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Summary. The possibilities of optical triangulation method (triangle method) for investigation of antenna
mirror shape are analyzed. It is shown that developed by the authors method of optical triangulation with the
variable measuring base reduces the requirements for measurement accuracy by replacing a part angular
measurements by linear ones. On the basis of the method the scheme of optical device is designed, the working
model is constructed and its experimental testing is carried out. The obtained results proved that the developed
method and scheme of the optical device make it possible to control the mirror surface shape with the necessary
in antenna engineering accuracy.
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Statement of the problem. The efficiency of mirror antennas use for radio
communication purposes is determined by their electrical characteristics, such as radiated
pattern, directivity coefficient, gain factor, etc. Antenna characteristics are considerably
determined by the correspondence of parabolic mirror surface shape to the theoretically
calculated one. Thus, while designing large space radio communication antennas (antenna
mirror diameter is 3—20 meters), the permissible mirror surface deviations from the theoretical
one are limited by ~ +0.3 mm level [1, 2].

Modern methods of antenna mirror shape monitoring are divided into contact and non-
contact. Contact methods are based on mechanical templates and micrometric measuring
tools [3]. The main disadvantages of such methods are low accuracy and slow response limiting
their practical use.

Non-contact surface control methods based on the remote measurement principle use
light or radio-radiation and without these disadvantages but require expensive equipment and
high-precision mechanical units [4]. Therefore, the development of measuring devices
combining advantages of remote measurement principle and availability for use remains
important.

Analysis of the investigation methods. The objective of the paper is to develop the
method and appropriate optical system for coordinate measurements of antenna mirror surface.
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Figure 1. Schemes of surface coordinate measurements in the optical triangulation method (a) and in the optical
triangulation method with the variable measuring base (b)

Triangulation optical method (method of triangle) is taken as the basis [5]. According
to the method, Fig. 1a), two light beams P1, W1 are directed at angles @, @ from the ends of
certain measurement base 4B = R + L and intersect at controlled surface point, for example,
point C, are formed for coordinate measurements.

For analysis we take two dimensional version of the method where points 4, B, C are
located at the same plane XOY.

It is easy to prove that the following expressions correspond to coordinates of point C:

o R+L-tgw-ctgl

1-tgw-ctgl @)
y_$ (2)
ctgw —ctgl

As the result of error in angles @, 6 measurement, the errors in calculation point
coordinates Ax, Ay occur. Appropriate differentials are used for their estimation. In such a

case the boundary error values Ax, Ay meet the inequalities:
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where Aw, A6 are boundary permissible errors of the experimental equipment in angles w, 6
determination.

Let us estimate the boundary permissible errors of angles @, 8 measurements for
certain experiment geometry. Suppose R = 300 mm, L = 700 mm, 8= 90°, »=70°. If
permissible errors of Ax, Ay coordinates determination are ~ +0.3 mm, then using

expressions (1-4) and taking into account that Aw ~ A& we get that errors Ao, A& should not
exceed 1,1, In case of reducing requirements to coordinate measurement accuracy up to the
value ~ £0.5 mm, the errors of angles », € determination should not exceed 1,8"". Thus,

ISSN 2522-4433. Bicuux THTY, Ne 1 (93), 2019 https://doi.org/10.33108/visnyk_tntu2019.01 ............ccccooccevee. 93


https://doi.org/10.33108/visnyk_tntu2019.0

Optical system for control of antenna mirror shape

analysis of optical triangulation method proves that the control of antenna mirror shape
accuracy requires application of high-precision and obviously expensive equipment.

The authors propose the version of optical triangulation method where angles w, 6
values remain constant during coordinates measurements, and intersection of beams P1 and W1
at control point, for example, at point K, Fig. 1 b), are reached by rotating the measurement
base AB at angle 2 and changing the measurement base by value AL.

The surface points coordinate in the coordinate system XOY are as follows:

+ . . +
g Rr(Lral)tgo-ctgd o R+LEAL oo (5)
1-tgw-ctgd Ctgow —ctgo
_ R+(L+AL)-tgw Ctgg.sinQ.g_M-COSQ. (6)
1-tgw-ctgd ctgw —ctgd

In this case the boundary errors in coordinates Ax, Ay calculation satisfy the
inequalities:

Iax| <| 2] aL+[ 2 aq, %
oL o0
oy oy

ay| <[ AL+ 2L aq.
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Using expressions (5-8) and taking into account the experiment geometry, as in the
previous case, we get requirements concerning the accuracy of measurement base length
determination R+L+AL and rotation angle Q. If permissible errors of the length
determination are +0.3 mm, then the boundary errors of the measurement base length
determination are ~ 0.1 mm and for rotation angle Q are ~ 5"". In case of permissible error of
coordinate determination ~ +0.5 mm, the requirements to the errors of base length
determination are reduced and are ~ 0.2 mm, and requirements to the rotation angle are ~ 7"".

Hence, analysis and quantitative estimates of both methods prove that optical
triangulation method with variable measuring base reduces the requirements concerning
angular measurement accuracy by several times. The number of angular measurements is also
reduced due to the measurements of base length change, and length control with ~ (0.1-0.2)
mm is technically easier to realize.

Results of the investigations. On the basis of the method with variable measurement
base, the device optical scheme is designed and working model is produced, Fig. 2. Optical-
mechanical units of the device are mounted on the metal platform rotating in horizontal plane.
In order to analyze the optical scheme let us introduce two rectangular coordinate systems —

Kk k%

stationary oxyz and rotational system o'xy“z". In the initial state both coordinate systems

coincide, moreover axis oy and axis oy" are directed perpendicular towards the rotating

platform plane and passes through its rotation axis. The operation of optical device is as follows,
Fig. 2 a).
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Figure 2. The optical scheme of the device (a), photographic system (b)
and appearance of the working model (c)

The radiation of He-Ne laser 1 is expanded by the system of positive lenses 2, 3, passes
through amplitude ring diaphragm 4, and mirror 5 is directed to prism — cube 6. The prism
divides the beam into two parallel and oppositely directed parts with length R and L. The
geometric axes of both beams coincide with the coordinate axis ox.

The light beam R serves to create a set of light spots on surface S. For this purpose, due
to the flat mirrors 7, 9 and diffraction grating 8 the set of discrete-directed beams wl,
w2, ..., wn is formed in the vertical device plane (only three beams are shown in Fig.2a). On
the surface S the beams form light spots defined by points a, b, c, .... The total number of beams
nand angles ¢, (j =0, £1, £2, ..., +n) between them are definitely determined by grating

characteristics such as width, depth, and groove shape. The angle between the beam R and the
plane with diffracted beams is 90°.

The beam L is used to create the measurement base of the device with length R+L and
values of its changes +4L;jare determined in measurement process (i = 1,2,..., m is numbering
of plane cross-sections). For this purpose the beam L is directed by mirrors 10, 11 towards the
area with spots at the fixed angle @ . The mirror 11, rotating around axis o’o” perpendicular to
its plane of incidence, produces in the vertical plane a continuous set of light spots which trails
on the surface S are denoted by the curve MN. The given beams, as a rule, do not coincide with
spots a, b, c, ... on the plane, therefore for their mutual superposition the mirrors 10, 11 are
displaced along the beam L at corresponding distances +4L;;. It is obvious that measurement
base value for each spot a, b, c, ... is different and equals R+L+AL;value.

To create the light spots in other vertical cross-sections of the surface S the platform
together with the optical system 1-11 rotates in horizontal plane at corresponding angles 6; and
measurements are repeated. In the given case the values 4Li;are obtained in rotation coordinate

* ko k ok

system oxX'yz .
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Observations of the light spots superimposition on the surface is carried out by means
of photographic system the scheme of which is shown in Fig. 2 b). It consists of long focus
optical lens 12, the set of wide-band 13 and narrow-band 14 (interference) red light filters,
necessary for laser radiation filtering from surrounding light, and digital photomatrix 15. The
photographic system produces 50-fold spots increase on the computer monitor making it
possible to control their alignment with accuracy ~ 0,1 mm, Fig. 3 a, b). In this case, the size of
the central maximum of light spots on the surface S was ~ 0.3 mm.

Figure 3. Image of light spots on the surface before (a), and after mutual overlay (b)

The procedure for coordinate measurements of the points of the surface is as follows.
At the beginning the light spots coordinates in the device coordinate rotation system — 0" x"y"z"

are determined and their recalculation to the stationary coordinate system — oxyz is carried out.
The obtained results were transformed into coordinate system OXY Z of the investigated surface
for their further comparison with the theoretical data.

The spots coordinates x;;,Y;;,z; in the device stationary coordinate system are
connected with moving system according to the following expression:

X | cosd, 0 sind (X,
yi,j = 0 1 0 ’ yi*,j ) (9)
Z, . —-sing 0 cosé, ) |z

ij i

where i = 1, 2,..., n is numbering of the surface cross-sections in vertical plane; j = 0, £1,...,
+m is numbering of the surface cross-sections in horizontal plane; X ;=R;
Vi; =(R+LEAL ) tgo-tgp;; z;, =—(R+L+AL ;) tgw.

The relationship of the obtained surface coordinate points with coordinates in its own
coordinate system OXYZ is denoted by the following linear transformation:

i t, t, U Xi i X 0
i |- t, b, by Yii |t Yo ) (10)
0] 1:31 t32 t33 ZI j Z0
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L, G, U X,
t,, 1, Uy | isthe matrix of rotation coefficients, | Y, |is the vector of parallel coordinate
t31 t32 t33 ZO

origin transfer from oxyz to coordinate system OXYZ.

In order to determine the matrix of rotation coefficients and vector of parallel transfer,
let us assume that on the investigated surface in the device coordinate systems oxyz and OXYZ
of the surface itself, the coordinates of four arbitrary chosen spots are known. Let it be spots
with indices (i, j) equal (1, 0), (1, 1), (1, -1) and (2, 0). In this case, using expression (10) we
get three independent systems of equations for determination of matrix rotation coefficients and
components of parallel transfer vector, such as:

22

t11 Xl,O yl,O Z1,0 1 X 1,0

t12 _ 11 yl,l Zl,l 1 X 11 (1 1)
t13 Xl,—l yl,—l Zl,—l 1 X 1-1 ’

X0 XZ,O yZ,O ZZ,O 1 XZ,O

t21 Xl,O yl,O Z1,0 1 N Yl,O

t22 _ x.l.,l yl,l Z1,1 1 . Yl,l (12)
t23 Xl,—l yl,—l Zl,—l 1 Yl,—l ’

YO X2,0 y2,0 ZZ,O 1 YZ,O

t31 X.I.,O yl,O Z1,0 1 B Zl,O

t32 _ Xl,l yl,l Zl,l 1 . Zl,l (13)
t33 Xl,—l yl,—l Zl,—l 1 Zl,—l .

ZO X2 0 y2,0 ZZ,O 1 ZZ,O

Having the values of the rotation coefficients and the parallel transfer vector, it is easy
by means of the expression (10) to carry out coordinate recalculation for the rest points of the
investigated surface into its own coordinate system OXYZ.

The estimation of the technical capabilities of the developed method and the device
optical scheme was carried out by experimental investigation the known a priori plane surface
shape and the parabolic surface of the antenna mirror. The device base was 1000 mm, the
distance to the investigated surface was ~ 3000 mm.

The graphs of dependence z = f(x) and measurement errors for flat surface in the device
coordinate system oxyz are represented in Fig. 4 a, b). Measurements were carried out in three
cross-sections of the surface S, namely in the directions of zero, plus the first and minus the

first orders of diffraction grating. The interval of measurement base 6, rotation angle was 10
degrees with 1 degree step.
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Figure 4. The graphs of the dependence z=f(x) for three plane surface cross-sections corresponding to zero
diffraction order (0), plus the first order (+1) and minus first order (-1) (a).
Deviations of experimental data from line (b)

Approximation of experimentally obtained data by line indicates that for the cross-
section corresponding to zero diffraction order, the deviations of the coordinates are located
in £+ 0.4 mm range, Fig. 4 b). For other cross-section coordinates deviations from approximation
lines are within the same limits.

Data approximation by the plane was carried out for three surface cross-sections on
coordinate array. The corresponding graphs z = f (X, y) in the device coordinate system — oxyz
and the plane surface — OXYZ are shown in Fig. 5 a, b).
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Figure 5. The graphs z = f (x, y) for the plane surface in the device coordinate system — oxyz (a) and the plane
surface coordinate system — OXYZ (b)
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The graph of z = f(x) dependence for parabolic antenna mirror in cross-section
corresponding to zero order diffraction is shown in Fig. 6 a). The data are given for the
coordinate system of the mirror.
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Figure 6. The graph of the dependence z = f (x, y) in the mirror coordinate system — OXYZ (a). Deviations of
the coordinates of the surface when approximating by the curve of the second order (b)

Approximation of the measurements results by the second order curve proves that its
deviations are located within the range +0,5 mm, Fig. 6 b). For other surface cross-sections
deviations from the approximation curve are at the same limits.

Data array coordinate approximation by the second order surface is carried out for three
surface cross-sections. Approximation results in the coordinate system of device oxyz and
antenna OXYZ are shown in Fig. 7 a, b) relatively.
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Figure 7. The graphs z = f (%, y) of
the parabolic mirror in the coordinate
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Conclusions. The method of optical triangulation with variable measurement base
which makes it possible to reduce the requirements for measuring equipment accuracy due to
replacing the part of angle measurements by linear ones was developed. On the basis of the
given method the device optical scheme for measurement of the points coordinates of antenna
mirror surface is designed. Diffraction grating use for light spot formation provides constant
angle relations between them, makes it possible to reduce the number of angular measurements
and simplify the optical device structure. On the basis of the designed optical scheme the optical
device operating model was produced. The procedure of the surface points coordinates transfer
from the optical device coordinate system into the coordinate system of surface investigated is
developed. The test of the developed method and optical device while investigating the shape
of flat and parabolic surfaces is carried out. The obtained experimental results proved the
possibility —of their use for control of antenna mirror surface with
accuracy ~ (0,3-0,5) mm.
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OIITUYHA CUCTEMA JJIs1 KOHTPOJIIO ®OPMMH
JBEPKAJIA AHTEHU

Irop 3eainchkuii; Muxaisio [lanamap; Mupociaasa SIBopcbka

TepHroninbcokull HayiOHAbHUL MEXHIYHUU YHIgepcumem imeni leana I1lyntos

Pestome. [Ipoananizo6ano mMoiciugocmi memooy OnmudHoi mpianeyasyii (Memoo MmMpuxkymHuka) i3
NOCMILUHOK BUMIPIOBATIbHOI 0a3010 01 00CHIONCeHHs opmu O3epkana anmeHu. Bcmanoeneno, wo 014
NpoGedenHts BUMIPIOBAHb KOOPOUHAM NOBEPXHI 3 mouHicmio nopsaoky (0.3—0.5) mm neobxioHo npoodumu Kymogi
sumiprosanns 3 mounicmio ~ (1.1—1.8) cexyno. Taxi sumoeu npu3go0sams 00 nompedu 8UKOPUCTNAHHI O0PO2020
3a cobisapmicmio UMIPIOBATILHO20 00AOHAHHA. Aemopu cmammi NPONOHYIOMb Ne6HY MOOUDIKayito Memooy, a
came Memoo ONMUYHOI mpian2ynayii 3i SMIHHOK 8UMIPIOBANLHOI 6A3010, AKUL 00380JIAE Y KiIbKA pA3i6 3SHUSUMU
BUMO2U 00 MOYHOCMI KYMOBUX GUMIpIosans. TIpu exazanill suue moyHoCmi UMIPIOSAHb (POPMU NOBEPXHI GUMOSU
00 KYmogux UMiplosans smenuyromsca i cknadaroms ~ (5—7) cexyno. Kpim yvozo, smenuyemoca 3azanvha
KLIbKICMb KYMOGUX SUMIDIO6AHb 3d PAXYHOK NPOGEOCHHS IIHIUHUX SUMIPIOSAHb 3MIHU 008dicunu Oasu. Heobxiona
MOYHICMb KOHMPOJIIO éeuyuny 6aszu ckaaoae y oaromy pasi (0.1—0.2) mm , wo He € MEXHIUHO CKIAOHOIO 3A0ayer0.
Ha ocnosi memody pospobreno 6ionogiony cxemy onmuunozo npucmpoio. Ocobaugicmio cxemu € chocid
Gopmyeanns mapok Ha OocuiOuill nosepxHi. Buxopucmannsa cneyianenoi ¢popmu amnaimyownoi gitempyrouoi
JlazepHe sunpomineHHs diagpazmu 0036015€ opmysamu Maropo3ImipHi mapku, diamempom nopaoky 0.3 mm 3i
30epesicennam ix eeaununy na enubuny 2—3 mempu no xo0y aazepuux nyukie. Mani poamipu mapox 00360a510mb
30LIBWUMU MOYHICIb 83AEMHO20 CYMIUEHHS MAPOK 8 MemoOi ONMUYHOi mpianeyaayii i mum camum 30inuumu
MOYHICMb GUMIPIOBAHL KOOPOUHAM MOYOK NOGEPXHI. 3 Memow 3MeHuieHHs KIIbKOCMi KYMOBUX 6UMIPHGAHD
3anpPonoOHOBAHO OUCKPEMHO-HANPAsieHe ONPOMIHEHHS NOBEPXHI 8 PI3HUX NAOWUHAX. [ Ybo20 3ACMOCO8AHO
Qaszosy Ouppaxyiiiny pewimky, AKA CMBOPIOE MHOMCUHY CEIMIOBUX MAPOK 3 (PiKcosanumu HANPAMKAMU
po3noscioddcenna. Ha ocnogi po3pobienoi cxemu 6u2omoeneHo Oilouull mMakem ONmuyHO20 NPUCMpolo ma
NPOBEOEHO 11020 eKCnepUMenmanvhe onpooysants. B axocmi 06’ exmig docniodncenns subpano 3a6i0omo niocKy
posciiouy ceimio nosepxuio ma napaboniune 03epkano anmenu. Pesyismamu onpobysansv saceiouunu, ujo
PO3pobAEHUL MemOO ONMUYHOI MpIaneyaayii 3i 3MIHHOW BUMIPIOBAILHOIO 0A3010 MA GIONOBIOHUL ONMUYHUL
npuUcmpiii 003607410Mb NPOBOOUMU KOHMPOTLb (opMU O3epKANd aHMeHU 3 HeOOXIOHOW 8 anmeno0y0y8aHHI
mounicmio. /[na nepepaxynky KOOpOUHAm mMo4OK NOGEPXHI, OMPUMAHUX ) cucmemi KOOpOUHAm NPUcmpor 0o
cucmemu KOOpOUHam 00CiOHOT NOBePXHI, PO3POOIEHO 8IONOBIOHULI MAMEMAMUYHUL ANAPAM.

Knrouoei cnosa: onmuuna mpiancynayis, nasep, onmuyHull npucmpii, 03epKaibha aumend.
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