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Annotation

The paper presents the results of testing acceleration measurement data ob-
tained by the accelerometer TAS3 onboard the spacecraft Foton M-3 during its
uncontrolled orbital flight in September, 2007. Testing was carried out in two
ways. The first way consisted in comparison of the low-frequency component
in the measurement data with the acceleration calculated along the reconstruc-
tion of spacecraft attitude motion, the reconstruction being found by processing
onboard measurements of the Earth magnetic field. The second way used the
low-frequency component in the acceleration measurement data as a source infor-
mation for the alternative reconstruction of the spacecraft attitude motion. Then
both reconstruction were compared with each other. Both ways took into account
the correction of the acceleration data for the influence of magnetic field and some
other corrections. The results, obtained in both ways, confirm the sufficiently high
accuracy of the accelerometer TAS3 in the frequency range 0.0002 < 0.002 Hz.

T. Boiizennnk, K. Ban BaBuaxos, B.B. Ca3onos. IIpoBepka nan-
HBIX M3MEPEHNI MUKPOYCKOpPEeHWs, MOoJydeHHbIX Ha 0opty KA "®o-
ToH M-3". IlpuBesennr pe3ysbrarhl TECTUPOBAHUS JAHHBIX U3MEPEHNH aKcese-
pomerpa TAS3, mogydeHHBIX BO BpeMsi HEYIPABJISIEMOT0 OPOUTATHLHOIO MOJIETA
cinytauka @omon M-3 B centsiope 2007 r. TecTupoBanue BBIOJTHEHO JIBYMS CIIO-
cobamu. B nepBom crocobe pesysibrarbl HU3KOYACTOTHON (DUJIbTPALMK JIAHHBIX
U3MEPEHW CPaBHUBAIOTCS C Pe3yJbTaTaMu pacueTa MUKPOYCKOPEHUs BJOJb pe-
KOHCTPYKIIMU BPAIATEIHLHOTO JIBUXKEHHUsI CIyTHUKA, HANIEHHO 10 JaHHBIM OOp-
TOBBIX M3MEpPEHUil MarHUTHOTrO ToJist 3eMyid. Bo BTOpoM crmocobe HU3KOYACTOT-
Hasl COCTABJISIONIAs B JIAHHBIX U3MEPEHUN MUKPOYCKOPEHUs MCIOJIb3YeTCs JIJIst
TOCTPOEHUST PEKOHCTPYKIIMK BPAIATELHOTO JIBUXKEHUsT CITYTHUKA, W 9Ta PEKOH-
CTPYKITUS CPABHUBAETCs ¢ PEKOHCTPYKITUEH, HaliIeHHO# 110 n3MepeHusiM MarHuT-
HOrO 1oJist. B oboux crocobax B JlaHHbIE U3MEpPEHUI aKcejepoMeTpa BHOCUTCS
MOINpaBKa 3a BJWAHAE MArHUTHOTO IMOJIS W PsJi APYTUX MOMPaBOK. Pe3yabraThl,
1oJIyuYeHHbIe 00OMMU CIIOCOOAMU TOATBEP/UIN JIOCTATOYHO BBICOKYIO TOYHOCTH
akcesepomerpa TAS3 B muanaszone gacror 0.0002 = 0.002 I'm.



1. Testing acceleration measurement data obtained in Foton M-3. The
spacecraft Foton M-8 had the measurement system DIMAC on its board. The
system was designed and manufactured by the company RedShift Design and En-
gineering BVBA (Sint-Niklaas, Belgium). It supplied two kinds of measurement
data suitable for reconstruction of the microgravity environment onboard the
spacecraft. These were magnetic field and acceleration measurements. Magnetic
field measurements proved to be rather accurate and enabled to reconstruct the
spacecraft attitude motion [1]. The found reconstruction used for testing accelera-
tion measurements in a low-frequency range. Such testing is based on the formula
that expressed an acceleration at a given point of a spacecraft body through its
kinematic parameters and some other quantities. Recall that formula.

Let a spacecraft be a rigid body, and let a point P be fixed with its frame. The
difference between the gravitational field strength at the point P and the absolute
acceleration of that point is called a (residual) acceleration at the point P. We
denote the difference by b. This quantity plays a part of g in orbital experiments.
We assume that only the atmosphere drag is significant among nongravitational
actions upon the spacecraft. Then b is defined by the formula [2]

b=rxw+(wxr)xw+

e [S(R-r)R

R R —r] + cpa| V|V . (1)

Here, r is the radius vector of the point P with respect to the spacecraft center of
mass, the point O; w is the absolute angular rate of the spacecraft; the dot above
a symbol denotes differentiation with respect to time ¢; p. is the gravitational
parameter of the Earth; R is the geocentric radius vector of the point O; v is the
velocity of the point O with respect to the Earth surface; p, is the atmosphere
density at the point O; ¢ is the spacecraft ballistic coefficient.

We used formula (1) in two ways. According to the first way, we reconstructed
the spacecraft motion in a time interval with length of a few hours by magnetic
measurements; we calculated the acceleration along the reconstruction by formula,
(1) in the point of accelerometer location. Then we compared the calculation re-
sults with the results of the low-frequency filtration of acceleration measurement
data in the same interval. When both results were in a good agreement we sup-
posed the acceleration filtered data were right [3]. The second way consisted in a
direct use of the acceleration filtered data for a reconstruction of the spacecraft
attitude motion [4]. We made such a reconstruction and compared it with the
reconstruction based on processing the magnetic measurements. We realized both
ways for the acceleration measurements obtained in Foton M-2 |3, 4]. Below we
describe similar results for the measurements made in Foton M-35.

2. Calculation of quasi-steady accelerations by reconstruction of
spacecraft attitude motion. The method of the reconstruction consists in
following [1]. We assign a time interval ¢y < t < ¢y + T and, using the magnetic
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measurements, construct in it the functions h;(t) (i = 1,2, 3) approximating the
components of the strength H of the local magnetic field in the spacecraft device
coordinate system y119y3. The axis y; is the longitudinal axis of the spacecraft;
it is directed from the landing capsule to the device unit. We suppose that the
local magnetic field coincides with the Earth one at the point O and calculate
its components H;(t) (i = 1,2,3) in the Greenwich coordinate system Y7Y5Y3
along the spacecraft orbit basing on the analytical model IGRF. Certain relations
should link two sets of functions obtained. The condition of the closest fit of these
relations in the interval t5 < t < tg + T defines the solution of the spacecraft
attitude motion equations that approximates the real motion.

The gravitational and some other torques are taken into account in those
equations [1]. The equations are written in the coordinate system xjxoxs formed
by the principal central axes of inertia of the spacecraft. The angles between the
axes x; and y; did not exceed several degrees. Denote by || g5 ||,%_; the matrix
of transition from the system xjxoxs to the system Y;YoY3, where g;; was the
cosine of the angle between the axes Y; and x;. The phase vector of the attitude
motion equations consists of the quantities gq;, go;, and the components w; of the
spacecraft angular rate w in the system zyz9z3 (i = 1,2,3). The quantities gs;
are calculated by formulas g31 = ¢12923 — g13922, etc. The matrix of transition
from the system xixox3 to the device coordinate system wy1yoy3 is denoted by
| b3j ||%1- Here by is the cosine of the angle between the axes y; and z;. We
consider the solution of the motion equations minimizing the functional

o = Z{Z[ﬁ (to + ns) — hi(toJrns)r(NJrl)A?}, (2)

n=0

N
Ai=——=> [hi(to+ns) — hi(to+ns)] , s

213

Z H gjk

J,k=1

as an reconstruction of the real attitude motion of the spacecraft in the interval
to < t < typ+ T. Functional (2) is minimized on the initial conditions of the
solution at the point ¢y, and parameters of the mathematical model. The latter
include some parameters of the motion equations and three angles specifying the
transition matrix || b;; ||. Usually, we take 7" = 100 + 400 min and s ~ 1 min.
Examples of the reconstructions, obtained in this way, are presented in [1].

Figs. la, 1b, and lc contain the plots (lines without marks) of acceleration
components b; (i = 1,2, 3) calculated by formula (1) for three time interval from
|1]. The components relate to the system y;ysys. Calculations were made for
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the point P = (0.074m, —0.184 m, —0.307 m) in that system. The accelerometer
TAS3, a unit of the system DIMAC, was located near this point.

3. Filtration of low-frequency component from TAS3 data. The ac-
celerometer TAS3 operated continuously during the whole flight. It measured an
apparent acceleration (—b) and was located near the furnace POLIZON. Its sen-
sitive axes were parallel to the axes of the device coordinate system but axes
1 and 3 (x and z) had opposite directions. TAS3 produced the data in a wide
spectral range. They have a sample rate equal to 1000 readings per second. We
investigate below only the low-frequency component of these data. Our purpose
is to compare it with the acceleration calculated by formula (1).

Comparison is justified if both functions have approximately the same spec-
trum. It means we have to extract from the measured data the component with
frequencies of no more than some hundredths of a hertz. The extraction, i.e., the
low-frequency filtration, was made by using discrete Fourier series independently
for each vector component.

Let M and N be natural numbers, and x; (k = 0,1, ..., M N) be a segment of
the measurement data of any acceleration component. The measurement x; was
made at the instant tg + kAt, At > 0. The low-frequency component, contained
in these data, was represented by the following expression

N-1

. Tt —1
x(t) = an +any1 (t —to) + Z a, sin (L= t)
n=1

NMAt (3)

where a,, are coefficients. These coefficients were found by the least squares
method. To calculate them, the simple explicit formulas are available [2]. Some
oscillations with relatively high frequencies are often revealed in expression (3),
which was obtained in this way. In order to remove them, the coefficients a,, at
highest harmonics in (3) were multiplied by the factors (N —n)/(N — Ny), where
N is the integer part of the number N/2 and n = Ny +1,..., N — 1. We didn’t
use expressions (3) directly but dealt with their values

T, =x(ty), tho=to+ndt (n=0,1,...,N), ot =MAL (4)

We call these values the filtered data and denote their vector components by
B;(t) (i =1,2,3). The functions B;(t) are defined on the mesh {¢,}.

In the examples below, expressions (3) were constructed using data segments
with a length of 360 min. The segments correspond to intervals 10, 14, and 16
considered in [1]. The above procedure was applied at At = 0.001 s, M = 30000,
and N = 720. The spectrum of functions, obtained in this way, lies within the
limits from 0 to 0.017 Hz. TAS3 measurements have erroneous constant biases in
each their vector component and so we changed values of the coefficients ay to
have zero means of data (4).



Figs. 1a, 2a, and 3a allow to compare the low-frequency component in TAS3
measurements with its calculated analog. The plots, marked by daggers, present
the results of the filtration; the plots without daggers represent the results of cal-
culation by formula (1). The marked functions were obtained from the respective
data (4) by the following modifications. First we changed the sign of the func-
tion Bs(t) (thereby we made the transform —b — b). Then we added the con-
stant biases Ay to the functions B;(t) to obtain the equalities (B; + Ay;) = (b;)
(1 =1,2,3). Here we use the notation

N+1Zf

for any function f(¢) defined on the mesh {¢,}.

One can see from the figures that vector components b; of calculated and fil-
tered accelerations are closed when amplitudes of their oscillations are sufficiently
large. Coincidence of components by in Figs. 2a, 3a is good. Their coincidence in
Fig. 1la is worse. It is difficult to say about any coincidence in the case of vector
components by and bs for calculated and filtered accelerations.

4. Correction of filtered TAS3 measurement data. The discrepancy of
filtered acceleration data and their calculation analog was explained in [3]. Tt is
due to the influence of the Earth magnetic field on the accelerometer. We can
compensate this influence by the transformation

3
j=1
where m;; are constants. We suppose here and below that the sign of the com-
ponent By has been changed. If we make the correction for the magnetic field, it
is naturally to make simultaneously some other corrections [3]. Namely the cor-
rection for infra low-frequency errors, the correction for the shift of TAS3 time
scale, the correction of the spacecraft ballistic coefficient, and the correction for
misalignment of the TAS3 sensitive axes with respect to the axes y;. We specify
the later correction by the vector ¥ = (91,99, 73) of infinitesimal rotation of the
TAS3 axes with respect to the system y199y3. The components of 9 regards both
to the system vy1yoy3 and to the system formed by the corresponding sensitive
axes of TAS3. The correction of the ballistic coefficient ¢ is specified by means of
multiplication of ¢ by the factor x: yc — c¢. This correction compensates short
time variations of ¢ and p, within a long interval, in which ¢ was defined. Taking
into account all these correction and assuming they allow to remove all possible
errors, we can write

Bi(t) + 92 Bs(t) — V3Bs(t) — Zy(t) — Y myjhj(t +7) =



3
=Y et + )l ag] + xbO(E+ )
j=

3
Bg(t) + 19331(2?) — 19133(t) — Zg(t) — ZMthj(t + Tb) =
j=1
3
=Y et + )l + ]+ Xt + ) (5)
j=1
Bg(t) +19132( ) 19231 ngj t—I—Tb

3
— Z csi(t +m) [xéfg) + z;] + Xbéa)(t +7),
j=1

) (042 N~ g0 o TR( = to)

Z;(t) = A" 4 (8 — 1) AT AV si —

(1) = A"+ (= ) A, +k§;zsm o

Here, the functions Z;(t) compensate infra low-frequency errors in TAS3 data; 7,
is the shift of DIMAC time scale with respect to the time scale used for description
of the spacecraft attitude motion; the functions ¢;;(¢) and b;a) (t) are defined by

relations (see (1), e; are unit vectors along the axes y;)

: pe [3(R-€)R
eixw—l—(wxei)xw+’R|3[ Tk — e :;cﬂej,

3
cpalvlv =" be;:
j=1

the quantities x; set the origin of TAS3 coordinate system with respect to the

spacecraft mass center; x( ) ( = 1,2,3) are the coordinates of the TAS3 sensor
for the axis gy in the TAS3 own coordlnate system:

xgl) = —56.2mm, ajgl) = 48.5 mm, :Cél) = —57.0 mm,
a:?) = —36.5mm, x;z) = 22.3mm, ng) = —70.5mm,
xg?)) = —31.0mm, xg?’) = 48.5 mm, sr::(;’) = —27.8 mm.

We considered relations (5) as a means for determining the unknown constants
Vi, xi, A myj, X, and 7. We look for these quantities in the following way.

i

Let 7, be given. We consider relations (5) at the points ¢, defined by formulas
7



(4). The quantities B;(t,) have been calculated by the filtration; the quantities
cij(tn + 1) and bl@ (t, + 1) are calculated by interpolation with the aid of finite
Fourier series. Those series have been constructed basing on a proper solution
of the spacecraft motion equations. We obtain as a result the overdetermined
linear system with the unknown quantities ;, x;, Agk), m;;, and x. We treat
the problem of finding its solution as a standard linear regression problem. We
solve it by the least squares method for each 7, in the uniform mesh with the
step 1 s and calculate the standard deviation oy(7,) of discrepancies in (5). The
value 7,7 = argmin oy(7) is considered to be the required estimate of 7; the
solution of the regression problem at 7, = 7 gives the required estimates of the
quantities listed above. The standard deviations of these quantities, calculated
at fixed 7, = 77, are adopted as accuracy characteristics of the found estimates.
We emphasize the standard deviations are calculated at fixed 7, and are so-called
conditional standard deviations. The unconditional standard deviation o, of the
estimate 7, is calculated by the formula

o’ (r;)] "

o =20}(1) | (3N — 3K — 20) -
dry

Figs. 1, 2, and 3 with indices 'b” and ’¢’ illustrate some solutions of the regres-
sion problem at K = 5. Figs. 1b, 2b, and 3b contain the plots of the functions b; (1)
and b;(t) (i = 1,2, 3), which are defined by the left-hand and right-hand sides of
formulas (5) respectively. The plots of the functions b;(t) are marked by daggers.
These functions represent the corrected measurement data. The functions b;(t)
are the calculated analog of the functions l;Z(t) Figs. 1c, 2¢, and 3c contain the
plots of the differences Ab;(t) = b;(t) — b;(t) (i = 1,2,3). The functions b;(t) and
b;(t) are in a good agreement with each other. The differences Ab;(t) are small
and look as irregular oscillations with sufficiently high frequencies. The figure
captions contain the values of o3, 7, and o,. These quantities for various interval
are in a good agreement too.

We don’t quote all results obtained by solving the regression problem because
according to [1] this approach gives acceptable results only for large | w|. Therefore
we list only the results related to the interval shown in Fig. 3:

X = 0.922(0.016),

91 = —0.043(0.011), ¥ = —0.050(0.0033), 5 = 0.005 (0.0027),
1 =21.7(0.57)cm, x9=—23.1(0.092) cm, x3= —24.6(0.092)cm,

~186.4(1.3) —112(1.4) —180(1.4)
| myj || = 4(1.3) —164(1.5) —113(2.3)
—29(1.3) —54(2.3) —148(1.9)
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Here, the unit of 9; is radian, the unit of m;; is 107"m/(s* - Oe), the numbers in
brackets are respective standard deviations.

5. Pared-down mathematical model of spacecraft attitude motion
[4]. The spacecraft is assumed to be an axially symmetric rigid body. To write
equations of its motion and relations, used in processing measurement data, we
introduce four right-hand Cartesian coordinate systems. Two of these systems are
the same that were defined in Section 2. They are the Greenwich system Y;Y5Y3
and the spacecraft fixed system x1x9x3. We assume additionally to Section 2 that
the axis x7 is a spacecraft axis of symmetry so the spacecraft inertia tensor has
the matrix diag (I1, Io, I5) in the system zjxox3.

Two another coordinate systems are the auxiliary system z; 2923 and the quasi
inertial system X;X5.X3. The auxiliary system serves for writing down the equa-
tions of spacecraft attitude motion. The axis z; coincides with the axis x;. The
axes ro and x3 are obtained from the axes zy and z3 by rotating the system z; 2923
through the angle ¢ around the axis z;. To specify a kinematic relation between
the systems x1x9r3 and 212923 we assume that the absolute angular rate of the
latter system has zero component along the axis z1. Let wo, w3 be components
of this angular rate along the axes zo, 23 and let the spacecraft absolute angular
rate w has components (w1, ws, ws) in system xjxsxs. Then ¢ = wy and

Wo = W9 COS Y + w3 SiN v, W3 = —wWs SN Y + W3 COS Y. (6)

The quasi inertial system X;X5X3 serves for graphic representation of the
spacecraft attitude motion. The axis X5 is directed along the vector R x R at
every instant; the axis X3 lies in the plane Y;Y5 and is directed to the ascending
node of the spacecraft osculating orbit. The absolute value of the angular rate of
this system did not exceed 5° per day.

We denote the transition matrix from the system z;2923 to the Greenwich
system by || g ||,%—,. Here gy; is the cosine of the angle between the axes Y and
z;. The matrix elements are expressed as functions of the angles v,, d,, and 3,
which are defined in the following way. The system Y;Y5Y3 can be transformed
to the system 22923 by three sequential rotations (we suppose all coordinate
origins are in the same point O, the spacecraft mass center): 1) through the angle
d, + m/2 around the axis Y5, 2) through the angle 3, around the new axis Y3, 3)
through the angle v, around the new axis Y7, which coincides with the axis 2.

We specify the attitude of the system zj29z3 with respect to the system
X1X9X3 by the angles ~, 6, and 3, which are defined similarly to the angles
Vg: 095 By-

The complete system of the spacecraft motion equations consists of two sub-
systems. The first subsystem describes the motion of the point O and coincides
with the analogous subsystems in [1, 4]. The second subsystem describes the
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rotation of the system z72923. This subsystem consists of Poisson’s kinematic
equations for the first two rows of the matrix || g;; || as well as Euler’s dy-
namic equations for the angular rates ws, ws. We take into account four external
torques in Euler’s equations: 1) gravitational torque, 2) restoring aerodynamic
torque, 3) torque from the Earth magnetic field, 4) constant torque permanently
directed along the axis x;. Calculating the aerodynamic torque, we assume the
external envelope of the spacecraft is a sphere, its center being in the axis x1. Cal-
culating the torque from the Earth magnetic field, we assume the own spacecraft
dipole moment is parallel to the axis x1. The second subsystem has the form

: 3
Wy + Awjwg = — R;(l — N)z123 + pEpavvs — mhy,
by — Awnws = P21 = N2z — pEpavvs + ml
w3 Wiy = RS 2122 — PLPqUV2 T Ty ,
Jg11 + W2g13 — W3g12 = WeGo1 , (7)
J12 + W3g11 = WeG22, 13 — W21l = We23 5
g21 + Wagoz — W3Gar = —WeGi1 ,
g22 + W3G21 = —WeG12, §23 — W2ga1 = —WeG13
I
w; =+ et —t), )\zl—l, R = \/z%+z%+z§, v = \/v%+v%+v§.
2

Here, z;, v;, and h; are the components of the vectors R, v, and H (see Sections 1
and 2) in the system zj2923; the parameters p and m specify the aerodynamic
and magnetic torques respectively; €1 is the constant torque along the axis x;
we 1s the angular rate of the Earth rotation; E is the scale factor. We use in
(7) the explicit solution of the equation w; = €, Euler’s equations for wy; € is a
parameter; a choice of the instant ¢y will be specified below.

We use 1000 s as a unit of time and 1000 km as a unit of length at numerical in-
tegrating equations (7). Then the units of the other quantities are following: [v;] =
km/s, [wi] = [w;] = 10737, [p] = em/kg, [hi] = 0.10e, [m] = 107°0e 1572,
le] = 107572 [p,] =kg/m3 E = 10'Y. The atmosphere density is calculated
according to model [5]. The Earth magnetic field is calculated according to the
analytical model IGRF. The third row of the transition matrix || g;; || is calcu-
lated at integration as a cross-product of its two first rows. We define a motion
of the system xjxox3 and the functions ws(t), ws(t) for a solution of equations
(7) by the relation ¢ = Q(t — ty) + &(t — t9)?/2 and formulas (6). The variables
g1; and go; are not independent owing to orthogonality of the matrix || g;; ||. The
initial values of gi; and go; are expressed in terms of the angles v,, d,, and 3, on
this reason.

The parameter A in (7) is known: A = 0.255. The parameters p, m, and
¢ are estimated by processing measurement data along with initial values of a
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spacecraft attitude motion, i. e., they are fitted parameters. We have also the
variant of data processing, in which A is among the fitted parameters.

Equations (7) and some other mathematical models, used below, are simpler
than analogous models in [1| and in Sections 2, 4. We did that to reduce the total
number of fitted parameters and to avoid the use of a priori information and
regularization techniques in statistical procedures. To compensate this simplifi-
cation we content ourselves with processing of simple spacecraft motions when
the angular rate wy is sufficiently large.

6. Statistical technique of reconstruction of Foton M-3 attitude mo-
tion by magnetic field measurements. Equations (7) were successfully used
for processing measurement data obtained in Foton M-2 and Foton-12 |4, 6. But
their using restricted oneself to motions with large values of wy. Foton M-% had
lesser values of this quantity. So we had to test equations (7) by data from Foton
M-3 specially. We used for testing the magnetic field measurements. This testing
proved to be successful and provided us with a bench-mark to check the acceler-
ation measurement. We processed the magnetic measurements by the technique
[4], which was similar to the technique mentioned in Section 2. We use below
notations of that section without any explanation.

We assume that the system yqy2y2, which is used for interpretation of the
magnetic measurements, coincides with the system x1xox3. The transition matrix
from the system xz9x3 to the system z12923 has the form

1 0 0
I bij ||z'?j:1 =0 cos  sin
0 —singp cose

Here, b;; is the cosine of the angle between the axes z; and x;.

Following the least squares method, we consider a solution of system (7) as a
reconstruction of the real spacecraft motion in the interval to <t <ty + T if it
provides minimum to functional (2), where the matrices || g;; | and || b;; || have
the just defined form. At that, we use the initial point ¢y of the processed interval
as the instant ¢y in (7). Functional (2) is minimized over 9 quantities: p, m, €, €2,
wa(to), ws(to), V4(to), d4(t0), By(to). The first four quantities specify system (7),
the other quantities specify its solution.

We solve the minimization problem by Gauss—Newton’s method and use ap-
propriate standard deviations to characterize the accuracy of approximating the
processed data and scattering the fitted quantities. The standard deviations are
calculated in the following manner. Let ®,,;, be the value of functional (2) at its
minimum point, C' be the matrix of Gauss—Newton’s normal equations at that
point (2C' is approximately equal to the matrix of the quadratic form d?® at the
minimum point of ®). Then the standard deviation of errors in processed data is
estimated by the quantity

11



(I)min
3N —9°
The standard deviations of the fitted parameters are equal to the square roots of
corresponding diagonal elements of the matrix 0% C~!. We denote the standard
deviations of the parameters p, m, and € by o,, 0, , and o..

7. Real attitude motion of Foton M-3. The technique above was applied
for reconstructing the spacecraft motion in 5 time intervals. Some results are
presented in Table 1 and in Figs. 4a, 5a, ..., 8a. The table contains certain char-
acteristics of the intervals and the solutions of system (7) that approximate the
motion. In particular, it contains the parameters p, m, €, and the standard de-
viations op, 0, 0, 0-. The first column of the table contains (in brackets)
the days of September 2007 that contains the respective interval. Interval 1 was
processed at A = 0.286; the others intervals were processed at A\ = 0.255. The
special value of A for interval 1 was found by minimization of functional (2) over
10 quantities: A and 9 parameters listed in Section 6. These change of A\ compen-
sates the operation of the BIOBOX centrifuge: the centrifuge operated in interval
1 and was turning off in the other intervals. A

Figs. 4a, ..., 8a illustrate the accuracy of approximation of the functions h;(t)
(1 = 1,2,3) and the spacecraft attitude motion relative to system X;.X,X3. Each
figure is divided naturally into three parts — left-hand, middle and right-hand.
The right-hand parts illustrate the quality of approximation of the functions
hi(t) — A; by the functions h;(t) used in (2). Here, solid lines present plots of h;(t)
in the interval t) <t < ty+71'; marks indicate the points (t0+ns, izi(to—i—ns)—Ai),
n=20,1,..., N. The middle parts of the figures contain the plots of the angular
rates w;(t). There are two plots in each coordinate system. The plots, obtained by
minimization of (2), are depicted by lines without marks. The left-hand sides of
the figures contain the plots of time dependence of the angles ~, d, and 3. They
describe the motion of the system z;2923 with respect to the system X;.X5Xj3.
There are again two plots in each coordinate system. The lines without marks
depict the plots obtained by minimization of (2).

These examples demonstrate the worse accuracy of approximation of the pro-
cessed data than it was obtained in [1]. Here the values of oy are about two
or three times greater than in [1]. Nevertheless the accuracy obtained is quite
enough for our purposes. The standard deviations of initial angles v,(to), d4(t0),
B,4(to) are about 1.5° in the given examples; standard deviations of the angular
rates € = wi(ty), wa(ty) = walty), ws(ty) = ws(ty) are here about 0.0040 deg./s.
The mechanical interpretation of the found motion one can find in [1].

8. Statistical technique of reconstruction of Foton M-3 attitude mo-
tion by acceleration measurements. To reconstruct the spacecraft attitude
motion by TAS3 measurement data we use at bottom the same technique as in

OHg —
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Sections 2, 6. The technique uses the functions B;(t) (i = 1,2,3), constructed
in Section 4, as a source information. It doesn’t use them directly but deal with

their values (see (4)) BZ.(n) = Bi(t,) (n=0,1,..., N). Recall that (B;) = 0.

Formula (1) allows to express vector components of a quasi-steady acceleration
in system z1z9x3 in terms of variables of equations (7) and coordinates of the
point P. We assume that point is a location of TAS3. Then we can derive from

(1) idealized calculation analogs for the functions B;(t) with correct mean values:

3
bi = bai + Z cij:rj , baz’ = CPVUy (Z = 1, 2, 3) , (8)
j=1
S B SRy — o — w4 e

Cl1 = Wy T W3 T g9 ) C23 = Wi Wals o g 273

. e ;
C32 = —W] — W3w2 + ﬁ%% , etc.,
Uy =01, Uy =1V3C08P+ 38N, U3 = V3C0S8Y — VSN Y,
! 22008+ z3sing 23008 — Zgsing
M= R’ Y2 = R o 3= B .

Here, x; are the coordinates of the point P in the system ziz923; one has to use
substitution of indices 1 — 2 — 3 — 1 in order to obtain the other ¢;;.

Formulas (8) don’t take into account the influence of the Earth magnetic field
on the TAS3 data as well as infra low-frequency errors in them. We considered
these influence and errors in Section 4. We adopt models [4, 6| for their represen-
tation and write out the relations:

Bi(t) = Ay + Bi(t,7) (i=1,2,3),

3
Bi(t,7) = bi(t +7) + Y _myhi(t+7) + Zi(t), (9)
j=1
K
Zz(t) = Azo(t — t()) + ; Azk sin %{%to) .
Here, Ay, 7, m;j, and A;, are constant parameters; functions b;(t) and h;(t)
are calculated along an appropriate solution of equations (7). As before, the
initial point ¢y of the processed interval coincides with the instant ¢y in (7). The
sense of some terms in (9) are following (see Section 4). The terms with h;(t)
characterize the influence of the Earth magnetic field on the measurements; the
terms Ay + Z;(t) compensate infra low-frequency errors (including erroneous
constant biases) in the measurements. The number K must not be large in order
to the frequency K /2Nt is less than significant frequencies of functions (8).

13



We try to fit relations (9) by the least squares method and consider the
functional

3
1=1 n=0

@bZ{Z [BW —B’i(tm)r— (N+1)A§Z-}, (10)

1 — .
= 3 [ i)

It is obtained by transformation of the standard functional of least squares
method that arises at fitting relations (9) for the points t = t,,. We minimize
the functional over initial conditions of a solution of equations (7) at the point ¢
and the parameters p, m, €, 7, ¢, x;, m;j, A, . There are 26 + 3K parameters in
aggregate. Variation of ¢ in the minimizing process is realized as variation of the
dimensionless ratio y = ¢/cy, where ¢ is the value of ballistic coefficient used in
the subsystem of the spacecraft orbital motion (the motion of the point O).

We treat functional (10) in the following way. We join 25 4+ 3K of its argu-
ments except 7 in the vector z and consider (10) as the function ®(z, 7). The
minimization of ®(z,7) over z and 7 is reduced to calculating the function

A

Oy (7) = min $y(z, 7)

at a sequence of points 7, (n = 1,2,...), which converges to the limit 7, =
argmin ®;(7). We minimize ®(z, 7) over z, when 7 is fixed, by Gauss Newton’s
method. The quantities 7, and z, = argmin ®(z, 7,) are desired estimates of
7 and z. We separate 7 from the complete set of arguments of function (10) to
simplify a preparation of the computer code for minimizing ®,(z, 7). We take 7 =
0 and use design values of x;, x = 1, my;; = 0, and results of processing magnetic
measurements in the same interval ¢ty < t < ¢ty as an initial approximation to
the minimum point of ®;(z,0) in case of Z;(t) =0 (i = 1,2, 3). Then we pass to
case of Z;(t) # 0, etc.

We use appropriate standard deviations to characterize the accuracy of the

approximation of filtered data and scattering in the estimates 7, z,. The standard
(n)

deviation oy, of errors in the data B, and the standard deviation o of 7, are

calculated by the formulas

~ ~ -1
Py () 2 2 82(1%(7*)
— — 2 _—
7 \/3N 3K —267 T T o

We evaluate the second derivative 02®;(7,)/872 by difference approximation.
Standard deviations of the components of z, are calculated under assumption
that 7 = 7, is known exactly, i.e., we use conditional standard deviations. We find
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them in the following way. Let C' be the matrix of normal equations, which appear
at minimizing ®y(z, 7..) over z by Gauss-Newton’s method; at that C is calculated
at the point z, and 2C ~ 9?®y(z,, 1) /0z*. The conditional standard deviations
of the components of z, are equal to the square roots of corresponding diagonal
elements of the matrix 2C~!. We denote the conditional standard deviations of
the quantities p, x;, m;; by 0, 04i, opmij, ete.

9. Real attitude motion of Foton M-3 (continuation). The accelerometer
TAS3 operated during the whole flight as well as the magnetometers. So we can
reconstruct the spacecraft motion by two ways. An acceleration and a strength of
a magnetic field have quite different physical nature. Therefore we estimate the
coordination of measurement data of these quantities by comparing the spacecraft
motions reconstructed in both ways above. This comparison was made for 5
time intervals listed in Table 1. Table 2 and Figs. 4 — 8 contain the results of
processing the acceleration data in those intervals at K = 5. Table 2 contains
some fitted parameters minimizing functional (10) and appropriate conditional
standard deviations. Interval 1 was processed at A = 0.286; the others intervals
were processed at A = 0.255.

Plots in the left-hand and right-hand parts of Figs. 4b, 5b, ..., 8b illustrate the
accuracy of approximation of the filtered data by their calculated analogs. The
left-hand parts contain the plots of the functions Abi+Bi(t, 7). They are depicted

by solid lines. The marks near these plots show the filtered data (tn + 7, Bi(”)),
n = 0,1,...,N. The right-hand parts of the figures contain the plots of the

A~

residuals ez(.n) = B-(n)—Bi(tn, T)—Ap (n=0,1,...N; i=1,2,3). These plots are

the broken lines with vertexes in the points (tn +, egn)). The standard deviation
oy 18 a quantitative characteristic of the approximation accuracy. Its values are
given in figure captions and in Table 2. These values are small nevertheless they
are about two times greater than in [3] and Section 4. This is no surprise because
we used there another way of constructing the calculated analog of the functions
B;(t). The figures and the values of o, in Table 2 demonstrate that the correction
for the magnetic field and the elimination of infra low-frequency errors allow
to coordinate acceleration measurement data and their calculated analog rather
exactly.

The middle parts of Figs. 4b, 5b, ..., 8b contain the plots of functions (8).
The plots illustrate the real quasi-steady accelerations near the point of TAS3
location.

The marked plots in the left-hand and middle parts of Figs. 4a, ..., 8a describe
the spacecraft attitude motion relative to the system X;X5X3. These plots are
defined at 7 < t—ty < T4 7. One can compare the plots with marks and without
them in the figures and feel that spacecraft motions, found in both above ways,
coincide sufficiently well. Some discrepancies in the plots of the angles v and 9 are
caused by shifts on 360°. They are not significant. Figs. 4c,..., 8c confirm that; they
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contain the plots of the quantities a;; and ay; (i = 1,2, 3). The quantities a;; are
the components of the axis z; unit vector in the system X;.X5X3; the quantities
as; are the components of the axis Xy unit vector in the system z1z923. These
plots give exhaustive presentation of spacecraft motion in intervals of Table 2. We
see in the figures that motion reconstructions of axis z;, found by processing the
measurement data of different types, coincide well. The coincidence is somewhat
worse in case of the motion reconstructions of the axis X5.

The found solutions have conditional standard deviations of the initial angles
v(t0), 0(to), B(to) less than 2.1°; conditional standard deviations of the quantities
Q, wsy(ty), ws(ty) are less than 0.0055 deg./s. These estimates are close to the
estimates obtained by processing the magnetic measurements. The estimates of
the parameters p, m, € and their standard deviations in Table 2 somewhat differ
from the respective estimates in Table 1.

We can obtain some information about accuracy of our motion reconstruction
comparing the estimates of ¢, 7, z;, and m;; found by the technique of Section
8 with analogous estimates found in other ways. The estimates of the ratio y
in Table 2 show that coefficient ¢ in (8) are closed to the value of ¢y ~ 0.0014
m? /kg that was obtained by smoothing two line elements. The estimates of z;, 7,
and m; in the table can be compared with the estimates mentioned in Section 4.
Those estimates differ in a way from the estimates in Table 2. But the technique
of Section 8 doesn’t take into account that single-axis TAS3 sensors have certain
shifts with respect to each other (taking the shifts into account doesn’t increase
the accuracy of the technique of Section 8). These shifts are about 50 mm. So we
got a proper agreement in this case.

The standard deviations of the estimates of m;; in Section 4 are about the
same as in Table 2. Those estimates differ from estimates in Table 2 but are
rather similar to them. The estimates of 7 in Table 2 lie in the same range as
estimates of this quantity in [3], but they have more large scattering.

The correction of TAS3 measurement data for the Earth magnetic field and
the elimination of infra low-frequency errors allowed to achieve a good coincidence
of spacecraft motions reconstructed in different ways. This good coincidence is not
surprising because acceleration measurements contain certain information about
the Earth magnetic field.

The use of expressions Z;(t) (i = 1,2,3) with K =5 in formulas (5) and (9)
doesn’t affect the frequencies above 0.00012 Hz in the comparison of the func-
tions B;(t) and b;(t). Functions (8) and their analogues, used in Section 4, have
frequencies less than 0.002 Hz for the considered motions of Foton M-3 (com-
pare [3]). These facts testify to the sufficiently high accuracy of the accelerometer
TAS3 in the frequency range 0.0002 <+ 0.002 Hz.

This work was partly supported by Russian Foundation for Basic Research
(project 08-01-00467).
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Table 1. Results of processing the magnetic field measurements.

Interval to SH P | s, m Sm e S,
(date) UTC | (9) | 10°mkg | 10 70e s 2 10 %572

1(19) | 08:55:40 | 3053 |-134| 1.7 | 081 | 013 | 03 | 043

2(21) | 084224 | 1657 | 89 | 061 | 231 | 014 | 44 | 025

3(23) | 07:09:05 | 2685 | 20 | 14 | 046 | 0.26 1.3 | 0.33

4(24) | 05:19:05 | 3098 |-135| 22 | 361 | 0.39 79 | 042

5(24) | 19:12:27 | 4600 | 27.7 | 21 | 222 | 054 | 401 | 0.55

17



TE [ Te1- | o | 19— | 92 | €1- | Sv | T6- | O€ | /ST- | G¢ 9 S
0¢ | WwT- | O¥ | ¥ | L2  Te— | 2v | 66— | 8€ | ¥&T- | /2 Z ¥
LZ | evi- | 1€ | 09— | 92 | €1- | 6€ | 00T- | €€ | 651- | 92 | &I €
OT | WT— | G¢ | /& | §T | 21— | L2 |vO01- | 02 | ¥v9T— | GT | 8T Z
9¢C | ¥S1- | €v | /5 | 22 | le— | €y | 001- | ¥E€ | /ST- | €¢ € T
gEW o 8y W | 2Ty | Tewg | Ty | CWg | €y | WWg za TWg | Tqy | AR
8€ | 29T- | 9% |0Oel- | T€ | LTe— | 09 |8l | 92 | 8¢ | 16 | O S
Ov | ¥8T— | 0G |¥eT—- | 0€ | Tee— | 0G | 98— | 69 | 98— | S6 | /8T ¥
L€ | w1- | €v |0€T-| 9¢ | Zez— | v | /8~ | €9 | I8T- | 06 | O.T €
€¢ | 18T- | 0€ |€2I—| 9T | /87— | 0¢€ | 20e— | 9% | S8T— | 8S | €0T Z
L€ | wT1- | 8y |9e1-| €¢ | 81— | .S | 10— | ¥8 | €8T— | TI vZT T
wiwd wiwl wiwl wiwl wiwl wiwl
EMWg | €Ny Mg | TRy | Twg | Ty Amx mv ( &y ) Amx mv ( 2 ) AQ mv ( Ty ) AR
2€00 | 2960 | €50 | 60S | T¥0 | O€T | T2 | S/- | 88 | 1I- 28h'T g
¥€00 | T/80 | 9¥0 | 906 | 090 | IS¥ | G2 | €8 | 86 | 1IE ¥0S'T ¥
2€00 | 9080 | /€0 | ¥TC | 9v¥0 | 80T— | 6T |0€e—| 08 | 98 T €
2200 | /860 | 820 | €2 | 020 | ¥9¢- | 060 | ¥/— | 9v | 1§ €880 Z
800 | 056'0 | 9¥0 | ¥80— | 020 | ¥9T- | 02 [SZT-| 2L | 6¢ 96T'T T
2 Sg-0T .-5;.80,.0T bYj/w 0T ©) 6) | (;Swg.0T) -
5 g 5 °g ) W W s d 's } ’s

'(®O¢;S)W, 0T S|

fw

s pue "W Jo jun 8y ‘sjuBWBINSEAW UO I8 PaJe 8} Bussan0id JO S)Nsay “Z 9(ce L

18



‘uolfew ixoidde ayy Josiouayl 0) S/60= 'S ‘seT=1 ‘S, OTXT'L = 9's ‘Gojeue uoirNO I 3Y)

pUe SU0 11981100 B1je etep pasdl|liayl (@) -
[eARIUI) /002°60°6T D.LN 0F:G5:80 01 SPUOCSS.1I0D O

(Uw)?

()

£L°09¢ £L'082

£4°098 £L'882

£L'912 EL'PBT EL' 2L £

£L'9T2 EL'PPT EL'2h gL'

b-

b'0-

90

T

9g

£L°098 £L'882

LT

0'1-

7'0-

1]

T

02

£L'912 EL'BBT EL' 2L gL'

T

T

9'0

ST

b'e

(zSMug0T) S8°% ‘%

(Uw)?
£L'D%E

= 1 Juesulay} ¢

(@)

€0

£L'D%E

£l 882

EL'88E

£L°9T2

£4°9T2

EL'RT

EL'PT

EL'2L

EL'2h

b'0T-

£L'D9E

£l a8e

£L79T2

(1)

EL'2L

£

(zSwg-0T) 89'‘Tg

(uw)?
0'T9¢

()

0°'T9E

§'882

8982

W

9972 bopT el

9912 (AL el

0°T9¢E

§'882

9912 PoeT Far4A

(s, .07) f9'“q''g

Boeue uo 1RO [ED 1BU) PUE SUO 1381100 INoynmelep pael| syl () ([T]ul 0T
UOI.00| €SVL JO Julod ay) e suoirelepodeayl ‘T B4

g'ie-

PET-

| 10'F

LT

e

19



‘uorrew ixoidde sy Josioeayl (9) s06'0= 'S ‘sQT= 1‘;SW , .0XT'8= 9s ‘Boue uoirNOERI BY)
pUe suo1109.100 eije elep pasel|lyay) (q) ‘Bojeue uoieNded JBY) pUe SU1D.I00 Inoylimerep pall|iyayl () ([Tl ul vt
leARRIUI) /002'60°€2 DLN S0:60:20 01SPUOMS3LI0D O =1 JURISUIBY] UOIRJ0| €SV JO Julod 8yl e suoielpodeayl g B4

()
(U1
99'09¢ 99°982 99'912 99'p01 99'2L 99'0

6'0

0'g

e

99'09¢ 99°982 99'912 99'591 99'2L 99°'0

L'0

9T

i

99°09%¢ 99°88¢ 99°971¢ 99°b01 99°2L 99°0

£

T

6T

(zSMug0T) ‘% ‘T

(@)

99'918 99'¥b1 99'2 uu_a

5g-

B1-

70

§'T-

99'912 99°'bb1 99'2L 99°'0

0'1-

T'0-

22

99918 99'pbT 992 9

B'T-

§'0-

(zSwg-0T) €9'‘lq

BUI-
il ewr-

T2

66

8'9-

‘0

281

eve-

B'I-

68

Ser

(A1

0°0g-

()

(U1
019 8'882 9912 Al [ 1) 0'0

i

0°1% B98¢ 9912 [l 2'el 0

019 8882 9912 bl [ 1) 0’0

(¢S4 .0T) €9'eq‘Tg

£'82-

q ¥e-

m 02-

p -

82

6'8-

i

Brie-

yT9'8T-

1%

(A

2'0¢-

§'8T-

J18'L-

20



‘uorrew ixoidde sy Josioueayl (9) s080= 'S ‘s/T= 1‘;SM , 0¥ L= 9's ‘Bojeue uoiR|NDRI BY)
pUe suo1109.100 leije elep pasel|lyay) (q) ‘Bojeue uoieNdeD 1B} pue SU01a.I00 Inoyyimerp pasl|iayl () ([T]ul ot
leARRIUI) /0026072 DLN /Z-2T:6T 01SPUOdsaLInd O =1 JUelsUlay] UoIed0| €SV L Jo ulod 8yl e suoielpodeayl ¢ B4

()
(U1

85" 8c¢ 88982 81'6T2 8b'E0T

8L'TL

80'0

858G 88982 BT'6T2 i

8L'TL

£

I

70

§'0

6T

62

800

85 8S¢E 88°98¢ B1°6T¢ 8p"E0T

8L T

§'T-

0'1-

£'0-

S0

T

0z

80°0

9T

B0

0’1

LT

(zStug-0T) ‘%%

(Uw)?

85°85¢E

§8°982

8T°6TE

(@)

i)

8L°TL

80°0

85'85¢E

§8'982

8T'5T2

i)

8L'TL

_ ﬁﬁ.mq-

8'Te-

86T

¥ INAS

9'ET-

911

800

85°8G¢E

§8'982

8T'5T2

i

8L'TL

6'T2-
b'6T-
([18°97-
I TeeT-

L'TT-

26

800

F

£'8T-

(zSWy0T) €9'9q'lq

(uiw)3 ©

TN
:Z ‘._ ‘ ;.:ﬁ \; * H
z_d a i_{ \g“ .__‘._,____ _.___{ _‘,;

_r \ﬂ | \ﬂ' h , ‘r _
TR
, ﬂ :;

(

mm s
_:,_ \
AARRNEE L

2S/Wg.0T) mQ.NQ.E

21



(Unu)1
1'%

7'882

"By50e = M s '2002'60°6T DN 0F:G5:80 01SPUOMSS.109 S10(d By Ul O = 1 Juesulay L ey B

0'918

(Uw)1

051 0L 0'0 T8

T'0%

T°882

0'912

pese-

1'%

T°882

0'912

(1N 0'el

(B)8y‘ey*ty

6'882

9972

[ [ 0’0

£088%-

£686-

2956

L1062

ILbsp

0 11

6'882

9'912

£02°0-

8er'n-

20'0-

6£0°D

0ro

1020

LAl el 0o

Lp808-

pO0TE-

T911T-

£098

92682

69E8%

0o 719

6'882

9'912

——t ; ; ; 667°D-
0ro-
&b0'0-
I L£0'0

oo

beT'0

LAl el 0’0

68L76-

808%E-

L289T-

PETT

GETeT

TTie

, , , 81620

B152°0

0252’0

£262'0

£252°0

B252°0

(s/Bop)em ‘Cm*Tm

(Unu) 3
713

6882

9912

bl g 0'0

1'T9¢

6882

9912

, ” ” — -
b'8s-

L'8e-

J

1'T9¢

6" 882

9912

‘DLEI-

9'996-

0'689-

p'ece-

8'lp-

A2 ek 0’0

, , , ;H.I\m..mE-

T
£ 9%
£'Te9

b 956

[ A1

(Bep) q ‘p‘b

22



(Unu)1
0%

Sy OTx96T'T= s 'Sz’ L= 'S

'S6E = 1°2002'60°6T DLN S0:95:80 = % * 1+ 9 o1spuodsasioosjoidayiul 0 =3 wewsuiayl ay B4

0'882

0912 0'BBT 02l 0'0

0°0%

0°882

pEE-

-

o

82’7

fb'e

(14

0918 0'bBT 02 0'0

0°D09¢

0°882

0p'E-

bT°2-

86°0-

E2'0

W

792

0912 [IN-2) 0'eL 0'0

(,Shu, 0D "% To

26"t

pee-

96°0-

—_

T

bL'e

%'y

(Ui}
0°'0% 0882 0'91E 0'%1 0'aL 00
; ; ; ; ; 501-

2'6-

6'L-

9'9-

£'e-

'y

0'0% 0°882 0912 0°pb1T 0'et 0’0
bri-

[

6'p-

0'D% 0'882 0°912 05T 0% 00

(s, 01)%q“q g

(U1

0'0%¢

0'882

0'912 IN42) 0'eL 0'0

0°0%

0°882

t t t t + + LT-

81T

0912 IN42) 0% 0’0

0°0%¢

0°882

” ” ” ” + + 9'71-

F Y Rl _ 977

F e

i

0912 [IN42) 0'el 0’0

" " — + + T
bogg (0
AR £'e-

i , 9t

[t

(,sw, . 0n)%g ‘g ‘g

23



(U)
T'T9¢E

S6E= 1°7002°60'6T DLNS0:95:80 = % * 1+ %1 o1spuodsaiiodsiojd sy ul 0 = 1 wesuiay] o B4

6'882

9°'912

PEPT

2 Ed (Ig1]

T'T9E

6'882

9'912

PEPT

ao'T-

a9'n-

ozZ'n-

0z'n

2 Zd (Ig1]

T'T9E

66°0-

a9'n-

ozZ'n-

a9’

oot

ao'T-

£9°0-

GZ'0-

Z1°'0

MN.Q .NN.@ .._”N.m

(U) 3
T'T9¢E

Z'2L 0

‘0

T'T9E

6’882

o0 T-

09'n-

T2'0-

eT'0

85°0

86’0

6’882

o0 T-

£€9°0-

G2 '0-

eT'o

0o

20°'0

€2'0

£€F'0

._”m.m ¢ ._”N.m ¢ ._”._”.m

24



"BzgoT= " s ‘2002°60'T2 DLN ¥2:2H:80 O1spuodsaioo sjold ayl ul 0 = 1 Juesutayl es Bi4

(i)} (Uiw)? (i)}
T'0% 1882 0912 0'BbT 0'E 0'0 219 6882 9'972 b ) 02 £'0- 279 §°882 9972 £'5b7 gL £'0-
— Ob958- T A R EEAEY Ry B LA —_— 0°69-
" il 1 i ; | ,_ f | , [ ,, | , \
i | : ] , Teoee- Wi t | | 18e1°0- } -
i i iy _ U , , Il
A, ; Rt B09TT- ,, , , _ [ 50°0- | §'¢1-
1 | i f | V
] L1l | |
I ¥ ¥ 74 | 1bTRe Y | be0'o _ | BT
! , _, - TRIEIE , . |
] TEROE IRIB RN , M0 ,, ! ! T
oyt ) I - ,
EObTS , b CE 8T , 8'69
T'0% 1882 0912 0'FbT 0l 0'0 219 6082 9'972 E'HI 02 £'0- 279 5882 9472 £'5b7 02 £'0-
' " " ' ' + : ; ; ; 0888h- t —t t t t t + + Lz'0- t t t ——rt t =t + tr T'8-
b | ; YA ! | f Al 5 T4 A ) .,_, f
: _ ;9 o [rassie- (1] ,, , , wI0- (N ,, |l _ 241
iy h ,, i i £ § 7 1 ] I _ 1 1
) L { | . |
' 0 Y T bebl- ARARAR ! i1 Tv0°0- , ! , | L%
} J i | L] [ , | I _ i |
i _ L20ET RIRIRIRIRAR] , CHINI] , SRR TR
y i 1 1 y | b h 1 i |
i | _ : J BLbEE Cl | , | 510 , 1] VoY / &0
{ ' ! Vo L LR VIR VIR IR Y 7 i
TE6EE , 802'0 ¥ 68
T'0% 7082 012 0'FbT 0 0'0 1% 6002 9'072 £51 02 £'0- LR LT 5882 9972 £'5b7 02 £'0-
+ t + T808E- t t + + t t + + + 28680 + t t + + t t t + y £'ee
£2802- E66E'D BT8
8988- pO0B'0 b'egb
Bo%ET L1060 b'LET
¥he0g 9200 £'5287
0023k LE0"0 GEL2

(B)ey‘ey‘ly (s/6op)Em Cm ‘T (‘Bep) q ‘p*b

25



(Unu)1
o1

7'602

'STG= 1200260 TZILN¥T:T¥:80 = %1 * 1+ 1 o1spuodsanico sjojd ayy ul 0 = 1 JueIsulay L 'qg b4

6'9T2

9'bbT

[}

7'682

6972

L2

0

[

7'e8e

6'9T2

9'bbT

60°0

68T

69'2

00y

ire-

mr-

B0'0-

o't

60°2

STE

0'0

59'2-

6T

8E'0-

9]

68'T

't

2SI, 0T €80 = TSS9y ='s

(Unu)1
ese

'T9E

B'6T-

1'8T-

£91-

6'%T-

E'ET-

§'T9E

[

b'ET-

8-

2'oT1-

L'¥T-

£'oT

(s, 01)%q“q g

897

0’0

ELT-

E'T-

2'e-

T'ET

0'0

£

[

0’0

£'pe-

6'pT-

L'ET

(,sw, . 0n)%g ‘g ‘g

e

26



STG = 1200260 T2 LN #T:T#:80 = %1 * 1+ %1 01spuodserioosiold ayy ut 0 = 1 Jueisulay L oG B4

6'882 9°'912

0 Zd £'0-

Z2'T9E

66°0-

65°0-

6T°0-

0Z'o

09'o

o't

0z £'0-

Z2'T9E

6'882 9°912

MN.Q .NN.@ .._”N.m

oo'T-

09°'0-

0Z'0-

6T°0

65°0

66°0

£6°0-

95°0-

8T°0-

6T°0

95°'0

pe'0

_UI

oo'T-

L9°0-

SE'0-

20°'0-

0£'0

£9°'0

_UI

£6°0-

95°0-

27

81'0-

eT'0

95°'0

(U) 3
Z 198 6882 9'97Z £ PBT 02l £
_ </\
|
Z' 198 6882 9'97Z £ PBT 02l g
Z' 198 6882 9'97Z £ PBT 02l g

_UI
S6'0-

bL0O-

25'0-

0g'0-

80'0-

HM@.HN@.HH@

P10



(Unu)1
0'0%

0°882

635892 = M s '2002'60°€2 DN 90:60:20 01SPUOMS.109 S10|d By Ul O = 1 Juesulay L 9 B

0912 (1N 08 0’0

0°'0%

0912 (1N

0'0%

09

1

(IR 0el 0

BLETE-

+19980¢-

bETOT-

BSE0T

1216

E§6TS

0'E 0’0

£Oeps-

Ep6z-

b5s-

SLEET

9EEEe

0

(B)8y‘ey*ty

L62pS

ET96p-

00z62-

L4L8-

92917

BEDZE

15245

(Unu)1
319

0

&h'0

0ET°0

912'0

0

8'T9¢

p12°0-

0ET°0-

9%0°0-

8E0'0

zern

(s/Bop)em em*Tm

902'0

0

L6260

L92b'0

9LZb°0

98260

9626°0

COEE'D

(U1

8'T9E [ATH

L'pb1 [

8798 662

L'pb1 [

NV

8'T9E brode

LT pit

0'0

6'8€9-

4'9%-

'962-

£'eer-

6'oh

00

(Bep) q ‘p‘b

11

IR

8%

6226

£'BLET

T'pE8T

8'0828

28



(Unu)1
(R

0°0% 0°882

0912 [IN-) 02l 0'0

w'E-

G6'T-

Lg'o-

4]

Be'T

%2

L9'd-

26'e-

BT'T-

1]

e

't

[IN1}3 0°882 0912 [IN47) 0'eL 0'0

(,Shu, 0D "% To

05'9-

e

'Sy 0TxZey'T=9s's08= 'S
's98= 172002602 D1N 2Z:60:20 = %1 * 1+ 91 01Spuodssioosjoid sy ul 0 = 1 Wwesulayl 'q9 b4

(Uw)1

0'0%

0'882

0°912

(I8

0'0

0°0%

0882

0912

0°%el

Tee-

T'02-

T'81-

-

'9l-

e

00

0'0%

0'882

0°912

(1N

oo

S'El-

.-

§'1-

oo

441

§'6T

(s, 01)%q“q g

(U1

0'09¢ 0'882

0912

0'bbT 0L 0'0

0°0%E 0°882 0912 0'pbT IR 00

[INI}H3 0°882 0°912 0'bT (114 0’0

(,sw, . 0n)%g ‘g ‘g

9'gE-

6'08-

29



(Unw)1
8°T9¢

$98= 1'/00¢'60°€2 D.LN L2:60:20= %1 * 1+ 01 0)spuodsauicosiojd ay ut 0 = 1 Jueisulay L 99 Bi-

P 682

LPPT

(IN1]
Pé'0-

8'T9¢

P 682

o5 o-

(AN

91'0

os'o

0Z'o-

oz'o

y09°0

66°0

oo'T-

iT 69 0-

0g'0-

SD'0

or'n

SL'0

MN.Q .NN.@ .._”N.m

(Uiw)1
8°T9¢E

¥ 682

LTPRT

oo
GE'0-

8'T9E

|

i

i
‘_

~

___
_

el

| _ ) 6T°0

.' 80'0-

1 T9¢'0

EL'D

oo't

oo'T-

Pr682

g9 0-
| lroeo-
| {100

i 10P0

GL'0

oo'T-

L9°0-

PE'D-

EE'D

99°0

._”m.m ¢ ._”N.m ¢ ._”._”.m

oo'o-

30



"B860c = " s '2002'60%2 D1LN SO:6T:G0 01SpuUOdsa.I109 s10(d By ul O = 1 Juesulay L e/ B

(U1 (Uiw)?
0'09E 0882 0'91e 0'bbT 0'eL 0'0 3'098 3T 2'972 68T 971 L'd-
— —— 6EpaL- ” “ — 002'0-
1 "
" _ (PTY b , TEshEE- -
| i (¥ 1 il
bITRERN ) EHE 70'0-
+
3 I ” i '
! /] ] _ 028L LE0'0
d il I+#
i , 90522 9D
| ] I
; ! T60Lh 5610
0°09% 082 0972 0'FT 02 00 809 038 7912 6eb1 97 V-
— — 2LeL- ” _ — w02'0-
t i
, _ , f BOEzE- Tero-
| » . _
IS X _ 1 : 8011 040'0-
h i1t | i j Bust 0
Rl [ I Eog
i | | ; _+ 79682 20
| 1 J
SAEe BZ'0
009 0982 0'9ne 0°pbT 0'EL 00 §'09¢ 1 T §'E8T 9Tt L'0-
— — fogee- " “ — Cheb 'O
TLgee- §987'0
L j \FEbET- BhE'0
9059 8Th'0
T £5h'0
_ _ 2889 L5540
Syt @w € ¢ N\</ .._”\</
(B)&y 2y iy (5/69p)*m

(U)1
809 1t e 6'EbT 9T L'o-
—t ” + ” ” ” + + T'68-

Ith'99-

9'6¢-

6'91-

8'0%¢ 6882 2912 b'EbT ER 1) L'0-

7' ThGE-

‘TaLe-

'Te0e-

'T921-

b 106-

6882 2912 b'EbT T L'0-

T'CT6-

0°€0z-

1607

£ Ier

BrEEL

(Bep) q ‘p‘b

31



(Uiw)?
C'T9¢

'STE= 1'2002'60%2 DLN¥5:LT:S0 = % * 1+ %) o}spuodsalioo sjold ayy ut 0 =3 JueisutayL ‘g, B4

7'682 6'972 9'pbT

£l 00

,} ﬁi , 8O-

“ ; -

68" T-

T A 8
g?:_ }j?;_j; }.Pj_, ,gb}_;zr _i? 80'1-
PR RTTT AT o

2'68e 6'972 9'bET

ET'9-

16°¢-

(s, 0% ‘% ‘T

eSMG OXVOST= 9s'sgpg=*s

(Uiw)?
[

682

6912

9"

Ll

£

!

0'0

G'T9E

&'682

6972

'

beT

£

)

e

e

T'6T-

0'el-

6'FT-

6'2T-

00

G'T9E

t'662

6972

9"

il

b'91-

b'el-

.-

9'01-

P'T-

b'S

)

T'6T

(s, 01)%q“q g

(Uiw)1
C'T9¢

A1

6'912

3’91

£'eL

00

[t

7'68e

6'912

Pé-

98-

6'1-

£'198

2688

6'9T8

¥'¥1

(1

8'9

8T

00

bree-

8'0¢-

A

6'62

(s, 0m)%a ‘‘a''g

32



'STE = 1°2002°60%2 DLN ¥5:2T:G0 = %1 * 1+ %1 o1spuodseuioo siojdayy ut 0 = 1 JueIsulay L "9 ‘B4

(Uw)1 (Uw)3
8'09¢ c' 87 2912 6'EbT 914 L0- 8'09¢ (L.} 2 912 6" EBT 914 L0-
Ce'0- t t b t t t t t t Ze'0-
| o A f A
te'0- 3 aol AN N R 20°0
1 | __ | ' ﬁ_ __ __ ! ﬁ
81°0- | J o | | i l1cz 0
d __
12°0 _ _ | | 16¥°0
65°0 1 | _ | TEZL'0
; g Y i _ b
86'0 - L d 96'0
8'09¢ g’ 887 2 912 6'EbT 91 L0- 8'09¢ L0-
66°0- £ " " 00°'T-
09'0- 69°0-
0z'0- Le0-
0z'0 90°0-
09'0 520
0o0'T 25°0
8'09¢ 5’882 21912 6'EbT 91 L'0- 8'09¢ 5882 2'912 6'CBT 91 L'0-
£ + + } r+ + . + + + 00'1- + — — f —— ; S —— La'0-
69°0- 08'0-
2e°0- | BT'0-
90°0- £2'0
cZ2'0 _ 65'0
60 S o A 860

MN.Q .NN.@ .._”N.m ._”m.m .._”N.m .._”._”.m

33



(Unu)1
T'0oE

0°912

0°bbT

T'0%

0°bbT

T'0%¢

(IR]%3

0'57

(B)8y‘ey*ty

00

Epeet-

EGLTE-

£9E0T-

Le907

LT8TE

L0ogs

00

BITHE-

podze-

81211

L6201

EELTE

B02ES

6gecE-

pOgpE-

BLIET-

Lhit

ELTRE

b60eb

(Unu)1
T'0%

T'0%

T'0%

2'0-

B6T°0-

617'0-

T40'0-

2'0-

£0Z'0-

&?r'0-

0¥0°0-

T50'0

LEANI]

_”_u

£02'0

90260

TEE0°0

L5pp°0

208k'0

B0LE"0

E£8'0

(s/Bop)Em em Tm

(Unu) 3
703

0'882

0°912

"Beggy = M s '2002'60%2 DN 22T 6T 0Ispuodsai00 sjold ayi ul 0 = 3 Weisulay | eg Hid

6'EpT

2'0-

T'0%

0'882

0°912

6'EPT

p'i-

3'19-

8" cE-

0'or-

8'e7

I

2'0-

T'0%¢

0'gee

0912

b'EbT

7' L6TE-

"TiGe-

3" 96T-

'TeET-

0°969-

8'0t-

_uu

(Bep) q ‘p‘b

9'904-

0°TEp-

p'oe1-

2'0et

8 C6E

[

34



'Sy OTx28y'T=9s'sgg='s

‘ST-=1°2002'60%2 DLNST:2T:6T = 91 * 1+ %1 o1spuodse.ioo siojd ayi ul 0 = 1 Jueisulayl ‘ag B4

(Uw)?

'8¢ 8'982 161 BRI LT 0

0

82'€-

B0'e-

88°0-

5[4 8982 1'612 bEvT LT 0

6’0

0T

e

0

82'c-

62"€-

T

'8¢ 8982 "1 brEpT LT 0

89'0

992

157

0

(,Shu, 0D "% To

66'51-

£L'0T-

th'9-
18-

e

1381

(Unu)1
SIS T 5

bEbT LT 0’0

£'Ee-

T'1e-

0'61-

8'97-

L'bT-

[543 8982 (11

'8¢ 8'982 T'eTe

PEbT LT 0’0

£'er-

bEpT [t 00

'0E-

T'81-

6'5T-

9'ET-

6'1-

be

L'et

(s, 01)%q“q g

00

(uiw)3
]S §'987 1612 bgeT LT 0'0
; ; ; . . . . . §'T1-
} _ 0
, » , NIRRT gL
T A i :
Sl gl pl i I
A _ _ ;_, ! i f , i
, LIt _, Hil b “
+ iy . | {
, | _d _ “ 1%
_ | oy
T'07
5'B8E 81987 1612 beET LT 0'0
! +
i ! _ ]
L ,
_ ] _m _
W1 0 ek g
' il LAY IIAINE:
_ ! _
_ 4] TR "
Vi ¥ i
&7
5 88 §'982 1612 bepT LT 0'0
; ; ; f . . . . 6'62-
3 ]
; ; | i T F 3 rbar-
.| h n il t !
r [y @.ml
! 9'F
1] _- {
¥ 1 f ] 19T
_ o

(,sw, . 0n)%g ‘g ‘g

35



(Uw)1

T'09E

2'0-

T'09E

T'D9E

66'0-

65'0-

0g2'0-

02’0

MN.Q .NN.@ .._”N.m

2'0-

an'T-

L9'0-

££'0-

go'o-

(Uiw)?

T'09E

ST -= 1°2002'60%2 OLN ST:2T:6T= 1 * 1+ %1 01spuodsa.ioosiojdayiul 0 =1 Wesulayl o8 B4

8'TL Z2'0-

; ; ; £b'0-
§ s [keTO-

¥1°0

{ tev'0

| TTL'D

8'Td 2'0-

T'09E

y oo0'T-
L9'0-
£E'0-
oo'o-

£E'D

99°'0

g'Td Z2'0-

= y A SS'0-
| P2'0-
L0°'0
8c'0

69°'0

._”m.m ¢ ._”N.m ¢ ._”._”.m

36



	Untitled.pdf
	prep2010_12

