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Abstract

An image velocity stabilization system built into a
space telescope for scanning optoelectronic observation
of terrestrial targets with a physical hysteresis of a piezo-
ceramic drive is considered. Elaborated algorithms for
discrete filtering, results on analysis of the image motion
velocity stabilization as well as technologies for terres-
trial and in-flight verification are briefly presented.
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Abbreviations
ACS = Attitude Control System
BRF = Body Reference Frame
ICV = Image Cross Velocity
ILV = Image Longitudinal Velocity
IMC = Image Motion Compensator
IMV = Image Motion Velocity
IRF = Inertial Reference Frame
OEC = Optoelectronic Converter
OGS = Offset Guiding Sensor
ORF = Orbital Reference Frame
PCE = Piezoceramic Element
TDI = Time Delay and Integration

1 Introduction

A correct mathematical description of physical hys-
teresis is a basic problem for an internal friction the-
ory [Sorokin, 1960; Panovko, 1960; Palmov, 1976;
Kochneva, 1979; Visintin, 2006; Dragan, 2006] et al.
with regard to the well-known flexible-plastic micro-
deformations of materials. The mathematical founda-
tions for analysis of hysteresis models are presented
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in a number of special publications [Krasnosel’skii and
Pokrovskii, 1989; Visintin, 2014], and their application
to piezo drives — in articles [Zhang et al., 2012; Yu et al.,
2020] et al. In the late 1990s, it was developed a uni-
versal approach to describing physical hysteresis [So-
mov, 2000; Somov, 2004] based on set-valued differen-
tial equations with discontinuous right-side. This arti-
cle deals a precision image velocity stabilization system
with a piezoelectric drive, built into the Earth observing
orbit telescope [Somov et al., 2022]. Here, we briefly
present new results on modeling the physical hysteresis
of a piezo drive, original algorithms for digital process-
ing measurements as well as the results of studying the
considered cyber-physical system [Derler et al., 2012].

2 The Image Stabilization in a Space Telescope

Over the past three decades, a number of large space
astronomical observatories have been created by NASA
and ESA. The Hubble Space Telescope (HST) was car-
ried into the near-circular orbit with altitude 559 km in
1990 and today remains in operation. The 2.4-meter
aperture optical telescope has instruments for observing
in the near ultraviolet, visible, and near infrared bounds.
Here, the offset guiding sensor (OGS) is applied, that
provides a high-precise information for HST body atti-
tude control system (ACS) having four flywheels.

The Herschel Space Observatory has worked in the
far infrared and submillimetre wavebands. This infrared
space telescope with 3.5-m main mirror have completed
research in March 2013, due to the limited capabilities of
its cooling system. The Planck Space Observatory was
designed with the directing tilled flat mirror with a light
flow projective diameter of 1.5 m and is arranged on the
survey platform. These observatories were placed in the
2nd Lagrange point of the Earth-Sun system.
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Figure 1. The set of four OGSs at corners in the telescope focus surface (@) and the James Webb space telescope (b)

The Kepler Space Observatory was launched on a he-
liocentric orbit, its telescope has the 1.4-meter primary
mirror. The focal surface of this telescope is made up of
42 CCDs at 2200 x 1024 pixels, Fig. 1a. The attitude sta-
bility is the primary factor for achieving the photometric
precision. The requirement is to achieve a short-term ac-
curacy of 30 =~ 0.1 arc sec relative to each of three axes
over a time interval of up to 16 hours. To prevent the
long-term drifts, four OGSs are mounted in the scientific
focal surface at four corners, see Fig.1a.

The (JWST), Fig. 1b, was launched December 25,
2021. It is the space observatory optimized for obser-
vations in the infrared and is a scientific successor to the
HST. The JWST primary mirror is the 6.5 meter diame-
ter gold coated beryllium reflector with a collecting area
of 25 m?. Here, the OGS is applied to stabilize the tele-
scope line-of-sight during scientific observations.

The OGS measurements are used to define the JWST
body orientation and control the adjusting mirror — an
image motion compensator (IMC). In the JWST, for the
first time, the simultaneous operation of the ACS and
the image motion stabilization system built into the tele-
scope was implemented, when the required accuracy is
obtained by the nonius way:

I cascade — angular stabilization of the JWST body;

II cascade — stabilization of an image position in the
focal surface using angular movements of the IMC.

It should be noted here that the nonius method and em-
bedded system for an image position stabilization in a
space astronomical telescope were invented almost 50
years ago in the USSR [Dul’kin and Somov, 1975].

In this paper we consider an Earth-surveying satellite
equipped with a telescope [Somov et al., 1999; Somov
et al., 2022] and CCD matrices of the optoelectronic
converters (OECs) into its focal surface. These matrices
work in mode of the time delay and integration (TDI)
when an observing given the Earth surface parts by a set
of routes for their scanning [Somov et al., 2021].

The ACS of a maneuvering observation satellite has
unique requirements for accuracy when a scanning op-
toelectronic observing.

The paper objectives are to develop algorithms for dis-
crete filtering, offset guiding and analysis of the image
motion velocity (IMV) as well as methods for verifica-
tion of the embedded IMV stabilization system.

3 Mathematical Modeling of Physical Hysteresis

Fundamentally two types of the hysteresis relations are
singled out in physical mediums: with index of a limit-
ing static loop in negative direction (type A, clockwise,
Fig. 2a) and with index of this loop in positive direction
(type B, counter-clockwise, Fig. 2b).

Figure 2. Two types of hysteresis in physical mediums

It is important to distinguish a physical meaning of
the arguments x and y for multi-valued hysteresis func-
tion y = Fy(qy, x) with a set ¢y of both parameters and
initial conditions. For example, flexible-plastic micro-
deformations [Palmov, 1976] in an internal friction the-
ory under notation x = ¢ (mechanical deformation) and
y = o (mechanical strength) are represented by the type
A hysteresis relation. Note that in the theory of external
friction theory the flexible-plastic micro-deformations
have also such type hysteresis relation, if a variable z
is a small line or angular displacement, and a variable
1 is respectively a friction force or torque, as in famous
Dahl-type solid friction model [Dahl, 1976].

Ferro-magnetic hysteresis is presented by a B-type
multifunction (see Fig. 2b), if in the capacity of a forcing
variable there is assumed x = H (magnetic field strength)
and as an output variable — a function y = B (magnetic
displacement).

The dielectric hysteresis also has the same type if a
forcing function there is assumed a variable x=E (elec-
tric field strength), and a output — a function y = P (po-
larization of the piezoelectric material).

The A-type hysteresis relation y = Fy (-, ), Fig. 2a,
is transformed in a function y = ®,(qg,x) of B-type,
Fig. 2b by the ”mirror reflection” respect to an ordinate
with a next rotation of obtained image on the angle —7 /2
clockwise and renaming the coordinate axes as x=y and
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Figure 3. The hysteresis function y = F] h('

(a) ap =200,k =0.7510"3,p = 0.1, = 1073,

y = x. Moreover, for limiting hysteresis loop the coordi-
nates of characteristic points (see Fig. 2) are transformed
in such obvious way: B=A;A=B and r =g;s =h.
This method is well known, often is used in the internal
friction theory [Kochneva, 1979]). It permits to study of
only one type of hysteresis relation, in the capacity of
which later on there is assumed the type A, see Fig. 2a.
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Figure 4. Results of a hysteresis model testing

Assume that x(t) is a real continuous and piecewise-
differetiated function for ¢t € Ty, = [to,+oc) and let
there be values %, = x(t,) of the function in the time
moments ¢, v € Ny = [0,1,2,---), when last chang-
ing sign of speed x(t), namely & (t), was happened, e.g.
Ty =x(ty)|t, : sign&(t, + 0) # signd(t, — 0).

A local function &, (t) on each local time semi-interval
T, =[ty,t,41) is introduced as

F,(t)=a(t) — @, Vt € T,

and the nonlinear functionally-parametrized coefficient
ky, = ky(z(t)) = k,(k, p,p, %)
of the hysteresis function shape is defined in the form
ku(x(t)) = k(1 = (1 — p) exp(=p|, ), t € Ty,
where k, p, p are the constant positive parameters. For
initial condition xg = x (o) the normed hysteresis func-

x) when z(t) = Aexp(—&wt) sin(wt), A =200, £ =0.2, w =10l
P (b) ap = 2000,k = 0.1510~5, p = 2, = 2.5 103

tion r(t) = Hst(-, z(¢)) with restriction on its mo-dule
by a constant parameter oy, >0, namely

r(t) = Hst(ap, ap, k,(z(t)), 10, 2(t))

with condition r(tg) =7, =Hst(an, an, k. (o), 70, To),
is defined as a right-sided solution of the equations

Dtre ky, |r—apsign ()| £(t) |r| < ap;
0 Ir| > ap; (D
r(to +0) = 7o,

where D is symbol of a right derivative with respect to
a time [Somov, 2000]. In relation (1) differential equa-
tion has a discontinuous right side and ambiquitely de-
pends on input function z(t) and its speed 2(t) depends
on all own pre-history, which is expressed by functional
k,(x). Finally, at initial condition y, = yo = y(to) for
x = xo the hysteresis function y(t) is defined as
y(t)=m Hst(apn, an, kv, ro, z(t))
with 7, = y,/m and a constant scale coefficient m > 0.
In developed model (1) a parameter p determines on
the whole a degree of convergence for a trajectory y(t) =
Fp, (-, z(t)) in the plane zOy on symmetric limiting static
loop under a harmonic forcing function z(t) = A sin wt
with fixed values A, w and initial condition y, = yy when
|Yyo|/m < ap, see also Fig. 3. For this model all stan-
dard requirements are realized, including the famous re-
quirements on a model vibro-correctness [Krasnosel’skii
and Pokrovskii, 1989] as well as on a frequency indepen-
dence [Sorokin, 1960] and a fine return on a main sym-
metric limiting hysteresis loop after a short-term pas-
sage on a displaced local hysteresis loop [Palmov, 1976;
Kochneva, 1979]. Last property is verified by Fig. 4 for
the hysteresis model (1) with parameters m =1, a;, =
1.5, ap =200, k=5.12510"% p=2, p=0.7510"3
when the forcing function z(t) has the following form

) Asinwit (0<t<m)&(me <t<T3);
€T =
B(l+sinwst) 7 <t < 79,
A =200; B=40; w; =1; wy =5; 73 =40;

TN =5 —7% 7o ="Tr— 7% 7" ~ 0.034157.
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Figure 5.

The reference frames for a space optoelectronic surveying

4 The IMYV Stabilization System

We use the following bases and reference frames:
e inertial reference frame (IRF) Iy, (Og X YLZL);
e geodesic Greenwich reference frame E, rotated in the
IRF by angular velocity vector wg, = we;
e geodesic horizon reference frame EP: axis C X" is
the local vertical, axes C' Y2 and C'Z! lie in the local
horizon plane and directed to local East (E) and local
North (N), respectively, Fig. 5;
® body reference frame (BRF) B (Ozyz) with the origin
in the spacecraft mass center O;
e orbital reference frame (ORF) O (Ox°y°2°): axis Oy°
lies in the orbit radius and axis Oz° points in negative
direction of the orbit normal, see Fig. 5;
e main sensor reference frame (SRF) & (S z°%y°z°) with
origin in point S — the center of optical projection, Fig. 5;
e an image field reference frame F (O;z'y'z?) with ori-
gin in center O; of telescope focal plane 3'0;2%, Fig. 5;
e visual reference frame V (O, 2VyY2") with the origin
in center O, of main OEC linear array.

The BRF orientation in the IRF is defined by quater-
nion A = (A, A), A={\1, A2, A3}, and with respect to
the ORF — by column ¢ ={¢;} (i=1,2,3 =1 + 3) of
Euler-Krylov angles ¢, (roll), ¢5 (yaw) and ¢3 (pith).

We use also a vector of modified Rodrigues parameters
(MRP) o =etan(®/4) with Euler unit vector e and an-
gle @ of own rotation. The quaternion A and the vector
MRP o are uniquely related by explicit relations.

Let vectors w = {w; }, r={r; } and v={v; } are the body
angular velocity, position and progressive velocity. As-
sume that AP () and wP(¢) present the spacecraft body
programmed motion. The error quaternion is E= (e, €)
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= AP?(t)oA with vector e = {e;}, the attitude error ma-
trix is C® = I3 — 2[ex]Q! with Q. = Izeq + [eX]
and the attitude error vector is 0¢p = {0¢;} = {2epe; }.
The angular velocity error vector is dw =w — C°wP(t).
Here and further symbols o ,~ for quaternions, (-, ), X,
{-} = col(+), [-] = line(+) for vectors and [-x], (-)t,
[-| =diag(-) for matrices are conventional notations.
Resolution of a space Earth-surveying telescope de-
pends to a big extent on a remote sensing spacecraft spa-
tial angular motion along the survey route. To obtain a
high quality image it is reasonable to calculate the image
longitudinal velocity (ILV) Vyi in a telescope focal plane.
It is also necessary that for an image cross velocity (ICV)
V! the condition | V| < Vi was fulfilled with a constant
value V}. We assume that in the SRF vector columns w?
and v present angular and forward velocity of a satellite
with respect to the GRF, matrix C =|| &; || defines the
SRF orientation also with respect to the GRF, and scalar
function D(t) presents the oblique range of observation.
For any point at the telescope focal plane the longi-
tudinal V;}(j, ') and cross V(§, %) components of
normed IMV vector V¥ = {V;!, V}} are calculated by
the following relation
Vi 710 ‘I?S’gl —Y'wi + 2}@32
{‘fz] = |:§i 0 1] PV — Wi —Zwy |- ()
? Ve Wi T YW

Here §'=y'/ f and z* = 2"/ f. are normed focal coordi-
nates of indicated point where f. is the telescope equiva-
lent focal distance, function ¢* =1 — (G215 + ¢312°) /11
and components v, (¢) of normed forward velocity vec-
tor v (t) = {vZ;(t),i = 1+ 3} are computed by relation
#,() = vi(0)/D(1).

The vector relation (2) is applied for an analytical syn-
thesis of the guidance basic laws of the Earth surveying
satellites when tracked observation.

Figure 6. Scheme of a system for the IMV stabilization
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Figure 7. Distribution of the ILV and ICV along the main central line in a focal plane when a guidance law with the ILV alignment:

the spatial picture (@), representation of the survey route on a map (b), the ILV distribution (¢) and the ICV distribution (d)

Figure 8. The space Earth-observing routes on a map
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Principal idea of embedded system for the IMV stabi-
lization on the OECs set is presented in Fig. 6. Here in
objective (1) on Ritchey-Chretien scheme we have IMC
(2) in the form of a plane diagonal moving mirror; the
fine OGS (3) by an image motion velocity in center of
the telescope focal plane (marked by red) — the sensor is
implemented by digital processing signals of four etalon
OECs with TDI (marked by blue) and fixed in four cor-
ners of the OEC structure in the telescope focal surface;
converter (4) of digital control signals of the piezo drive
(5) for small angular displacements of the IMC (2).

When scanning observation of the Earth surface, it is
necessary to provide a given movement velocity of opti-
cal images strictly along the OEC columns for the accu-
mulation of moving electronic images. Here, a strict syn-
chronization in the movements of optical and electronic
images is required both in the longitudinal and transverse
directions for given points in the OESs of CCD matri-
ces. Moreover, the output signals are formed in a slid-
ing window” with K rows of the current accumulated
electronic image along the corresponding columns.

The main angular motion of the telescope body is
given by the guidance law formed in a spacecraft ACS.
The physical distribution of the IMV vector components
Vi = {V,},V/} along the main central line in the tele-
scope focal plane is represented in Fig. 7 when the best
guidance law with the ILV alignment is applied.

Assume that an Earth-observing satellite is moving on
sun-synchronous orbit with altitude 720 km and it fulfills
the task for the scanning optoelectronic observations of
Benevento, Rome, Florence, Padua and Munich with du-
ration of 10 s each route, see Fig. 8. Synthesised guid-
ance law is presented in Fig. 9, where components of
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Figure 11. The piezo drive normed hysteresis in the working mode

vectors o (t), ¢(t), w(t) and e(t) are marked by blue
on roll, green on yaw and red on pitch, and modules of

vectors w(t) and e(t) are marked by black.

Scheme of developed piezoceramic drive is presented
in Fig. 10. The piezo drive has a tubular design [Somov,
1974] with the possibility of bending in two orthogonal
planes of the piezoceramic element (PCE) (1). The PCE
is freely attached to the case (3) on the borders of two
orthogonal planes by spacers (2). The IMC (4) is rigidly
connected to the end of the PCE (1) such that its reflect-
ing plane is orthogonal to the PCE axis.

The PCE has five electrodes: the general electrode (5)
at its internal surface and 4 external electrodes (6) — (9)
ordered along the PCE in such a way that the symmetry
planes of the opposite electrodes are mutually orthogo-
nal. The PCE longitudinal parts have contrary directions
of the radial polarization under opposite electrodes.

When the control voltage is applied to the points
kq &k (or the points ko &kg), then due to a reverse trans-
verse piezo-effect, the PCE parts under electrodes 6&8
(or respectively under electrodes 7&9 are deformed in
the contrary directions and, therefore, the PCE bends are
happened at the relevant planes. So, the tubular piezoce-
ramic element in Fig. 10 is equivalent to the controlled
2-DOF Hooke hinge [Somov, 1974].

For piezoceramic materials their hysteresis not exceeds
5% for electric field strength |E¢| < E“™=2kV/cm.

At angular deviation o of IMC 4 in Fig. 10 the PCE

linear normed static characteristic is appeared as a% =
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ok [k% =u,, where k& =—(d311,)/(2v2h, 1y AY) > 0,
lp, 7p and h, < 7, are the PCE’s length, mean radius
and a wall thickness at standard notation of the piezoce-
ramic’s parameters d3; < 0, k3, = d3,/(SEeg;) < 1
when the standard number A} is computed by relation

=(1-2vV2 k3, /(3m)+(hy/15)* /12)/ (1-k3)) > 1.
For PCE wall thickness h, =1 mm, maximum voltage
=200 V matches to electric field strength 2kV/cm, so

the piezodrive’s hysteresis not exceeds 3%, see Fig. 11.
The condition mkpaj, = 1 is needed to take into ac-
count for hysteresis parameters m, ap, o, k and p. For
notation E? = (w/2)*EPr/4, EP = (SEA?)™! and
I,= 777’2 hyp, in terms of bending torques the PCE’s static
A-type hysteresis characteristic is presented in the form

(BEY Ip/1p) ki y(t) =kE ua(8); y(t) = mr(t);
T(t)::I{St(ah7CM7kv(lxt))7roax(t))
with @ (t) = &1 k2 = —3ds1 (7/2)° (rp/\)? / (4v/2813),
initial value r, = r(to) =y,/m=1u,(tg)/m and manda-
tory concordance of initial conditions

To = HSt(ah, «, k‘y(ajo)a To, 1'0)-

If w, (¢, ) is a transverse displacement any point at the
PCE’s axis, then o (t) = 0w, (t,1,)/0z and a curvature
k2 (E5(t), ) =0%wy(t, x)/0x? of the PCE’s bending in
linear theory is appeared as follows

R (E5(1), ) = —(ds1/ (V21 A7) EX(2),

where ES(t) = u.(t)/h,. For own PCE mass m,, and
parameter mi, =m,/lp, the well-known wave equation

mé[(ﬁ wy (t,2)/0t%) + I, EP [0 wy(t,x)/02%] = 0

has analytic solution via the normed Krylov functions.

By first partial frequency Qf = (m/1,)?(I, E¥ /m!,)1/?
of own bending oscillations, the PCE has equivalent
mass m® = (I,/h})?*m, /32, where hf is a distance be-
tween the IMC mass center and point O, see Fig. 10.
At own the IMC’s mass m% and moment of inertia
J¥, the "IMC+PCE”-cluster has equivalent general mass
ph = JF+(m% +mP)(hY)? in point O. A simplest linear
piezo drive’s dynamical model has the form

+(Q)2a}) = ki u.(t), @)

where M47(#) is an inertia torque because of spacecraft
attitude motion and v} = 2¢F with standard damping
factor £F. Taking into account relations (3) and (4), at
condition M¥" =0 the piezo drive’s nonlinear hysteresis
model is appeared as follows

pilay + vy Qyal + k3 (QF)%y(t)] =
y(t)=mr(t); r(t)=Hst(-,z(t)); z(t

with concordance of initial conditions.

Both static and dynamic studies on identification of the
piezoceramic drive hysteresis and damping parameters
were carried out by careful research of nonlinear model
(5) taking into account experimental data obtained in the

3)

Mkr + 1250 (Oél + vy Qlal

a o

k/ka



CYBERNETICS AND PHYSICS, VOL. 11, NO. 3, 2022

10° 10°
o, rad/s

Figure 12. The piezo drive amplitude-frequency characteristics

late 1970s. Results of dynamic properties comparison at
input command amplitude u7* =200 V are presented in
Fig. 12: (a) for model 4) with Vf = 0.06, (b) for model
(5) with v¥ = 1.731073 and (c) with average experi-
mental data. Here, the values of coefficient v¥ and pa-
rameters of the piezo drive hysteresis were chosen from
the condition of matching the maximum value of the
amplitude-frequency characteristics for all three models,
see Fig. 12. When the embedded system works, precise
stabilization is fulfilled for the longitudinal and cross
IMVs with compensation of a frequency non-stability at
replacing the electronic charges along columns of the in-
formation OECs marked by grey color in Fig. 6.

5 The Discrete Filtering and Offset Guiding

Four etalon matrices located in the telescope focal sur-
face have two shifted OES lines, see Fig. 6. That makes
it possible to determine the set of the IMV vector val-
ues in the etalon matrices and using the least squares
method to calculate values \7;} = {V;p, Vzip} for four
points (g, Z,), p = 1 =4 — for the centers of four etalon
matrices. Relation (2) is presented in the form

{Vyi’ V;} = Qz(gl7 2i) + Pi(gi’ éi){w:iL
Qi@ia Zl) = qi{{’gﬂji + Voo, ‘721? + Va3 )

—(1+ 7))
_yzéz

o _21' gigi

K3 X3 1 — ; X
P(yvz)* gz 1+(2z)2
For center (7., Z,) each etalon OEC matrix we have ob-

tained the relation Q;, = P;’,wgp , where wi? = {w:'},

On the whole for the centers of all four etalon OEC ma-
trices we have common relation Q%;, = Pyw?P, where
column Qf, = {Q, } and matrix Py, = {P;}'. _

We have computed estimation @, = (P%)# Q% of
angular velocity vector by the least-squares method on
the space pictures of terrestrial targets with pseudo-
inverted matrix (P%,)#. Next, the vector evaluation &;
is applied for a computing in real time the normed IMV
vector Vi, = {vE, — wis, Vi, + @5, } in center O; of the
telescope focal plane by analysis of the picture flow with

163

terrestrial targets. Center of the information OEC matri-
ces corresponds to point Oy, see red line and its center in
Fig. 6. As a result, we have obtained vector \7}% of mea-
sured IMV in center of the telescope focal plane during
spacecraft orbital flight.

In described procedure the disparity analysis is ful-
filled for pictures of arbitrary terrestrial targets. The pic-
tures are obtained at two next successive OEC lines in
the etalon matrices. The procedure has large computa-
tional complexity, therefore here it is rationally to carry
out the parallel calculations using an individual micro-
processor for each of the four OEC etalon matrices that
together make up the fine offset guiding sensor with re-
spect to the image motion velocity vector.

¢, arcsec

So, deg/s

i i i i
620 640 660 680 700 720 740 760 780 800
ts

Figure 13.  The spacecraft attitude and angular velocity errors

6 Simulation of the IMV Stabilization System

When observing parts of the Earth in Fig. 8, the SC
guidance law in Fig. 9 has five scanning routes, namely
Benevento, Vt € [660,670) s; Rome, Vt € [705,715) s;
Florence, V¢t € [735,745) s; Padua, V¢ € [770,780) s
and Munich, Vt € [805,815) s with four rotational ma-
neuvers in between. The SC attitude and angular veloc-
ity errors during while scanning observations are repre-
sented in Fig. 13.

Let be given vector Vi = {Vi, Vi } = {V, 0} of
required normed IMV in center of the telescope focal
plane, and vector V= {V;, Vi} presents the real IMV
in the same point. For the IMC fixed nominal angular
position the error vector AV of the normed IMV in cen-
ter O, of the OEC information matrices (see red line in
Fig. 6) is computed by relation AV® = {AV, AV} =
Vi — Vi, where Vi ={V;,, Vi } is the normed IMV
vector in the same center due to the telescope body attfi-
tude control during the scanning Earth observation.

If the IMC angular position changes relative the tele-
scope body by its piezoceramic drive, then vector of the
IMV stabilization error AV = {§AV;!, 6V} is form-
ing taking into account both the IMC movements and
coefficients of optical reduction. Moreover, the OGS al-
gorithms and computed normed IMV vectors AV, Vi
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Figure 14. Errors when the IMV stabilization system operation

allow to compute the IMV error vector SAV? taking into
account the IMV stabilization system’s operation. The
embedded system is closed — the IMV error vector AV?
is an input signal for piezoceramic drive and variation
of the IMC position results in elimination of indicated
error simultaneously in both the OGS based on digital
processing signals from four OEC etalon matrices and
the OEC information matrices. When the IMV stabi-
lization system works, recurrent filtering of the normal-
ized error vector SAV? is applied with frequency 32 Hz
as well as astatic digital control law for the IMC piezo
drive with frequency 16 Hz. This control law was syn-
thesized taking into account a time delay [Somov, 2001],
it has bandwidth 5.7 Hz. In Figure 14 we present errors
on components of normed IMV vector without switch in
(blue) and at operation (red) of the embedded system.

7 Terrestrial and In-flight Verification

Terrestrial verification of the embedded system is car-
ried out by original scheme: the telescope body is fixed
in a table, its optical axis is directed to large-scale full-
HD monitor with the moving images of terrestrial targets.
These images are generated by a computer simulation
of the spacecraft spatial motion. In-flight verification is
carried out during a time period of the spacecraft tests on
terrestrial polygons, details see in [Somov et al., 2022].

8 Conclusions

A universal approach to modeling hysteresis in phy-
sical media based on multi-valued differential equations
with a discontinuous right-hand side was presented. The
main engineering relationships for calculating the pa-
rameters of a piezoceramic drive are given, taking into
account its physical hysteresis. Basic algorithms for
the offset guiding and signal processing were developed,
nonlinear studies of the embedded system were carried
out and the results of its effectiveness for accurate stabi-
lization of the image motion velocity are presented.
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