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Hmumamopul conneunozo usiyuenuss Ha OCHOGe 2a30pPA3POHbIX KCEHOHOBbIX JAMN, NPUMEHSEMble
OlsL NOAYYEHUSI MEeNsio8020 COCMOSIHUSL O00BEeKMO8 MEPMOBAKYYMHBIX UCHIMAHUL — KOCMUYECKUX
annapamos, SAGISIIOMCs OOHUMU U3 KIIOYEBbIX, HAUboJiee CLONCHbIX U IHEPSO3AMPAMHLIX IJIeMEHMO8
ucnoimamenvho2o 060pyoosanus. CRONCHOCMb ORMUYECKOU cucmemvl, 00IbULOe HUCLO ONMUHECKUX
ONIEMEHMO8, HeobX00UMOCHb NOCMOSAHHO20 KOHMPOAS UX COCMOSAHUSL, HACMPOUKU U I0CMUPOSKU
8bICOKOKBANUDUYUPOBAHHBIM NEPCOHATIOM ZHAYUMETILHO YCIONCHSIOM NOAYYeHUEe MPebyeMbIX CEenosblX
Xapakmepucmux, —21a6HbiM — 00paA3oM — NPOCMPAHCMEEHHOU PAGHOMEPHOCMU — dHEP2eMU4ecKou
0CBeUeHHOCI.

Jpyeum obwum HedoOCmamkom A6ASAemcs HU3KAA SHepeodgdexmuenocmnv, He npesviwaiowas 10 %.
Ilpeonooicen  anbmepHamugHblll  Memood UMUMAYUU  CONHEYHO20 UBIYHEHUs C  UCHOLb30BAHUEM
MeepOOMeNbHbIX C8EMOBLIX UCHOYHUKOB — BbICOKOIPDEKMUBHBIX C6emMOOU0008 ¢ UX pazmeujeruem 6e3
2POMO30KOU U CNLONCHOU ONMUYECKOU CUCMeMbl HeNnoCPeOCmeeHHO 6 MepMOosaKyymuou xamepe. Ilpu
OMOM OOHOU U3 HAUbOAEe CILONCHBIX NPOOIeM a0anmayuu K yCi08UsIM MepMOBAKYYMHbIX UCTbIMAHULL
saeasiemces obecneyeHue mpeoyemvix ceemosvix xapakmepucmuk. Heobxooumsiil ouanazon Oaun 601H U
CHEeKmpAaibHOe COOMEEMCmEue NOAYYeHbl NpPU  NOMOWU KOMOUHUPOBAHUS BbICOKOIDHEKMUSHbIX
Cc6eMOOUOOHBIX COOPOK U3 C8eMOOUO008 WeCmU PA3TUYHbIX OJAUH BOJH C 2ANIOEHHbIMU JAMNAMU.
IIposeoden pso sxcnepumenmos, KIOYAOWUL USMEPEHUE CEeMOBbIX XAPAKMEPUCTIUK AIbINePHAMUBHBIX
C6emoewix

UCMOYHUKO8 U  MAMeMamuieckoe MOOeIUposaniie MampuiHo2o usiyyamens. B pesyromame
noOMeepHcOeHa 803MONCHOCHIb NPUMEHEHUSL RPEOAA2AeM020 Memood OJisk MePMOBAKYYMHbIX UCTbLMAHULL
KOCMUYECKUX annapamos; Ceemoeble XaApakmepucmurku MoOeiu COOMEEMCmMEYIom Npedbas/isieMbiM
mpebosanusim, a 6 4acmu paeHOMEPHOCIIU IHEPLeMULEeCKOU 0C8CUICHHOCIU U IHEP20Ippexmusnocmu —
SHAYUMENbHO NPEBOCX00SM AHAIOSUYHbIE XAPAKMEPUCTIUKU MPAOUYUOHHBIX UMUMAMOPOS COJHEYHO20
UBIYy4eHusl.

Kmouesvle cnosa: mepmosakyymuvie UCHbIMAHUS KOCMUYECKUX ANNAPAMO8, UMUMAMOpP COJHEYHO20
UBTYYeHUsl, CEeMOUYHAIOWUL OUOO, 2ATI02eHHAS TIAMNA.
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Solar simulators based on gas-discharge xenon lamps, used to obtain the thermal state of objects for
thermal vacuum testing of spacecraft, are one of the key, most complex and energy-consuming elements of
test equipment. Complexity of the optical system, the large number of optical elements, the need for con-
stant monitoring of their condition, tuning and adjustment by highly qualified personnel significantly com-
plicate obtaining of required luminous characteristics, mainly spatial uniformity of irradiance. Another
common drawback is their low energy efficiency, which does not exceed 10 %. We proposed an alternative
method of solar simulation using solid-state luminous sources — high-efficiency LEDs, with their placement
without a bulky and complex optical system directly in a thermal vacuum chamber. At the same time, one of
the most difficult problems of adapting to the conditions of thermal vacuum tests is to provide the necessary
luminous characteristics. The required wavelength range, spectral match is obtained by combining assem-
blies of high-efficiency LEDs of six different wavelengths and halogen lamps. We carried out a number of
experiments, including measuring the luminous characteristics of alternative luminous sources and mathe-
matical modeling of the matrix emitter. As a result, the possibility of using the proposed method for thermal
vacuum tests of spacecraft was confirmed; the luminous characteristics of the model meet the requirements,
and in terms of uniformity of irradiance and energy efficiency, they significantly exceed those of traditional
solar simulators.

Keywords: thermal vacuum tests of spacecraft, solar simulator, light emitting diode, halogen lamp.

Introduction

Solar radiation simulators (SRSs) create a stream of pulsed or continuous radiation, the characteris-
tics of which are close to the characteristics of solar radiation both in atmospheric (AMO, Air Mass 0)
and ground (AM1, AML1.5, etc.) conditions. The most complex, energy-consuming and expensive of
them are constant-radiation SRSs used in thermal vacuum tests (TVT) of spacecraft (SC). In the
course of TVT, vacuum and temperature conditions are simulated that are close to those of near-Earth
outer space, and SRS, as one of the key elements of test equipment, is used to obtain the thermal state
of objects of thermal vacuum tests — SC as a whole or their constituent parts [1; 2].

The emission spectrum of the Sun in open space conditions is close to the emission spectrum of a
blackbody with a temperature of 5960 K (fig. 1). The thermal effect of the Sun in the entire wave-
length range, or energy irradiance (El), is defined as the amount of solar radiation per unit area:

A
E=[10)dr, 1)

0

where E — solar radiation, W/m? 1 — wavelength, am; (1) — intensity of solar radiation per unit wave-
length, W/m?nm.

The average value of the solar El under atmospheric conditions, or the solar constant, is 1366
W/m2,

673



Siberian Aerospace Journal. Vol. 22, No. 4

. Bt 2000- B1
Iz). — -1200 E, 73
M HM M
1500 |- = 1000
- {00
10040 = - 600
¢ = 400
SO0 - 10
/
(4) - 200
| i o
() 1000 2000 3000 4000

AL HM
Puc. 1. CriektpanbHOe pacnpeielieHue COTHETHOTO U3nydeHus ycaosuit AMO

Fig. 1. AMO spectral distribution

In terms of lighting characteristics, currently operating large-sized domestic solar simulator for
thermal vacuum tests SC are imposed the following basic requirements:

— irradiance level — 1340-1440 W/m?;

— uneven distribution of irradiance in the working plane up to 15 %;

— spectral distribution close to the extraatmospheric spectrum of the Sun in the wavelength range
200-2500 nm;

— non-parallelism of the luminous flux is not more than 4° [2].

Gas-discharge xenon lamps [3] are traditionally used as light sources of solar simulator for thermal
vacuum tests of SC, which, due to their peculiarities, cannot be placed directly in a thermal vacuum
chamber. Therefore, to obtain the working field on the test object, a bulky and complex optical system
is used from a large number of reflective and refractive elements. The light fluxes of gas-discharge
xenon lamps are focused in optical mixers with the help of primary optics, then they are directed
through the optical input units into the interior of a thermal vacuum chamber, where they are defo-
cused again with the help of one or several collimating mirrors of complex shape, forming a uniform
working field on the test object. At the same time, the level of achieved spatial uniformity of the irra-
diance directly depends on the accuracy of tuning and alignment of all elements of the optical system
and the constant monitoring of their condition.

An example of a large-sized solar simulator of a traditional design is shown in fig. 2.
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Fig. 2. SRS large-size solar simulator
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Statement of problem

Among the general disadvantages of traditional solar simulator, the most significant are:

— the difficulty of obtaining high accuracy of simulation, first of all, the spatial uniformity of irra-
diance;

— low energy efficiency due to the low efficiency of gas-discharge xenon lamps, the remoteness of
light sources from the test object, and high losses in a complex optical system. Even with the most
careful manufacturing and fine adjustment of all optical elements, the energy efficiency of traditional
SRS does not exceed 10 % [2; 4];

— small, about 500 hours, resource and high cost of light sources;

— complexity and high cost of operation with the participation of highly qualified personnel;

— long preparation time for testing.

It should be noted that traditional solar simulator has practically reached their perfection for several
decades. Further improvement of their light characteristics is possible only to a small extent and at the
cost of a significant increase in cost and complexity of design.

Despite the fact that the light characteristics of the existing large-sized domestic solar simulator
meet the requirements of the vast majority of thermal vacuum tests cases, in the very near future they
may turn out to be insufficient. For example, with ongoing tightening of requirements for automatic
communication, navigation and geodesy satellites, transition to new frequency ranges, the require-
ments for accuracy characteristics of dimensionally stable precision spacecraft structures, such as large
antennas, antenna panels, and truss structures, also increase. At the same time, at the stage of ground
experimental testing, when confirming the stability of their geometric characteristics under thermal
vacuum tests conditions, a higher accuracy of simulating solar radiation will be required, mainly in
terms of stability and uniformity of the temperature field.

Consequently, new, alternative methods and solutions are needed to radically increase the accuracy
of simulation and reduce the cost of thermal vacuum tests using solar simulator.

Solutions

Until recent years, gas-discharge xenon lamps, due to their good spectral match and high power,
were considered, although the most expensive, but practically no alternative light source. However, the
emergence and rapid development of new solid-state light sources, high-performance LEDs, made it
possible to create simple and efficient solar simulator on their basis [5; 6]. When used in solar simula-
tor for TVT of spacecraft, solid-state sources can be placed directly in a thermal vacuum chamber
without a bulky and complex optical system, in the immediate vicinity of a test object. The most ra-
tional design of the emitter of such a solar simulator is in the form of a two-dimensional array (matrix)
with distributed parameters [7; 8], consisting of many point sources - high-performance LEDs with
simple primary optical elements (fig. 3). If the distance to a test object is several times greater than the
distance between neighboring point sources of the matrix, their light fluxes, mixing many times, form
a fairly homogeneous working field. At the same time, it is also rational to compose the emitter from a
large number of light modules of small size. This will allow using only minimum required number of
modules in accordance with the actual configuration of the test object and further improve the energy
efficiency of the SRS.

A preliminary analysis shows the advantage of solar simulator based on LEDs in terms of the vast
majority of light, operational, technical and economic characteristics [8]. Moreover, there are already
based on LEDs solar imitators mass-produced by foreign manufacturers [9; 10]. However, all of them
are designed for testing solar photovoltaic cells under AM1 or AM1.5 ground conditions, in a narrow
spectral range of 400-1100 nm and with an EC level of up to 1000 W/m?. To adapt the LED solar
simulator to thermal vacuum tests conditions, it is necessary to solve a number of problems that com-
pletely change its design. First of all, you need to ensure:
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1. Light characteristics:

— irradiance level corresponding to the solar constant, not less than 1366 W/m?;

— spectral range, extended in the infrared region, up to 2000 nm;

— significant, several meters, distance to the test object and the size of the working field;

— high directivity of a light flux without a component of scattered radiation.

2. Thermal mode:

— thermal insulation of a solar simulator emitter with the removal of excess heat release outside the
thermal vacuum chamber;

— thermal stabilization of LED crystals at any temperature conditions of thermal vacuum tests.

3. Choice of materials with minimal outgassing that do not affect the vacuum mode of thermal vac-
uum tests.
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HCTOYHHKH C TCPBHYHBIMK

ONTHYCCKHMH JICMEHTAMH Patouee ceeroBoe noje

Marpina 13 ToueyHkIX
HCTOUHHKOB

Puc. 3. N3nyuatens NICHU B BUIIe MATPHIIBI U3 TOUCUHBIX HCTOYHUKOB

Fig. 3. Emitter of solar simulator in the form of a matrix of point sources

The most difficult of these tasks is to provide the necessary light characteristics. Since the maxi-
mum radiation intensity of monochrome LEDs is concentrated in a narrow range, radiation from sev-
eral groups of LEDs of different wavelengths is combined to obtain a continuous spectrum. However,
in order to obtain high directivity of the light flux required for the case of TVT, each LED must have a
primary optical element, which will not allow placing a sufficient number of groups within the matrix.
On the other hand, the main obstacle to obtaining advanced up to 2000 nm of the SRS spectrum is
high cost, narrow emission band and low efficiency of existing infrared LEDs.

To solve the problem, a simple and effective method has been proposed for combining LEDs of
various wavelengths in the visible region and halogen incandescent lamps in predominantly infrared
region of the solar spectrum. Moreover, if the spectra of these two types of light sources have a region
of joint emission, the number of LEDs of different wavelengths required to obtain a continuous spec-
trum of light-emitting diodes can be reduced by several times. This makes it possible to use integrated
LED assemblies of several different LEDs with minimal radiating surface dimensions together with
one common optical element [11].

Thus, it is most rational to make an SRS emitter based on a combination of high-performance LED
assemblies in the predominantly visible region and halogen lamps in the predominantly infrared re-
gion, placed in a matrix with uniform alternation. An example of placing a combined emitter in a hori-
zontal thermal vacuum chamber is shown in fig. 4.
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Fig. 4. Placement of a combined luminous emitter in a thermal vacuum chamber

Experimental procedure

To check the compliance of combined matrix emitter of the solar simulator with the requirements,
modeling of its light characteristics was carried out.

As light sources in the predominantly visible region, highly efficient LED assemblies LED ENGIN
LZ7 manufactured by OSRAM [12] were selected from LEDs of six wavelengths and emitting surface

dimensions of 7x7 mm (Table 1). The maximum electrical power consumed by the LED assembly
reaches 50 watts.

Table 1
The main parameters of the integrated LED assembly LED ENGIN LZ7
Parameter LED Assembly Crystals

Wavelength, nm 449 495 519 522 600 622
Quantity in assembly 1 1 1 2 1 1
Forward voltage, V 3.2 3.8 35 3.2 3.6 2.4
Maximum forward current, A 3 1 3 25 15 2.5
Maximum temperature in operation mode, °C 125
Temperature in idle state, °C —40 ... +150

The total radiation of the selected LED assembly is limited to the red region of the spectrum, which
implies the use of halogen incandescent lamps with a maximum radiation of about 750 nm in the pre-
dominantly infrared region. The emission spectrum of halogen lamps is close to the radiation of a
black body (fig. 5), the wavelength corresponding to the maximum radiation and the temperature of
the black body, or the color temperature of the lamp, are interconnected by the formula:

b
e =7 10%, 2)

where Amax — Wavelength corresponding to the emission maximum, nm; T - color temperature, K;
b — constant Vina equal to 2,89777 - 10 K-m.
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Fig. 5. Spectral distributions of halogen lamps of different color temperatures
At the same time, lamps with an axial filament are preferred, which makes it possible to use simple

and effective primary optical elements with them — parabolic reflectors.
The most affordable and fully meet the listed requirements are automotive H1 high beam halogen

lamps with a wide range of color temperatures (fig. 6).
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Fig. 6. Color temperatures of H1 halogen lamps from different manufacturers

H1 halogen lamps manufactured by OSRAM with a color temperature of 3700 K and a maximum
power consumption of 55 W were chosen as a light source in the predominantly infrared region.

Primary optics for light sources was selected from commercially available compact optical ele-
ments with round light distribution and the smallest distribution angle of 6°. TIR optical elements
based on the principle of total internal reflection (eng. Total Internal Reflection) [13; 14], for halogen
lamps — parabolic reflectors.

The initial values of light power and spectral distributions of light sources were measured under
normal conditions. To measure spectral distributions, a spectrum measurement system based on two
MDR-206 monochromators and a PC with specialized software was used to determine the integral
values of the irradiance. The monochromators are calibrated against reference light sources based on
an incandescent lamp and a deuterium lamp. Additionally, to measure the levels of irradiation, a spec-
trally non-selective thermal radiometer FOA 020 with a small, almost point size of the measuring sur-
face, calibrated by the method of direct measurements according to the State secondary standard of
units of radiation strength and energy illumination of continuous optical radiation 2.1.ZZA.0010.2015,
was used.
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The spectral distribution obtained by combining LEDs of six wavelengths and a halogen lamp with
separate regulation of their electric power is shown in fig. 7.
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Fig. 7. Spectral distribution of the combined luminous source

Compliance with the AMO spectrum was determined according to the method given in GOST R
IEC 609040-9 [15]. It should be noted that these requirements are redundant for the case of thermal
vacuum tests, since [15] classifies the characteristics of the solar simulator for testing solar photocells
that are extremely sensitive to the spectrum. However, even in this case, the spectral correspondence is
within 0.75-1.25, which corresponds to the highest-class A (Table 2).

Table 2
Spectral fit obtained by combining light sources
Wavelength ranges, nm 400-500 500-600 600-700 700-800 800-900 900-1100
Spectral match 0.79 1.04 0.92 1.05 1.04 0.98

Further modeling of the characteristics of a single light module and an array of a large number of
light modules was carried out in specialized software for optical design Zemax OpticStudio.

At the first stage, modeling of selected single light sources was carried out with primary optical el-
ements. As initial data, the results of measurements of light characteristics, 3D models of light sources
and their primary optical elements were used. The simulation results (fig. 8, 9) showed a good, with an
accuracy of 5 %, agreement between the measurement results and the models obtained.
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Fig. 8. Simulation results for the LED assembly with TIR

20,9 I I(x)|

104 %

V.MM

20060120 80 40 0 40 80 120 160 200

X, MM
=200
20,0 '
X MM 1)
[
e - -30°
(18
"
6017 I 60
200 -160-120 80 40 0 40 S0 120 160 200
90 : X
¥, MM

Puc. 9. Pe3yabTaThl MOJETMPOBaHUS rajioreHHOM taMiisl H1 ¢ mapabonuyeckum peduiekropom

Fig. 9. Simulation results for the H1 halogen lamp with parabolic mirror

At the next stage, Zemax OpticStudio simulated the light characteristics of a single light module
with dimensions of 310 x 310 mm, or 0.1 m? (fig. 10), consisting of 18 LED assemblies and 18 halo-
gen incandescent lamps with primary optical elements. The calculated electric power consumed by the
module, according to the simulation results, did not exceed 720 W, while the power of the selected

light sources was within half of the maximum.
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Fig. 10. 3D model of a luminous module based on 18 LED assemblies and 18 halogen lamps

The resulting light characteristics of one module are used below as input data for modeling an array
of 169 light modules in Zemax OpticStudio. Since, due to the dimensional limitations of most thermal
vacuum chambers, distances to the test object are not more than 3 m of practical interest, distances
from 0.5 to 3 m were modeled with a step of 0.5 m.

When determining the level and uneven distribution of irradiance, the working plane is divided into
a grid of 20x20 sections (pixels). Average irradiance level in the working plane E, W/m? calculated by
the formula

_IVE )
Ny -Ny
where Ej — integrated irradiance value in each of the 400 grid areas 20 (x)x20 (y), W/m2;
Nx — number of measurements by x coordinate; Ny — the number of measurements along the y coordi-
nate.

Deviation from the average level of irradiance for each measured area Qj, %, calculated by the

formula

The total value of the uneven distribution of irradiance in the working plane Q, %:
Nx-N
Q-1 (5)
NX ° NY

The simulation results in terms of the level and uniformity of the irradiance distribution for each of
the six distances are shown graphically in Fig. 11 and summarized in the general graph in Fig. 12. The
results in terms of the parallelism of the light flux are shown in fig. 13 and in table 3.
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Table 3
Dependence of the solar simulator energy concentration on the distribution angle

. . . Angle ¢, degree.
solar simulator energy concentration P within the angle ¢, % 2 5
Horizontal plane 85 96
Vertical plane 84 96

Results and discussion

The simulation results (fig. 11-13, tables 2-4) show that the obtained value of energy efficiency is
at least twice as high as that of traditional solar simulator. The value of the spatial non-uniformity of
the irradiance is at least three times lower than the maximum allowable value of 15 %. The model is
optimized for a distance of 1.7 m to a test object, which is sufficient in most cases of thermal vacuum
tests, at which the irradiance level is maintained at 1400 W/m2 and a low inhomogeneity equal to
3.5 %. The correspondence to the AMO spectrum determined by the method [15] is within the highest-
class A.

Table 4
Comparative light characteristics of the model and traditional solar simulator for TVT space craft

Parameter Pattern Trad_itional e
simulator
Uneven distribution of El in the working plane, % 5.2-3.3 to 15
Energy efficiency, % 195 5-10
Spectral compliance according to GOST R IEC 60904-9 class A

It should be especially noted that the results obtained are far from limiting.

On fig. 11 it is clearly seen that the total irradiance level of the array of light modules reaches its
maximum values in the center of the illuminated area, uniformly decreasing in the direction to the
edges. Therefore, the spatial uniformity of the irradiance at the level of the entire array can be further
increased by separately adjusting the power of the light modules. The spatial uniformity of the irradi-
ance at the level of one light module can also be increased by using primary optical elements with
light distributions that have not a round, but rectangular or hexagonal form.

It is also obvious that the use of primary optical elements with a smaller distribution angle will fur-
ther increase the parallelism of the light flux, the uniformity of the irradiance distribution and the max-
imum distance to the test object.
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Thus, the obtained light characteristics can be significantly improved by using primary optical ele-
ments manufactured taking into account the above requirements.

Conclusion

The emergence of the latest developments in light sources — high-efficiency LEDs — gives opportu-
nities for implementing an alternative method of simulating solar radiation. The simulation results al-
low us to draw the following conclusions:

1. The possibility of creating a solar radiation simulator for thermal vacuum testing of spacecraft
with the placement of light sources directly in the thermal vacuum chamber is theoretically confirmed.

2. The light characteristics of the model meet the requirements.

3. In terms of solar radiation simulation accuracy and energy efficiency, the obtained model charac-
teristics significantly exceed those of conventional solar radiation simulators.

The next logical step is creation of a working model of an alternative solar radiation simulator and
experimental confirmation of its characteristics in real conditions of thermal vacuum tests.
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