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In the process of ground-based tryout of solar panels placed aboard the spacecraft there appears the problem of
gravity effect compensation. The energy of deployment mechanism is extremely limited, the weight and strength of the
structure being calculated for weightlessness conditions. Therefore, under the force of gravity, the power of deployment
drives may not be enough to complete the tryout, and the structure itself may be destroyed. Taking into account these
difficulties, specialized stands the main part of which is the so-called weight compensation system are designed and
created to conduct ground-based pilot tryout. Active weight compensation systems are most effective in this case.

In the stands with active weight compensation systems all forces generated by the stand and movements of the stand
parts occur through controlled drives. By introducing various sensors into the weight compensation system and by the
use of their signals for generation of controlling actions in the control system it becomes possible to significantly
increase the level of gravity effect compensation, as well as to minimize the influence of the stand parts inertia.

The paper presents the results of the designing, building and testing of the automated active weight compensation
system for solar panels. The system provides weight compensation when conducting ground-based experimental tryout
of any objects (solar panels, rods, multi-tier spokes, etc.) having a long and transformable in one direction form for
distances of the order of 20 m (longitudinal direction). This system also provides movement of the pieces of a tested
object in the transverse direction and in height for distances of up to 5 m.

The results of departmental tests showed that the weight compensation system with specified parameters described
in this paper allows for ground-based tryout of the deployment of solar panels of all constructions, both currently
existing and being developed for the future.

Keywords: solar panel, spacecraft, active weight compensation system, efficiency of the weight compensation sys-
tem.
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B npoyecce nazemnoii ompabomku coaneynvix bamapetl, pazmewiaemvix Ha 6Opmy KOCMUYECKUX annapamos, 603-
HUKaem npooiema KOMIEHCayul 6IUSHUsL CUTbL MACeCmU. DHepeemuKa Mexanusma pAcKpblmus Ype3gbluatino 0paHu-
uena, a 8ec U NPOYHOCMb KOHCMPYKYUU PACCHUMBIBAIOMCA HA YCcll08us Hegecomocmu. Iloomomy 6 ycnogusax oelicmeus
CUbL MAACECMU MOWHOCMU NPUBOOOS PACKPBIMUSL MOJCEM He X6amumb OJi NOIHOYEHHOU ompabomKu, a cama KOH-
CMPYKYUsl, KaK KpauHuti crydail, Modcem Oblmsb paspyulend. Yuumoieas OanHbvle CIOACHOCMU, OISl NPOBeOeHUsl Ha3eM-
HOU 9KCNEPUMEHMANbHOU OMpPabomKyu paspadbamul8aiomcs U co30al0Mcs CNeYyudru3upo8antvie CmeHobl, OCHOGHOU
4aACmMbI0 KOMOPLIX AGNAIOMCA MAK Ha3zvledemvle cucmemvl obessewusanus. Haubonee sghgpexmusnoivu 6 oanHom
cayyae ABNAIOMCA AKMUBHbLE CUCTEeMbl 00e36eUUBAHUSL.
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B cmenoax ¢ axmuembimu cucmemamu obesgewusanus 6ce Cuibl, ceHepupyemvle 8 CmeHoe, U nepemeujeHus
COCMABHBIX wacmetl CMeHOa NPOUCXO0SIM 3d CYem YNpAgseMblX npugooos. Ilymem 6sedeHuss 8 KOHCMPYKYUIO cucme-
Mbl 00€36eUUBANHUSL PAZTULHBIX OAMYUKOE U UCNOAb306AHUS UX CUSHANO08 075l 6bIPAOOMKU YAPAGISIOUUX 8030€UCMEULl
6 cucmeme YNpagneHus YOaemcst 3HAUUMeIbHO HOGbICUMb CIMEeNeHb KOMIEHCAYUU GUSHUSL CULbL MAICECTU, d MAKICe
MUHUMU3UPOBAMb GIUSIHUE UHEPYUOHHOCIU YaChel CMeHOd.

Ipedcmaenenvl pezyrvbmamol pazpabdomiu, co30anUsi U UCHBIMAHUI A8MOMAMUUPOSAHHOL AKMUBHOL CUCTEMDL,
npeoHasHavenHol 05 obezsewusanus corneutvix oamapei. Cozoannas cucmema obecneyusaem ode3eeutuéanie npu
nposedeHUU HA3EMHOU IKCHEPUMEHMATLHOU OMPAbOmMKU TI00bIX 00bEKmos (CoNHeunbIX bamapel, Wwmane, MHO2038eH-
HbIX ChuYy U m. 0.), UMEIOWUX NPOMSNCEHHYIO U MPAHCHOPMUPYEMYIO 8 OOHOM HANPAGIEHUU POPMY HA PACCMOSHUS
nopsioka 20 m (npodonvroe nanpasienue). Taxoice dannas cucmema obecneyusaem nepemeweHue yacmel mecmupye-
MO20 U30eUsl 8 NONEPEYHOM HANPAGIEHUU U NO GbICOME HA PACCOSHUL 00 5 M.

Peszyromamor 6edomcmeenublx UCnbIMAnULl NOKA3AIU, YMO ONUCAHHASL CUCeMd 00e36eulu8aHUusl ¢ YKA3AHHbIMU
napamempamu no360Jsiem npou3o0Ums HA3eMHYI0 0mpabomKy pacKpblmus COIHEYHbIX bamapetl cex KOHCMPYKYuil,
KaKk cyuwecmsylouwux 6 Hacmosiwee epems, max u papadamvléaemsbix Ha NEPCREeKmuey.

Kniouesvie cnosa: conneunas 5amapeﬂ, KocMu4eckuil annapam, akmueHas cucmema o6e3eemu6aHuﬂ, Qde)eKWlMG—
HOCMb cucmembl 00e36eUUBaAHUS.

Introduction. At present, in the process of space ve- — ensuring the independence of the weight-compensat-
hicles (SV) development one of the most important tasks  ing forces during the movement of the suspension point;
is to increase their reliability and elongate their service — minimization or complete elimination of the inertia

life during the flight. The solution of this problem is effect of the parts of the WCS on the operation of the
impossible without comprehensive ground-based experi- mechanisms of a tested product.

mental testing (GET) of both the SV as a whole and its In addition, some other tasks can be solved simultane-
component parts. The greatest difficulties arise with GET ~ ously: minimization of bending and other types of defor-
of so-called large-scale transformable systems (LTS). mation of product designs, minimization of change
LTS include: antenna-reflectors, solar panels (SP), vari-  in friction forces in hinges, etc.

ous retractable rods, etc. The complexity of GET of such Weight compensation systems can be divided into
objects is due to their considerable size (often the linear  three types according to the way of solving the main tasks
dimensions of these objects exceed the dimensions of the ~ mentioned above:

SV tens of times), the energy of the mechanism of de- ~ — Systems with a passive type of weight compensa-
ployment (transformation) is extremely limited, the tion[2;3]; ) ) . .
weight and strength of the structure being calculated for — systems with an active type of weight compensation [4];

— systems with an active-passive type of weight com-
pensation [7; 8].

In systems of the first type, the parts of the product
to be weight-compensated and the stand move under the
action of movements and forces which are formed due to
the energy of the product drives, the balance weights and
the spring elements of the stand. The main disadvantage
of such systems is the sharp complication of their design
when the size of LTS increases and the practical impos-
sibility of minimizing the effect of inertial properties of
WCS on the operation of a tested product. As a rule, these
systems are highly specialized and are intended for GET
of the final set of products. Due to these shortcomings, the
scope of application of such systems is limited to GET of
relatively simple objects consisting of 2-3 elements and
with relatively non-rigid requirements for compensation
of gravity (usually, in statics, the error of compensation is
several percent).

In stands with active systems of weight compensation
all the forces generated in the stand and the movements of

conditions of weightlessness. Therefore, under the action
of gravity, the power of the deployment drives may not be
enough for an adequate tryout, and the structure itself can
be destroyed. Taking into account these difficulties, spe-
cialized stands the main part of which is the so called
weight compensation system (WCS) [1-8] are being
designed and created for carrying out GET.

The general idea of weight compensation is that spe-
cial constructions compensate for the gravity forces acting
on each of the non-transformable parts, and also compen-
sate the moments created by the action of gravity on each
such part. This can be achieved by applying to the center
of mass of each non-transformable part a force equal
to the weight of this part and directed strictly upward.
But such a “trivial” solution does not always turn out to
be constructively realizable. In general, the stand should
provide a three-dimensional movement of parts of an
object to be weight-compensated in an arbitrary direction,
but often the features of the topology of the object being
transformed are used to simplify the design of the stand,  {he component parts of the stand are due to controlled
so either symmetry axes or sclected directions appear [2].  drives. In this case, by introducing various sensors into

When developing a WCS, the following main tasks  the design of the WCS and using their signals to generate

are 501V6f1¢ ) ) controlling actions in the control system it is possible to
— choice of the method of compensation for gravity  significantly increase the degree of compensation for the
acting on the objects to be weight-compensated; effect of gravity, and also to minimize the influence of the

- enst}ring the movement of the poipts of suspension  inertia of the stand parts [9]. Structurally, such a system
of the object to be weight-compensated in space along the  becomes much simpler. The disadvantages of these sys-
necessary trajectories; tems are the complexity of the control algorithms, large
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labor costs for their development and high probability
of self-oscillations.

In systems with an active-passive type of weight com-
pensation, there are in some cases advantages and disad-
vantages of the systems of the first two types and the
scope of their application, as that of passive systems,
is limited.

Formulation of the problem. The purpose of this
work was the development of an automated active weight
compensation system for the deployment of extended
products [10]. Weight compensation of a product can be
provided only in two ways: the first one is hanging on
suspenders with a movable suspension point and using
mobile supports (an exotic case of immersion in a pool
with dense liquid is not considered). In our case WCS
with the use of a suspension system is structurally more
convenient. This WCS must ensure weight compensation
during GET of any objects (solar batteries, rods, multi-
link spokes, etc.) having an extended and transformable in
one direction form for distances of the order of 20 m
(longitudinal direction). Also, this system should allow
the parts of the tested product to be moved in the trans-
verse direction and in height for distances up to 5 m [11].
Concrete specifications are given in table.

An important issue in conducting GET is the question
of energy losses of the drives of a tested product deploy-
ment while overcoming the “parasitic” forces, which are
the resistance forces in the WCS and an uncompensated
part of the gravity force. These losses are due to the im-
perfection of the WCS design and the “non-ideal” opera-
tion of feedback and sensors in this system. A full account
of all the differences in the ground-based experiment and
the conditions of an orbital flight is hardly possible, and
therefore a certain compromise solution was adopted
on the methodology for determining losses, namely:

1. In each relatively short period of time (of the order
of 0.1 seconds) it is considered that the instantaneous
value of the speed of the part to be weight-compensated,
its acceleration, the deviation from the vertical of the sus-
pender on which this product is suspended are considered
constant (i. e., the values of all “parasitic” forces which
must be overcome by the deployment mechanism during
the process of deployment are constant).

2. “Parasitic” work of the deployment system on this
section — A11; is given by the expression:

AH,‘ = FZ,‘ . SZ,' + Fy, . 8)/, + Fx,' . le',

where Fz;, Fy;, Fx; are the values of the “parasitic forces”
acting at 7/ time moment on the weight-compensated part
along the corresponding directions; 6z;, dy;, Ox; are the
values of the displacements for the same moment of time.
In this case, only those coordinates are taken into account,
in the direction of which the forces of the deployment
system act. Forces perpendicular to those created by the
deployment drives create additional frictional forces in
the hinges, which certainly need to be reduced, but the
direct calculation of their effect on the losses is extremely
complicated.

3. The total energy losses of the deployment drives for
the extension of this part — Am — are calculated as the sum
of the “parasitic” works along the entire path of deploy-
ment of the part to be weight-compensated:

N
An = ZAHI-,
i=0

where N is the number of sections for the entire time
of product deployment.

The total energy losses of the deployment drives are
the sum of parasitic work moving each “non-transform-
able” part of the product to be weight-compensated.

Technical characteristics of WCS

Ne Parameter name Index
1 Number of independently weight-compensated parts (pieces), of which: 12
2 with mass up to 80 kg 3
3 with mass up to 35 kg 6
4 with mass up to 10 kg 3
5 Maximum speed of the parts to be weight-compensated, m/s:

longitudinal 1

transverse 1

vertical 0.4
6 Maximum acceleration of the parts to be weight-compensated, m/s*:

longitudinal 0.5

transverse 0.5

vertical 0.2
7 Maximum travel of parts of the article to be weight-compensated, m:

longitudinal 17

transverse +2

vertical +2.5
8 Energy losses of the drives of the tested product deployment system to overcome resistance 10

in WCS and gravity,%, not more than
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The stand and WCS construction. Due to the fact that
the parts of tested products travel the distance of tens
of meters (X coordinate) in one direction and are limited
to the distance of a few meters in the other direction (¥ —
transverse, Z — vertical), the portal structure was taken
as a basis. The portal was moved along the two guides
with a toothed belt along X coordinate, the carriage was
moved along the portal in the transverse direction and this
carriage, in its turn, ensured the vertical moving of the
object to be weight-compensated [12; 13]. The movement
of the portal was due to the engagement of the gears
of the portal support assemblies with the toothed belt.
The drives that move around each coordinate were inde-
pendent. The considerations for choosing the drives and
the control system for their displacements were similar
to those given in [14]. The error in compensation of the
weight component was measured with the help of weight
sensors, the data from which were transmitted to the con-
trol system via the radio channel. In X and Y axes, the
delay signal (or the lead signal) of the portal and the
carriage was the deviation of the suspension cable from
the vertical. Directional X coordinates were located in 3
tiers (on each tier there were 3 portals). Particular atten-
tion was paid to the speed of the control system and the
sensors of mismatch. The data acquisition period from all
sensors and the control cycle time were 30 ms. Mitsubishi
Electric equipment was adopted as an automation plat-
form [15]. The exterior view of the portal with the car-
riage and WCS assembly is shown in fig. 1, a, b, respec-
tively.

The WCS operation was tested during the weight
compensation of a solar battery consisting of 3 panels and
a frame (fig. 2). The objective function of the control
system for the WCS drives was to minimize the devia-
tions of suspension cables from the vertical and the devia-
tion of the tension of the suspender cables from the set
values. Because there was no motion of the SP in the ver-
tical direction (it arose only because of inadequate parallel

alignment of the SP deployment direction and the WCS
guides, and out-of-parallelism of the axes of the individ-
ual panels), the tests of WCS in the vertical direction were
not fully carried out. In the operation of the WCS control
system, the PID control algorithm was used [16; 17].

Experimental results and discussion of the ob-
tained temporal dependencies during the deployment.
During the experiments, the PID regulator coefficients
(gain factors in the WCS feedback loop) were selected
from the condition of the absence of electromechanical
resonances for various designs of the products being
inspected and the conditions for their deployment. This
condition was dictated by the strict requirement of me-
chanical safety of the product to be weight-compensated.
Thus, a certain “safe” range of values of the PID regulator
coefficients was determined. It was in this range of coef-
ficients that experiments were carried out. After carrying
out the experiments and processing their results, the fol-
lowing dependencies were obtained for each of the parts
to be weight-compensated:

— the speed of movement of a given part along X axis
as a function of time;

— speed of movement of a given part along Y axis as a
function of time;

— the dependence of the parasitic energy losses of the
SP deployment mechanisms when moving the panels
along each of the coordinates.

Moving of an intermediate panel (it has the largest
weight and a significant travel range) and the tip panel — it
has the maximum displacement along X axis — is the most
interesting. The movement of all the panels along Y axis
practically did not affect the energy losses due to the
small range of displacements. The dependencies obtained
on the graphs are similar for each of the parts to
be weight-compensated (they differ only in numerical
values), so below in fig. 3-8 only the results for the tip
panel are shown.

a

Fig. 1. WCS portal (a): 1 — portal body; 2 — support assembly; 3 — carriage; 4 — vertical displacement
node with error sensors in X and Y coordinates; WCS in assembly (b): 1, 2, 3 — left guides (3 tiers);
4,5, 6 — portals of three tiers

Puc. 1. Ilopran CO (@): I — xopiryc nopraia; 2 — OIOPHBII y3er; 3 — KapeTka; 4 — y3ell BepTHKaJILHOTO
MepeMELLeHNs C JaTYMKaM1 paccorjiacoBanus 1o koopaunaram X u Y; CO B cbope (6): 1, 2, 3 — neBble
HanpasJysttoiue (3 sipyca); 4, 5, 6 — MOpTaNbI TPEX APYCOB
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Fig. 2. Schematic representation of the deployed solar panel used in WCS tests:
1 — load-bearing column; 2 — double guides; 3 — carriage with a suspender of a rod weight compensation;
4 — carriage with a suspender of an inboard panel weight compensation; 5 — carriage with a suspender
of an intermediate package weight compensation; 6 — carriage with a suspender of a tip panel weight
compensation; 7 — tip panel; 8 — intermediate panel; 9 — inboard panel; 10 — frame; /1 — IR satellite frame

Puc. 2. CxemarmuHoe 1300pakeHNe PacKPHITOI CONMHEYHON OaTapen, Hcroys3yeMoi npu ucnbiTanusx CO:
1 — cuioBasi KOJIOHHA; 2 — JBOIHBIE HANpPABISIOMINE; 3 — KapeTKa C BBIBECKOI 00e3BEIIMBAHUS LITAHTH;
4 — xapeTka C BBIBECKOH 00e3BelIMBaHMS KOPHEBOW MaHENH; 5 — KapeTka C BBIBECKOH 00E3BEIINBAHUS
MPOMEXYTOYHOTO TaKeTa; 6 — KapeTKa ¢ BHIBECKOH 0OE3BCLIMBAHHS KOHLEBOW MaHeNnH; / — KOHIIEBas

MaHesb; § — MPOMEXYTOUYHAs ITaHelb; 9 — KopHeBas naHenb; /0 — pama; 1/ — pama UK cryTHHKA
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Fig. 3. Time dependence of the deviation angle of the tip panel suspender from the vertical
in the direction of X axis (time is given in seconds, deviation — in degrees)
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Fig. 5. Time dependence of the deviation angle of the tip panel suspender from the vertical in the direction of Y axis
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The obtained graphs are correct within the framework
of the considered model up to the moment of time 29.8—
30 seconds. At this point, the “locking” mechanisms
of solar panels start functioning and after their operation
the movement of panels practically ceases, and
accordingly the movement of portals and carriages ceases
to be independent and part of the energy goes to the SP
fastening system. But from the point of view of GET this
moment is already of no interest, because the deployment
is completed.

From the graphs obtained it can be seen that the
“parasitic” energy losses slightly exceed the value of 10 %.
These losses are due to the fact that practically throughout
the SP deployment the angle of the suspender deviation
remains constant and is about 0.05°. This value can be
reduced by increasing the “integral component” in the
coefficients describing the operation of the PID controller.
This reduces the stability of the entire WCS. The way
to set the target function of the suspender deviation angle
as 0.05° instead of 0° seems to be much simpler. Due
to the wide possibilities for changing the algorithms of the
WCS control system there are other ways to reduce the
“parasitic” energy losses of the deployment mechanisms.

The motion range of the panels along the vertical in
the experiments was less than 30 mm and did not actually
affect the energy losses. Nevertheless, the inclusion of the
WCS mechanism which ensures the compensation of the
deviations in the weight component made it possible
to reduce this value by more than three times.

Conclusion. An automated active weight-compensation
system for deployment of solar cells of space vehicles
was developed, created and tested.

The results of departmental tests showed that the
weight compensation system with specified parameters
described in this paper allows for ground-based tryout of
the deployment of solar panels of all constructions, both
currently existing and being developed for the future.
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