 73.83
25 64.03 56.80
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