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The paper discusses the issue of ensuring survivability of Spacecraft (SC) in its long-term autonomous operation in
space conditions for cases of critical failure of rate sensors. We presented an autonomous control loop in survivability
mode in the form of a functional circuit and a mathematical model of control loop. On the spacecraft engineered by JSC
ISS — Reshetnev, failures of an angular-rate sensor took place; these failures reduced a redundancy level and unfailing
performance of SC; the failure of a standby angular rate sensor will lead to impossibility to use this mode. We came up
with a solution to a problem of potential failures of angular rate sensors for spacecraft in operation in orbit using addi-
tional control logic; this solution is the purpose of our work. We developed a mathematical model of control without
using an angular rate sensor. We described the model in details and it included estimating the angular rate according
to previously generated control actions, calculation of control actions and filtration of evaluation registration accord-
ing to measuring of a solar sensor. We showed the purpose of each newly introduced block that gives such advantages
as improving the noise immunity of control loop to measurement errors, providing search rotation in the case of failure
of all rate sensors. Improved control algorithm was synthesized. Having improved the basic algorithm, we carried out
ground and flight tests. We performed mathematical modeling in the environment called GNU Octave.

Hybrid modeling was performed on rotary tables equipped with functional models of units and a functional model
of onboard control subsystem. We conducted flight tests on real geostationary SC flying in orbit. For each test, we pro-
vided description of initial conditions and presented graphs of measurement of angular rate. We carried out all the tests
successfully, and the algorithm is applied on the SC engineered by JSC “ISS — Reshetnev Company .

Keywords: pointing and attitude control system, spacecraft, angular rate, testing of pointing and attitude control
System.
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AJITOPUTM OLEHKH YTIJIOBOM CKOPOCTH KOCMUYECKOTI'O AIIITAPATA
B PEXKUME )KUBYYECTHU
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Paccmompen eonpoc obecneuenus scugyuecmu kocmudeckozo annapama (KA) npu e2o onumenvrou agmoHomMHOu
IKCNIYamayuy 8 YCI08UAX KOCMUYECKO20 NPOCMPAHCMEA Ol CyYaes KpUMmudecKux OmKA308 OAmyukos Yool
ckopocmu. Onucan asmoHOMHbLI KOHMYP YAPAGIEHUS 8 PENCUME ICUBYHECTU 8 8U0e QYHKYUOHATLHOU CXeMbl pabombl
u mamemamuyecxkou mooenu ynpasienus. Ilpuseoen MUHUMATbHO HEOOX0OUMbLLE NPUOOPHBILL COCMA8 0AMYUKOBOU an-
napamypuvl Opuenmayuy O pearu3ayii PeXCUMd, a UMEHHO, COTHEYHbLI OamyuK 1 0am4ux yenosou ckopocmu. Ha KA
paspabomxu AO «MUCC» umenu mecmo omxasvl 0amuuKa yeio80i CKOpOCMU, CHUSUGULUE CIENeHb Pe3epeupo8aHuUs]
u Haodexcrhocmv KA, 6bixo0 u3 cmpos pe3epHo2o 0amuuxa y2no8oti CKopocmu npusedem K He03MOMCHOCU UCHONb30-
8anus 0anHozo pexcuma. Ilpeonodceno 00HO u3 peuteHul NPoodIeMbl B03MONCHO20 OMKA3A OAMYUKO8 VeNl080U CKOPO-
cmu 0na yace remaowux KA na opbume nymem paspabomxu 00NOTHUMENbHO20 ANOPUMMA YRPAGLEHU, YMO U A6/~
emcs yeavio cmamvu. Paspabomana mamemamuyeckas moodens ynpagienus 6e3 ucnoib308aHus NOKA3aHUull 0amyuxa
Y2n080ii ckopocmu. Ima mooenb no0podHO ONUCana u eK0Yaem 6 cebs oyeHKy yenoeoll cCKOpocmu no panee 8ul0aH-
HbIM YRPAGIAIOWUM 8030€UCMBUAM, paciem YNpasiaouux 6030eiicmeutl U Guibmpayuio noKa3aHuti oyeHky no usme-
penusam conneunozo oamuuxa. Ilokazano nasnauenue Kaxcoo2o u3 6HOBb 66e0EHHbIX ONIOK08, KOMOpble 0aiom maxue
npeuMywecmed, Kax nosbluleHue HoOMexo3auuyéHHoCmuy KOHMypa K OuubKam usmepenuti, obecneyeniue noucko8o20
spawenus KA 6 cnyuae omkasa écex oamuukos yenogoii ckopocmu. CuHmesupoean YuyuuenHsli aieopumm ynpasie-
nus. Ilocne dopabomxu 0CHOBHO20 aneopumma Obliu NPOeOeHbl HazeMHble U NemHble uchvimanus. Mamemamuueckoe
MoOdenuposarue npouszeoounocs 6 cpede GNU Octave. [lonynamypHoe mooenuposarue nposoouiocs Ha NOBOPOMHbBIX
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CMONAx ¢ YCMAHOGIEHHbIMU HA HUX MEXHON02UYeCKUMU NPpUOOPamMu OpueHmayuy U npu UCNONb308AHUU MeXHOI02UYe-
CKO20 GbIUUCTIUMENIbHO20 KoMNeKca. Jlemuble ucnblmanus npoGoOUNUCy HA PeanvHOM 2eocmayuonapuom KA, nemaio-
wem Ha opoume. Ilo kaxcoomy 6udy UCHBIMAHUL NPUBEOCHO ONUCAHUE HAYATbHLIX YCA08UL Ol MeCmos, NpueeoeHbsl
epaguru usmepenus: yenosou ckopocmu. Bce nposedennvle ucnvlmanus OKOHUUIUCH YCHEWHO, U OAHHbIN AN2OPUMM

npumensiemcs Ha KA paspabomku AO « ACC».

Kniouesvie cnosa: cucmema opueHmayuu u cma6wm3auuu, KocMuuecKuil annapam, yei06dsi CKOpocmbs, UCNbIMAaHus

cucmemsvl opuermayuu u cma6uﬂu3auuu.

Introduction. Spacecraft (SC) operation in orbit is
connected to such an important concept as permanent
performing of an object function. In the early going, the
quality management system of SC is meant to provide SC
runnability in case of equipment failure [1; 2]. For their
part, the failures can be classified as: a) failures not hav-
ing a considerable effect on performing an object function
of SC and b) failures capable of leading to a temporary time
gap in the operation of SC for the purpose intended [3].
The time gap can appear due to loss of orientation. For
SC, engaged in communication session, in the areas of
lack of communication, disorientation and electric battery
discharge can cause disastrous effects, e.g. loss of spacecraft.

Survivability mode. To provide survivability of space-
craft during its continuous autonomous operation in con-
ditions of outer space, JSC “ISS — Reshetnev” use autono-
mous control loop of vehicle orientation — survivability
mode [4-6]. According to a patent, the idea of the mode
involves automatic unfolding of a solar panel into a fixed
position relative to a main body of spacecraft to make
solar panels as enlightened by the Sun as possible. Con-
sequently, spacecraft maintains positive power balance
and it is saved. The flow chart of an autonomous control
loop in survivability mode is shown in the fig. 1.

The operation algorithm consists of three blocks:

1) defining the angle of orientation of SC (¥ =
= [y ¢ 0], "), which is performed using a solar sensor (SS)
[7]. In that mode, we used solar sensors that identify the
sun position by means of two angles (¢ and 0);

2) defining the angular rate of SC (Q = [0, ®, ®_], '/s)
it is performed using an angular-rate sensor or using the
algorithm of angular rate calculation [8];

3) calculation and generation of control actions on SC [9].

The unit of evaluation and generation of control ac-
tions on SC exerts control by the laws [10]:

_K)?\V_Kfmx
_ a Dy _ a d
M=-K¥-K"Q=|-Kip-Klo, |, (1)
~K'9-K'o,
t=J/ M- At, 2)

where K =[K{ K N K] is the coefficient of amplifica-
tion, N'ms/’; K* = [K? K}“f Kf] — damping coefficient,

Nms?/'; M — required control moment, N-m; T — total
time of generation of control signal, s; A¢ — control period,
s; J — momentum of inertia of SC, kg'm’.

Using of orientation sensors (solar sensors and angular
rate sensors), on-board digital computer system and jet
orientation engines supports the survivability mode. Par-
tial or complete failure of an angular rate sensor can cause
a problem. Partial failure of an angular rate sensor

occurred on the geostationary SC engineered by JSC “ISS —
Reshetnev”. Complete failure of an angular rate sensor
would lead to disability of using survivability mode. An
appropriate solution can be the algorithm of calculating
angular rate on available orienting point — a star or the
Sun, which is offered in [8]. However, using of these
ways does not give the opportunity to provide search
speed without orienting point in sight of a solar sensor.

We offered the solution in the form of a control algo-
rithm taking into account failures of an angular rate
sensor via one or more control channels with additional
protection from short time false indications.

To define angular rate, we introduced an additional
block, which calculates evaluation of angular rate accord-
ing to the following formula:

~

Q, =Q7F +QI"8, 3)
where Q; is the calculating values of angular rate at pre-

sent, '/s; QF, — control rate at a previous step, '/s;

Q"¢ — calculated value change of angular rate of SC

according to generated control action speed at a previous
step, '/s. In survivability mode, ignition of an orientation
engine provides control input according to the formula:

Q™ =1, -p-1/J, 4)

where 7, is the time of orientation engine ignition, s;
p — rated thrust of an orientation engine, H; / — the arm of
an orientation engine action, m; J — momentum of inertia
of SC, kg'm®.

Using of computer model of orientation engine ignition
allows calculating the angular rate of SC that provides the
system with parameters for controllability. The inaccu-
racy of angular rate depends on the accuracy of computer
model of an orientation engine, as well as on initial value
of angular rate. Nevertheless, using of estimation of angu-
lar rate by generated action allows providing search rota-
tion of SC in the case of failure of all angular rate sensors
that measure angular rate of SC in direction of search
rotation.

Using a filter of angular rate of SC helps solve the
task of protection from false indicated readings of rateme-
ter (levelling of impact) and compensation of inaccuracy
of defining angular rate by the impact:

Qr =0, + k(O -0, (5)

L

where Q7 is control angular rate at present step, '/s;

Q" — measured angular rate, '/s; k — filter gain. The

filter gain defines the convergence rate of rate estimation

to measured rate, and it is chosen in the range from 0 to 1.
In fig. 2 we presented The flow chart of improved

autonomous control loop in survivability mode.
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Fig. 1. Flow chart of an autonomous control loop in survivability mode
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Fig. 2. Flow chart of improved autonomous control loop in survivability mode

Puc. 2. q)yHKIII/IOHaJII)HaFI CXEMa YCOBECPIUICHCTBOBAHHOT'O aBTOHOMHOT'O KOHTYpa YIIPaBJICHUSA B PEIKUME KUBYUYECTU

Tests. For algorithm qualification, we used mathe-
matical modeling in mathematical computation environment
Octave GNU and in simulation ground-based debugging
complex of onboard radioelectronics [11]. The mathe-
matical model consisted of the following blocks: kine-
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matic and dynamic model of SC [12]; device model; con-
trol system model [13]; model of orientation engine [14].
We simulated situations when at starting moment of
time, angular rate in onboard software and model angular
rate differed significantly (from —15 to 15 '/s) for different
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failures of angular rate sensors (8 failure combinations).
We carried out more than 1000 test variations. Fig. 3
shows the results of two tests for two cases: a — failure
of an angular rate sensor via channel X, b — failure of an
angular rate sensor via all available channels. In the fig. 3
we labelled model angular rate of SC — @,mod and angu-
lar rate estimation — @y .

Readings comparison of model angular rate and angu-
lar rate estimation shows ability to make required control
actions via all control channels. We should focus on the
situation of complete failure of an angular rate sensor and,
consequently, lack of information about angular rate of
SC. In this variant of failure, the algorithm of angular rate
estimation solves the task of defining angular rate. Angu-
lar rate decrease via roll channel is impossible in some
modes; one of these situations is shown in fig. 3, b. Its
analysis shows that angular rate via pitch channels and
yaw channels are calculated with some inaccuracy that
decreases over time. The initial rate via roll channel (un-
known to the algorithm) is not decelerated but it does not
get lower. The fact that orientation is performed by a roll
axis to the Sun does not give a possibility to measure an-
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gular rate via a roll channel using this orienting point. As
high reliability and maximum possible development of
the algorithm are required, we performed additional
checking on an “iron bird”, which consisted of real tech-
nological devices of a solar sensor and an angular rate
sensor installed on rotary tables. You can see the descrip-
tion of an “iron bird” and methods of testing in the
sources [14; 15]. We presented the graphs of angular rate
changing while “iron bird” testing in fig. 4.

We can describe the results of the ground processing
as effective: the algorithm successfully passed all the tests
in all variants for all possible combinations of failures of
an angular-rate sensor at different stages of processing.

The final test of the algorithm was live testing carried
out on real SC, i. e. we prepared the programme to take
spacecraft off into survivability mode with the simulation
of angular-rate sensor failures. We carried out the four
tests successfully. The logic of survivability mode with
the improved algorithm effectively dealt with the orienta-
tion of SC on the Sun in the context of simulated failures
of an angular rate sensor. Graphs of angular rate changing
at verification tests in situ are shown in fig. 5.
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Fig. 3. Results of ground-based modeling tests with (a) failure
of an angular rate sensor via channel X; failure of an angular rate
sensor via all available channels (b)

Puc. 3. Pe3ynpraTsl HCTIBITAaHUH IPU HA3€MHOM MOJAEIHPOBAHUU
nipu otkase Tonpko Y C no xanany X (a), u otkase Y C no Bcem
KaHaJIaM yrpaBieHus (6)
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Fig. 4. Graphs of angular rate changing while “iron bird” testing
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Fig. 5. Graphs of angular rate changing at verification tests in situ

Puc. 5. I'paduku u3MeHeHUs yriaoBoi CKOPOCTH MPH HATYPHBIX UCTIBITAHUAX

Conclusion. As a result of the research performed, the
introduced method of algorithm improvement allows
counteracting eventual failures of angular-rate sensors and
ensuring protection from short time false indications;
it was proved by the results of ground processing, “iron
bird” tests and flight tests.

The improved algorithm is effectively applied on the
geostationary SC developed by the JSC ISS — Reshetnev.

However, the algorithm has some drawbacks. One of
them is impossibility to define a full vector of angular
rate. Another variant of failures may be the failure of a
solar sensor. We did not consider it in the paper, but it is
rather important. In this case, the appropriate solution to
the problem can be orientation in the current from solar
panels.
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