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Abstract—The instrumental and applied problems related to the design of a passive magnetic attitude control
system for the Munin nanosatellite are considered. The system is constructed from a strong permanent magnet
and a set of hysteresis rods. These rods are made of magnetically soft material using a special technology, and
they allow usto support the satellite orientation with respect to the local magnetic field vector with agiven accu-
racy and time response. By using asymptotic and numerical methods, we investigate the satellite dynamics for
different models of hysteresis. The issues concerning the arrangement of the rods and their interaction with the
fields of permanent magnets mounted onboard the satellite are discussed.

INTRODUCTION

When space experiments and investigations aimed
to study the magnetosphere, ionosphere, the behavior
of charged particles and other phenomena in the geo-
magnetic field are carried out, the orientation of the sat-
ellite longitudinal axis along the vector H of the local
geomagnetic field is most preferable. Adjusting the
axes of instrument sensitivity along thisorientation axis
or in agiven position relative to it, one can provide for
afixed position of measuring instruments with respect
to the abjects of investigation. Such a mode of angular
motion is the most suitable for a small satellite, since
for a large spacecraft usualy there is a possibility to
install instruments on a movable platform with an
autonomous system of sighting onto the observed
objects or phenomena. Small spacecraft do not have
this possibility for many reasons, primarily because of
limitationsin weight, size, and power.

Several years ago the Institute of Space Physics
(Kiruna, Sweden) approved the project of a nanosatel-
lite called Munin™ in order to demonstrate the capability
of so small a satellite to solve real scientific problems.
The Munin satellite [ 1] with amass of 6 kg should bear
a combined spectrometer of electrons and ions
MEDUSA (this instrument was first tested during the
flight of the Astrid-2 microsatellite) and a solid state
detector DINA. It is also anticipated that the data on
auroral effects in the upper layers of the Earth’s atmo-
sphere and ionosphere will be collected in the Northern
and Southern hemispheres in such a manner that the
data on the current state of the magnetosphere be avail-

1 According to Scandinavian mythology, the ravens Munin and
Hugin used to fly al over the world to collect news. Sitting on the
shoulders of the supreme god QOdin, they whispered the news in
his ears. Munin and Hugin, respectively, were the personified
memory and intellect of Odin. Together, they were an embodi-
ment of his soul.

ablein thereal time mode through the Internet. For this
purposg, it is planned to make photos of auroras with
the help of aminiature CCD-camerain thevisible light
and UV ranges. This chamber has a field of view 32°
wide, itsresolution is 340 x 240 pixels (0.2 x 0.2°), the
scale of gray includes 64 digitization levels, and the
minimum exposure is 1/1000 s, while the operating
exposure is 0.5-1 sin the range 450-800 nm. In addi-
tion, two single-axis magnetometersareinstalled on the
satellite, and there is a possibility to control the output
currents of six panels of solar batteries. The arrange-
ment of theinstrumentsinside the satellite and its exter-
nal view without the panels of solar batteries are shown
in Fig. 1. The satellite is cubic in form with edges
21-cm long. The panels of silicon solar batteries cover
all six facets of the cube, providing for 4 W of mean
electric power at avoltage of 15-20V. Together with a
lithium ionic buffer battery, peak power during the
transmitter operation can reach 11.6 W. Satellite com-
munication with the flight control ground station in
Kiruna, Sweden, is implemented in the UHF range. A
digital processor unit controls al the instruments and
provides for compressing the data and formatting the
telemetric information. It is aso used for modem con-
trol. According to the existing classification, this satel-
lite can be included in the category of nanosatellites
whose massliesin therange from 1to 10 kg [2]. Munin
was successfully launched in its orbit on November 21,
2000, as a co-payload.

Based on the requirements of the scientific instru-
mentation, the most preferable mode of the angular
motion of the Munin satellite is the orientation of its
longitudinal axis aong the H vector. In this case, it
remains to be clarified what type of magnetic systemis
preferable for the satellite under consideration. The
solution to this problem is determined by the require-
ments of the satellite angular motion and of its mass-
size and energy characteristics. The satellite does not
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reguire high-precision orientation and complicated pro-
grammed maneuvers during the flight, while thereisno
possibility of installing active executing devices and
attitude control sensors. Deviation from H should not
exceed 10°-15° during the entire time of flight. Thetol-
erable time of reaching the nominal motion must be no
more than two-three weeks. The system should not
include movable magnetic elements, and it should not
consume energy and information resources of the satel-
lite. Finally, the system should be as cheap as possible.
Therefore, the choice of the type of the attitude control
system is unambiguously completed by a passive mag-
netic system.

Two principal problems that should be solved in
designing apassive magnetic system of asatellite’s atti-
tude control are to provide for restoring and damping
moments. The problem of restoring moment is solved
by a permanent magnet whose axis is aligned with the
oriented axis. In order to solve the second problem, a
damping deviceisrequired for dissipation of the energy
of angular motion. The ways to solve the problem of
dissipating the energy of a satellite’'s perturbed attitude
motion and the methods of their implementation are
discussed in detail in [3]. The damping device chosen
for the Munin satellite consists of a set of hysteresis
rods made from a magnetically soft material. These
rods reverse their magnetization in the geomagnetic
field when the satellite rotates relative to the H vector.
L et us consider the problems arising when a permanent
magnet and hysteresis rods are used for developing an
attitude control system.

Due to the nonuniform rotation of the H vector in
theinertial space and its changing magnitude when the
satellite’s center of mass moves along the orhit, it is
impossible in principle to provide for an exact orienta-
tion of the longitudinal axis of the satellite. Mathemat-
ically, this fact reveals itself in the inhomogeneity of
equations describing the satellite’s oscillations with
respect to H, because of the noninertiality of the coor-
dinate system in which the satellite motion is consid-
ered. One can only reduce the amplitude of forced
oscillations. The presence of forced oscillations results
in the hazard of the occurrence of external and internal
resonances.

The hysteresis rods from magnetically soft material
damp both rotational and oscillatory motions of a satel-
lite with respect to the H vector, but they require a
meticulous mathematical simulation of hysteresis and
satellite dynamics when the parameters of the rods are
determined. In addition, rather strict requirements of
the arrangement of the attitude control system in the
satellite body should be met. When manufacturing the
rods, it is necessary to find the appropriate magnetic
material and to observe dtrictly the technological pro-
Cess.

Fairly sophisticated precession motions of the satel-
lite about the H vector are possible, in which the rods
change their magnetization in particular hysteresis
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Fig. 1. Arrangement of instruments inside the Munin satel-
lite.

loops. Asaresult, the satellite slowly reaches stationary
motion, i.e., the duration of the transition process
increases. The possibility for a satellite to reach such
modes of motion depends on the relationship between
satellite’s moments of inertia and on the initial condi-
tions of its motion.

Transition motions of a satellite with amagnetic sys-
tem of attitude control were considered in [4], using a
simple model of hysteresis and the method of averaging,
for small deviations of the orientation axisaligned with a
permanent magnet. In this case, assuming the influence
of hysteresis rods on the stationary motion to be small as
compared to disturbances from the magnetic field non-
uniformity, one can consider periodic motions of the sat-
ellite with a permanent magnet as stationary [5].

It should be noted that passive magnetic systems of
atitude control have been sufficiently widely used and
arestill in use for maintai ning autonomous orientation of
small-size satellites. Here are some of them that were
successfully launched: Transit-1B (1960), Transit-2A
(1960), Injun-3 (1962), ESRO-/A (1968), ESRO-/B
(1969), Azur (1969), Exos (1978), Magion (1978). A
short description of these projects is given in [3]. Four
microsatellites Microsat-NA (1990) are described in [6].
Four picosatellites JAK, Thelma, Louise, and Stensat
with amass of several hundred grams were launched in
2000 [7].

1. FORMULATION OF THE PROBLEM:
EQUATIONS OF MOTION

Initsinertial properties, the Munin satellite is close
to adynamically symmetric solid body. So we consider
a dynamically axisymmetric solid body with a perma-
nent magnet and hysteresis rods from a magnetically
soft material. Let us assume the dipole moment of the
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Fig. 2. Satellite-fixed and magnetic coordinate systems.

permanent magnet to be parallel to the satellite’s axis of
symmetry, while the hysteresisrods are located perpen-
dicular to the dipole moment of the permanent magnet.
The advantage of such aposition of the rodsis substan-
tiated in [4]. The satellite’s center of mass moves along
acircular orbit around the Earth. To write the equations
of motion of the satellite relative to its center of mass
we introduce three rectangular systems of coordinates:

Ox;X,X; is the satellite-fixed system of coordinates.
The point O is the center of mass of the satellite, the
axes Ox;, Ox,, and Ox; are the principal central axes of
inertia; and the dipole moment of the permanent mag-
net is parald to the Ox, axis.

OX;X,X; is the orbital system of coordinates. The
OX; axis is directed along the geocentric radius vector
of the point O. The OX, axis is paralel to the orbit
plane. The OX, axis is codirected with the satellite
motion.

0Z,2,Z; is the magnetic system of coordinates
related to the vector H of the geomagnetic field strength
at the point O. The unit vectors s, s,, and s of this sys-
tem have the form

= H 5= 2222 5= sxs

IHI’ |1 % E|’ .
where E, is the unit vector of the OX, axis. Such a
choice of unit vectorsis suitable for near-polar orbits.

Let us specify the position of the OX,X,X; coordi-
nate system relative to the 0OZ,Z,Z; system by the
angles a, 3, and y (Fig. 2). The elements of the corre-
sponding transition matrix |[o;,|| have the form by, =
cos(Z, x,) j, n =1, 2, 3. We write the elements h;, =
cos(X, Z,) (wherej, n=1, 2, 3) of the matrix ||h;,|| of
transition from the OZ,Z,Z, system to the OX, X, X; sys-
tem and the projections w,®,, w,®P,, and w,P; of the
absolute angular velocity of the magnetic coordinate
system onto its axes as follows:

S

sini cosu
N ki

Cosi cosu

hyy = NN,

h12=_
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sinu
his = N,
CcoSi N,sini
hy, = ™~ h,, = lN , hy =0,
he = _sinisinu he = cosisinu
31 N ’ 32 NNl ’
cosu
hgs = N_l;
©. = 3(1 + sin’u) cosi
1 = )
NNZ
o = 3drsn’u)sni. o _ 3sin2usin2i
2 NN, b AN?N,

where N = A/1+35in2isin2u, N, = A/1+35in2u, uis

the latitude argument, i is the orbit inclination, and w,
is the angular velocity of the orbital motion of the sat-
ellite’s center of mass. The model of the right dipoleis
accepted for description of the geomagnetic field.

Out of the external moments acting upon the satel-
lite we take into account the gravitational moment and
two magnetic moments: restoring (produced by a per-
manent magnet) and damping (produced by hysteresis
rods). In this case, the equations of motion for an axi-
symmetric (B = C) satellitein acircular orbit relativeto
its center of mass have the following form:

Ad0

at = HoHV,W(e,bys —esbyy),

o,
dt
+ HoHVpW(esby, —e;by3) — omHb;s,
dw, _ 2
W"‘(B—A)wlwz = 3w(B-A)&:&; )

+ HoHV,W(e by, —e,by;) + pomHby,,

B—= + (A-B)wy0; = 3w5(A—B)&;E,

B

= ; — (W,cosy —w;siny)tan3,

d—a:i(cT)cos —W;siny)
dt ~ cosp' 2 Y~ @sSnY),

%Lt; = W,SNy + W;Cosy.

Here, A and B are the axia and eguatorial moments of
inertia; w,, w,, W, arethe projections of the vector of the
satellite’'s absolute angular velocity onto the satellite-
fixed axes Ox,, Ox,, Ox3; Hy = P /(4TT%); Uy = 8.06 X
10%2 A m? isthe magnetic moment of the Earth’sdipole;
r isthe radius of the orbit; V,, isthe volume of a hyster-

esisrod; |, = 41 x 1077 H/m is the magnetic constant;

i<

W (H:, H,) isthe hysteresis function describing the
rod magnetization and depending on the material,
length-to-diameter ratio, and the external field strength;
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H. = (H, e), (g, &, &), iSthe unit vector of therod lon-
gitudinal axisin projections onto the axes Ox,;, Ox,, and
Ox5; m isthe magnitude of the dipole moment m of the
magnet installed on the satellite; t is time; @; = w -
%Zizlq’nbni ( =1, 2, 3) are the projections of the
vector of satellite’sangular velocity relative to the mag-

netic coordinate system; and &; = 2: . hsn by are the

components of the unit vector of axis OX; in the
Ox,%,%; coordinate system. The Sl system of units is
used. Notethat in (1), interactions of the hysteresisrods
with the permanent magnet field and with each other
are not taken into account. The equations are written
taking the action of asingle hysteresisrod into account.
For severa rods, one needs to take a sum of the
moments of their interaction with the geomagnetic field
in the right hand sides of Egs. (1).

When studying the satellite’'s dynamics by the
method of averaging, we use the Rayleigh model
according to which

W(H}, Fo) = (W + OpHom) Fr
—2 dH,
(HTm H+ )sgnw,

where ;, isthe |n|t|al magnetic permeability, ag isthe
Rayleigh constant, and H,, is the amplitude of the
reversal magnetization field. Thismodel givestheright
behavior of the hysteresis loop in the neighborhood of
the coordinate origin at a symmetrical reversal magne-
tization of the rod. This is true for both the loop form
and the dependence of its area on the reversal magneti-
zation field amplitude. The application of this model
can be considered as a further step as compared to the
parallelogram model used in [4].

Now let us introduce the following dimensionless
parameters

A = é’ N = P—om?o' e = UOO(RVZng’ y = _Hin
B Buwg Buwg arHo
and variables
TN
Ql - (L)O, u wo(t to)’

Q, = -l—(cozcosy—wgsiny),
Wo

Q, = i((;stiny+oogcosy)
Wo

and rewrite system (1) in the dimensionless form

g

Q; = x INW(sina cosz + cosa sinp sinz),
y = Q,—Q,tanf3 —IM,/cosp,

Q, = —(AQ, — Q,tanP —M,/cosP)Q; —nNsina
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—=3(1—=A)A(A,cosB + hg,sinB)

+sNW(A/l—eicosacosBsinz—elsinor), 2)
Qs = (AQ; — Q,tanP —M,/cosP)Q,—nNcosasinf
+3(1—A)(A,cosB + hg,sinf)(—A,Sinf + hg,cosB)

—sNW(A/l—eicosacosz+ e,sinf)cosa,

a = Q,/cosP + M,tanP — P,, [3 = Q,—T1,.

Here, N = H/H,, H, = H/H,,
Mn, = ®,sina + d;cosa,

M, = ®,cosa —P;sina,
N, = hysina + hgcosa,
N\, = hgcosa —hgsina,

z=y+¢, sinp = e/ J1- el, cosp = eZ/All el,

1
W(HT’ H‘l’) = (V + HTm)HT_E(HTm

2. AVERAGING OF EQUATIONS OF MOTION

Let us assume that the magnet installed on the satel-
liteis strong, so that the restoring moment isthe govern-
ing factor in the satellite motion. This allows usto intro-

duce asmall dimensionless parameter 5= 1/./n <1 and
to change for a fast time T = (U — u,)/d, where u, is the
latitude argument value which corresponds to the initial
instant of the dimensionless time 1. We assume that the
proper axia rotation is sufficiently dow (Q, ~ 1). Let us
designate the operation of differentiation with respect
to 1 by astroke. We will follow the method of analyzing
the equations of motion that was used in [4]. Rewrite
Egs. (1) in the fast time 1. At 8 = 0O, these equations
describe the motion of a solid body in the Lagrange
case, admitting the known three first integrals

Q, = Cy,
(a'cosB)’ + (B')’

a'cosasinBcosp—PB'sna = Cs,
where C, are some constants (=12 23).

In a particular case, the solution to the equations in
the fast time hasthe form Q, = const, y=const, a =3 =

0. Let us make a change of variablesa = 8a, B = 5.
Retaining the first nonzero terms in the expansion in
terms of integer nonnegative powers of the parameter d,
we arrive at the system of equations

g = gEll=e

. )

y' = 98(Q,-®,), (3)
a"+Na = 3G,, PB"+NB = 3G,

—Ncosacosp = C,,

NW(@ cosz + Bsinz),
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where
Gy = (=AQ+2®,)B' —3(1—A)hghgy — D

—(AQ,—®,)®, +eNW,/1—€fsinz,
G, = —(=AQ, +2®,)a"' —3(1 —A)hg hyy — D3
—(AQ; - ®,)P, —eNW,/1 —€lcosz,
H. = N[ey(a'siny — B cosy)

+ey(0'cosy + B'siny)]

are the functions that were obtained as a result of this
change of variables. At = 0, the last two equationsin
(3) admit the following solution

0 = Ajcosy,, O' = —pA;siny,,

[_3 = A,cosy,, B = —pA,siny,,
where ;= pT+ ¢ (j = 1,2); A and (; aretheintegration
constants; and p = /N

)

For conversion from thevariables @, B, a', B' (4)
to the variables A, A,, U, U,, let us use formulas (4).
Resolving the equations derived as a result of these
transformationsfor derivatives, we derive the following
system of eguations in a standard form, ready for the
Krylov—-Bogolyubov method of averaging to be used

A, = =d(pA;siny; + G;)(siny;)/p,

L|-’} = p-9(psiny; + G;/A))(cosy;)/p (j=1,2),
Q) = 3°eNW,/1-¢€]

x (A;cosy, cosz+ A,cos,sinz)/A,
y' = 3(Q, - ®y);

H. = pN,/1-ef(— A;siny,sinz+ A,siny,cosz).
The frequencies of changing fast variables ), and
), are coincident in the asymptotic sense and are equal
to p. Following the Krylov—Bogolyubov scheme of
averaging for a resonance case, we introduce the vari-
able 6 as a phase difference

0= y,-y,. (6)

Let us express Y, from (6) and substitute it into sys-
tem (5). As aresult of transformations we get the fol-
lowing equations

A} = —3(pAsin’y, + Gisiny,)/p,

&)

A, = B[ pA,sin’ (Y, +8) + Gsin(W, + 8)] /p,

8' = —3[G,cos(, + 8)/A,—Gicos,/A]/p,
@)
Q) = 8%, /1-eINW
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x [ A;cos, cosz+ A,cos(P, +8)sinzZ] /A,
y' = 0(Q,-®,).

Here,

61 = Gy, ue (1212,
siny; = A,coszsind/®

cosP; = (=A;sinz+ A,sinzcos0)/ ®,

H; = pNJ1-eidsin(y, + y¥),

® = /A%sin’z+ Alcos’z— A, A,Sin2zcosH.
Applying the Krylov—Bogolyubov method of aver-
aging, which was adapted for equations with discontin-

uous right hand sides in [8], we construct the solution
to system (7) inthe form

y = y+ BY(y’ uOl 6)’ (8)
wherey = (Q,, Y, A;, A,, 0) is the vector of slow vari-

ables, vy = (Q1, V, A1, Az, B) is the vector of new
variables, and Y is the unknown vector-function. Then,
for new variables y under thefirst approximation inthe
small parameter 8, we have the vector equation

V' = &Y. )

Here, Y isthe vector function of the right hand sides of
system (7), which are related to the & parameter and
averaged over the fast phase Y, on the interval (0, 21).
In what follows, we will omit the overline above the
new slow variables.

In spite of the fact that we do not take into account
the influence of the strong permanent magnet on the
hysteresis rods, it is reasonable to consider only such
configurations in which the rod lies in the equatorial
plane of the permanent magnet; i.e., e, = 0. Inthiscase,
the component of the vector of field strength of a per-
manent magnet along the hysteresisrod iscloseto zero,
and the working point remains nondisplaced.

Averaging the right hand sides of equations (7) in
Y,, changing back for the independent variable u, and
designating x = 2P, — AQ))/2, we arrive at the follow-
ing equations:

\ PA;
Al = —=—+XA
1 20 X A,C0s0
2 .
— 8e_)N—S'nz[vAzcoszsine + ON®
2p
X D-f"—Alsinz—AzcoszDi coso — sin%}
(8r (8nt ’
- PA,
A = ———xA
2 2 X A, cosO
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. £dN?cosz
2p

x HA, sinzEking + %Tcoséa—%[Azcos%},

DDA\Z A1|:| 86N

D[l% AJ]

[vAlsinzsin6+ SN®

0 =

. A
X [v %0522 +d nzcoszcosem—o‘—2 — 1 (10)

th, AL

+ OND %0322 + sinzcosz

4 sinemo‘2 An, coseDA‘2

x U2 12 ﬂ]D}
(B~ "CA, AH

[l

]
CA, AHO
£5°N?

2\

AS)sinzcosz— A, A,cosB cos2z)

le

x [V((A] -

+ 6N<D%Af — AY)sinzcosz

-AA, %oschose + §4T—[si n EHE}

2 = Ql - CD]_,
where the right hand sides of the equations are written
accurate to O(d), except for the last equation which is
accurate to O(&?).

2.1. Two ldentical Mutually Orthogonal Rods

Let two identicad mutually orthogonal rods be
installed on the satellite. Then system (10) assumesthe
form

: pA

AL = ——zz)—l‘l‘XAZCOSB
sN 4
203 [ Al(CD(l)sm Z+ ®,cos z)

— A,SINZCoSZ(P 1) — P ) E%Tcose —d ndﬂ

= PPz
A = 2 X A, cosO

éN
2p [Alsl nzcosz(® ;) — P ;) %me +—= cos(%

- %{Az(tb(l) cos’z + CD(Z)sinzz)},
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- O Ap &N
6= %220+ (-

= EXEKl AT 20 D) 11

|:COS V4 smzcoszEBT[sm l AF

e Ao H
+ cosO ml A PD}

: EN®
Ql - 2)\ |:(q)(1) q)(z))

x [(Af - Aj)sinzcosz — A, A,c0s2zcos8)
_ %TAlAz(cb(l) + cp(z))sine}
7= Q,-0,,
where
Py = JAZsin’z+ Alcos’z— A, A,Sin2zcosH,
Dy = JAiCOSZH Agsin22+ A, A,sin2zcosH,

£ = ed

It follows from system (11) that the instalation of
two identical mutually orthogonal rods in the magnet’s
equatorial plane leads to mutual cancellation of the
terms proportional to v. These terms represent the
intensity of magnetization that islinearly dependent on
the strength of the field applied to the rods. The role
they play by disturbing the satellite motion is parasitic.
Only those termsremain in the equationsthat are deter-
mined by nonlinear magnetization and by a displace-
ment of the magnetization curve due to hysteresis.

In the case € = 0, system (10) has three first inte-
gralsc,, ¢,, and c; derived in[9] and [10]. Let usrewrite
expressions for A, A,, and 8 using the three first inte-
grals

P(AT+A) = ci, 2pAA,SN0 = c,,
cotd = 4/p’—1sin(s+cy),

wherep =c,/c,, = ZJ';)( du; in the following form

I _2_15[C1 + Jc? — cEoos(s +c,)].

(12)

(13)

Here, @ = {[c, + (C; — €3)"cos(S+ C; + 22)]/(2p) } 2.

Let ustakec,, ¢,, and c; as new variablesat € # 0. In
order to make aconversion from variables A, A,, and 6
in system (11) to the new variablesc,, c,, and ¢c; we use
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Fig. 3. Thec; behavior versusu at i = 172.
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Fig. 4. Dependence of the ® angleonu at i = 192.
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Fig. 5. Amplitude characteristics of forced periodic motions
of asatellite in the plane of a polar orbit.

relations (12) and (13). Asaresult of some transforma:
tions, we have

g 3c ¢, = £C,
3.,.[ p 1 2 pcb’
_ EcySin(s+c3+22)

=
pd(c2—ca)™”

¢, =
(14)

Take a notice that the equation for ¢, is isolated and
does not contain the fast variable z. This alows the
solution for ¢, to be written below in the form of a
quadrature.

Let0< € < 1. Generally speaking, we should aver-
age the right hand sides of equations (14) over the fast
variable z. Thefirst equation does not contain the z vari-
able; therefore, no averaging is required. Integrating
this equation for ¢, we get its solution in the quadrature
form

04 oo o O
c,(u) = cl(uo)expE—3—eJ’(1+35|n isin“u)” dud.(15)
09T ! 0

Then, the dependence of the angle © of the satellite’
axis deviation from vector H on the latitude argument u
is described by the following expression which is
derived from (12) and (15):

1 O(up)

O(u) =
(1 +3sin’isin‘u)™®

u (16)
X expEl——z—é (1+ 3sin’i sinzu)5/4du1
D3”! 0

According to the Rayleigh model, the area S, of the
hysteresis loop is expressed through the Rayleigh con-
stant ag and the amplitude of the magnetization field,

by the formula S, = 160gH m/3. For small Him, the
value of ag remains constant. Therefore, one can deter-
mine §, and calculate ai from experimental results. The

coefficient € appearing in (16) is defined as € =

0RV, Hg /m. With experimental data on loops available,

one can describe quantitatively the transition process
by using the above formulas.

Integration of system (11) of the averaged equations
and cal culation of quadratures (15) and (16) using stan-
dard models present no problem whatsoever. Let us
give a typical example of numerical calculation of
guadratures (15) and (16). For the sake of certainty, we
assume @(0)/d = 1. Two identical mutually orthogonal
rods are installed onboard the satellite in the equatorial
plane of a permanent magnet. Let the dimensionless
parameter € = 0.1. The behavior of ¢, as afunction of
uandfor ¢,(0) = lisshowninFig. 3. The plot showing
the variation of © related to & as afunction of uis pre-
sented in Fig. 4 for i = 172.

The chosen value of the dipole moment of the per-
manent magnet is 0.3 A m?. It corresponds to the value
of the satellite’'s dimensionless parameter n equa to
120 and to the value of the & parameter 6 = 0.09. What
is the meaning of the n parameter? When a satellite
passes through the magnetic equator, the quantity

J/n /2mis close to the angular frequency of oscillations
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Table 1. Magnetic parameters of various satellites

Satellite ggtrﬁtlalrfte ci‘ mo?wlgr?tl gf a Magnetic
inertia, kg m? | magnet, A m? parameter n

Transit-1B 13 0 62
Transit-2A 115 ? ?

Injun-3 1 140 115
ESRO-1A 9.32 54 117
Azur 8.4 97 233
TTS 0.19 2 212

of the oriented satellite axis with respect to the H vec-
tor. Near the poles, the frequency increases approxi-

mately by a factor of ./2. The amplitude of forced
oscillations of the satellite with respect to the H vector
decreases inversely proportional to the value of n. Fig-
ure 5isapictorial rendition of the amplitude of forced
periodic oscillations of the satellite’s axis of symmetry
with respect to the H vector in the plane of apolar orbit
versus the n parameter [3]. The values of curve points

are calculated as Am, = max )Ia(u)l, where a(u) is
<U<T

the angle between the vector H and the satellite's axis
of symmetry. One can see discontinuities due to reso-
nances in the vicinities of which the monotonicity of
the decreasing amplitude of the satellite’s forced oscil-
lations with the increasing n parameter isviolated. The
amplitudes of spatial solutions branching at the reso-
nance points Q, are shown by dashed lines. The branch-
ing points of plane solutions and the points of the spa-
tial motions branching-off from them are shown by the
symbols x and A. These points are determined by asymp-
totic formulas. The pattern of branching for plane and
spatial motions is described in more detail in [5]. This
appears to mean that the increase of ) servesto decrease
the amplitude. However, in practice it is shown that,
starting from amplitudes of the order of 5°-10°, themain
contribution to the amplitude is made by the residua
rotation about the orientation axis and by the uncom-
pensated residual magnetic moment of the hysteresis
rods. Increasing n does not promote the reduction of
these factors, since the smaller the amplitude of oscilla-
tions with respect to the H vector, the worse the damp-

Table 2. Parameters of hysteresis rods of various satellites

149

ing of the velocity of proper rotation and the stronger
the permanent magnet’s influence on the hysteresis
rods because of the small dimensions of the satellite. It
seems that a magnet with a dipole moment m= 0.3 A
m? (n = 120) fairly well provides for specified charac-
teristics of the satellite motion. At a polar orbit, the
nearest resonance points in the n parameters, where a
resonance in the orhit plane can take place, are 95 and
130, while for motions beyond the orbit plane such
points are 92 and 126. The resonance zones in the
neighborhood of these points arefairly narrow, anditis
possible to check for the occurrence of resonance by
direct numerical simulation of the satellite dynamics.
Before discussing this numerical simulation, it is nec-
essary to solve the problems of the parameters of the
rods and of their arrangement.

3. ESTIMATION OF PARAMETERS
OF HYSTERESIS RODS

Now let us present some argumentation allowing the
characteristics of the hysteresis rods to be estimated.
The satellites that were supplied with the rods are listed
above, and we give in Tables 1 and 2 their characteris-
tics. The question mark means that the corresponding
guantities were unknown to us.

Unlike the permanent magnet, whose efficiency is
practically proportional to its dipole moment value, the
efficiency of therods (i.e., their capacity of damping the
initial motion and of producing minimum disturbances
in the steady-state motion of a satellite) is determined
not only by their volume, but also by the material used,
the scheme of their arrangement, by the technique of
heat treatment, and, to a considerable degree, by their
elongation. By the elongation p is meant theratio of the
rod length | to its diameter d. In particular, the volume
of the rods installed onboard the Transit-2B satellite
was four times less than that on the Transit-1A satellite,
while the area of the hysteresis loop (it can be used as
an estimate of damping efficiency) was larger by afac-
tor of five. The basic distinction between the rods con-
sisted in their elongation: for the Transit-1B rodsit was
two times larger. It is known that there exists an opti-
mum elongation, which depends not only on the rod
material, but also on their mutual influence due to the
demagnetization effect. Usually, the optimum value of

Satellite Total volume of rods, cm?® Rod material Number of rods
Transit-1B 200 AEM 4750 8
Transit-2A 50 AEM 4750 8
Injun-3 50 Permalloy 22
ESRO-1 12 PERM ENORM-5000 20
Azur — - 8
TTS 25 AEM 4750 20
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Table 3. Parameters of molybdenum permalloy of the
79NM sort

Initial magnetic m%ixé?éugr- %?gec:_\( € ~ Sauration
permeability Y, i, meability 1, | A/M ¢ linductionB,, T
60000 164000 0.96 0.74

p lies within the limits 200-300. In order make real
optimization, one needs the exact mathematical model
of hysteresis and amodel of the mutual influence of the
rods. At thisfirst stage of our research, we restrict our-
selves to estimating the required total volume of rods,
Vrod'

Out of the commercialy available magnetically soft
materials, we choose one that is easy-to-get, namely,
molybdenum permalloy of the 79NM specification. Its
composition includes 79% of Ni, 4% of Mo, and 17%
of Fe. The characteristics of this material in the form of
astrip with athickness of 1.0 mm are given in Table 3.
According to the dipole model of the geomagnetic
field, its strength at a circular orbit with aheight of 700
km varies from 18.1 A/m up to 36.2 A/m when one
moves from the equator to apole. Even at the maximum
strength of the external field, the rod induction is equal
to 0.4 T, which isamost two times less than the satura-
tion induction. Therefore, at a complete reversal of
magnetization of the rod (along the main loop) one can
approximate the main hysteresis loop by a parallelo-
gram. Choosing the arithmetic mean of the maximum
and minimum values as the amplitude of the magneti-
zation reversal field and assuming magnetic permeabil-
ity to be, ;,, we obtain for the average area of ahyster-

esisloop (§H dB),,.., =8 T A/m. The approximate equa-
tion for the velocity w of the satellite’s rotational
motion in the orbit plane has the following form

do _ 1
Bat— = _21'[(_fHdB)aver'

Permanent Plane P
magnet
‘\.T?f
side (+2)
Bottom | *
side
Iy
Point t
N T~
I, Hysteresis
LN rods

Latera side (+Y)

Fig. 6. To calculations of the component Hg; of vector Hg
along a hysteresis rod displaced from the plane P.
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Introducing the initial angular velocity w(0), we can
write the solution as

V,4(fHdB
w(t) = u)(O)——d(-f;nBJ't.

Hence, it followsthat the rotation velocity isdamped in
afinitetime

2MBw(0)
Vi fHIB),,,,

We assume that several hysteresis rods are installed
onboard the satellite (for example, six, in two mutually
perpendicular planes of three each). At the 79NM mate-
rial 0.1 cm thick and for the maximum allowable length
of therods 15.5 cm, we have the volume of onerod V =
0.155 cm’. Then, for thevolume V., ~ 0.5 cm® in every
plane and at theinitial angular velocity w(0) ~ 10 deg/s,
we have as an estimate for the transition process dura-
tion t;, ~ 4 h. It should be immediately noted that this
estimate is very optimistic, more likely thereis alower
limit. This is because we did not take into account the
real loop area that is appreciably influenced by the
proximity of astrong magnet and other magnetized ele-
ments of the satellite and its instruments to the rods.
Among other unaccounted factors are the satellite’s
axial rotation, strongly hindering the dissipation of the
kinetic energy of rotational motion; the transition pro-
cess in the satellite’s oscillation motion with respect to
the H vector; and so on. If one refers to the parameters
of the TTSsatellite, which is closest to the Munin satel-
lite in its characteristics (see Tables 1 and 2), then one
can seethat the volume of the Munin satelliterodsis 2.5
timesless, though its moment of inertiaisless by afac-
tor of 5.

fin =

4. ARRANGEMENT OF HYSTERESIS RODS
IN THE SATELLITE'S BODY

As was already mentioned above, the rods must be
arranged in the plane that is perpendicular to the axis of
the permanent magnet and passes through its center. To
make the final choice, we should solve the problem that
takes into account the mutual influence of the rods, as
well astheinfluence of the permanent magnet and other
magnetized elements of the satellite.

The estimated total volume of the rods V,,~ 1 cm?
isrealized as a pair of triples arranged in mutual per-
pendicular planes, each rod being 15.5 cm long and
0.1 cm thick at the square cross section. The rods must
be arranged in the plane P (Fig. 6), perpendicular to the
magnet axis and passing through its center, or, at least,
in the planes that are parallel to P and are located not
far from it. Inthis case, the triples should be perpendic-
ular to each other. This means that the ideal place for
rodsistheintersection of the P planewith the two adja
cent lateral faces of the satellite that are the most distant
from the permanent magnet. The magnet is located at
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the vertex of the dihedral angle composed by two other
lateral faces of the satellite. Let us determine the toler-
able distance between rodsin triples. On the one hand,
it isdesirableto separate them asfar as possible. Onthe
other hand, any displacement from the P plane leadsto
the appearance of the vector Hg component due to the
permanent magnet directed along the rod. The exist-
ence of such acomponent resultsin the displacement of
the working points of the rods, which can adversely
affect their efficiency.

Let us derive the expression for the component Hg;
of the vector H; directed along the rod. We introduce
the following notation (Fig. 6): |, is the distance from
the magnet to the face S(+Y) with therods; |, isthe dis-
tance from the projection O, of the magnet center onto
the face Sto the projection onto the same face of the
point t of the rod, in which the component H; is calcu-
lated; and sisthe distance from the point t to the plane
P. Then, under the assumption of the dipole magnetic
field of the permanent magnet, we have from corre-
sponding triangles

3msl
Hs = 2,12 t 2
Am(lg+ 17 +5%)

5/2°

Assuming s < ,/I2+1? and omitting the terms of the

order of O((5/./IZ + 7)), we rewrite the above expres-
sion intheform

_ 3msl,
ST .
an(iz +19)*
It is known [11] that, when the distance between
paralel identical rods exceeds 0.3-0.4 of their length,
one can disregard their mutual influence. Thisinfluence
manifests itself in the mutual demagnetization of the
rods, and, as a consequence, in a reduced efficiency of
damping. At a distance equal to 0.02 of the length, the
two rods are practically equivalent to one. At adistance
equal to 0.2 of the length, the efficiency is reduced by
12.5%. This means that instead of two rods 1.75 rods
will work effectively. We restrict ourselves to the dis-
tance of 0.2 lengths and estimate the influence of the
permanent magnet field using formula (17). Due to
construction limitations on the rod length, the maxi-
mum allowable length is| = 15.5 cm, hence s= 3 cm.
Three parallel rods are arranged in such a manner that
one of them lies on the intersection of the plane P with
the face +Z, while two otherslie on the face +Z parallel
to the first rod at the distances s on different sides of it.
Ancther triple of rods will lie on the face +Y. According
toformula(17), themaximuminl; vaue of Hg, = 0.4 A/m
is reached at |, = Ig/2. All faces of the satellite are
assumed to be identical; i.e., the face width is equal to
I At the ends of arod Hg, = 0.28 A/m (at |, = 4.5 cm)
and Hg, = 0.25 A/m (at I, = 20 cm).

H (17)
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Table 4. Curie temperatures of magnetically soft materials

Material sort Basic composition, % T, °C
79NM 79 Ni, 4 Mo, the balance Fe 450
50N 50 Ni, the balance Fe 500

Each rod is placed between two narrow strips
(plates) of nonmagnetic material, which are somewhat
longer than the rod and have small grooves on their
inner sides. A rod in a soft thin envelope is held
between these plates with a moderate force. In their
turn, the plates are fastened to the satellite body. Such a
technique allows the rods to be protected against defor-
mations and mechanical stresses because of the fasten-
ing to the satellite body, aswell as against vibrations at
the stage of launch and thermal deformations during the
flight.

Let us analyze the degree of influence of the field
strength on the rods. We calculate the coefficient of
demagnetization N by the approximate empirical for-
mula[11] N=In(1.2p— 1)/p?. Substituting into thisfor-
mulap =155, weget N=1.75 x 10~*. The magnetic per-
meability of the rod p, = p/(1 + Np) = 5.5 x 103, and it
weakly depends on the magnetic permeability of the
material 1. When the magnetic permeability of the
material changes from the initial to maximum value,
the variation of the magnetic permeability of therod is
only 6%. Therefore, when calculating p, we have cho-

sen, for the sake of certainty, the value p = 10°, which
is close to the mean permeability. Now we turn back to
the problem of the influence of the magnet field on the
hysteresis rods. At a rated steady-state regime, when
the amplitude of satellite oscillations with respect to
vector H is of the order of 0.2 rad, the amplitude of the
field demagnetizing the rod isH,; ~ 3.6 A/m. Compar-
ing thisvalue with the coercive force of therod material
(H.=0.96 A/m), we conclude that therod reversal mag-
netization most probably will go on the limiting loop.
The mean projection value Hg, = 0.3 A/m resultsin a

O, deg
180
160
140
120

Rotation

Oscillations

0 100 200 300 400 500 600 700 800 900 u

Fig. 7. The angle © of deviation of the satellite orientation
axis from the H vector. The initial angular velocity is equal
to 500wy, in each channel.
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Table 5. Parameters of hysteresis rods according to the state
standard GOST

Initial Maximum Coercive | Saturetion

magnetic magnetic forceH,, | induction
permesbility |, i,/ permesbility W | ~ A/M B, T
25000 180000 1.6 0.74

displacement of the working point by Hg/H., i.e,
approximately by 30%, which can be considered astol-
erable and lying within the accuracy of modeling.

The permanent magnets of the DINA instrument are
another source of parasitic influence on the hysteresis
rods. The field intensity of these magnets in the place
where the rods are arranged is comparable to the coer-
cive force of the material (H. = 0.96 A/m), which can
result in an extraneous displacement of the working
point of the rods and hence in reduction of their effi-
ciency.

The capability of ferromagnets to be magnetized
depends on temperature. The magnetizability decreases
with increasing temperature: the value of magnetic per-
meability drops off, the hysteresis effect is weakened,
and the saturation magnetization is reduced. At a cer-
tain temperature T, which is referred to as the Curie
temperature, ferromagnetic properties disappear alto-

x 0
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-200
—-400
—-600

600
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—2007
-400
—600

450
350
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150

50

1 1 1
200 400 800 u

)

600

Fig. 8. Projections wy, w,, and w; of the vector of absolute
angular velocity onto the satellite’s principal axis of inertia.
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gether. The Curie temperature is different for different
ferromagnets. Table 4 presents the Curie temperatures
for some magnetically soft materials most widely used
for damping the satellite motions. The molybdenum
permalloy 79NM, which is chosen as a rod material,
conservesits magnetic properties when the temperature
on the panels used for arrangement of the rods aboard
the satellite varies within specified limits £30°C.

5. RESULTS OF NUMERICAL CALCULATIONS

Now we pass on to numerical investigation of the
satellite’'sdynamics under arbitrary initial conditions of
motion. It is required to clarify how the characteristics
of steady-state and transitional motions of asatelliteare
influenced by itsinitia velocity of rotation, the inertia
tensor, and the orbit inclination. Three models were
used to approximate the geomagnetic field: the right
dipole model, the inclined dipole model, and the Gaus-
sian model in the form of an expansion in terms of
spherical functions with retaining twelve harmonics
(the IGRF-95 model). The attempts to use simple hys-
teresis models, like the parallelogram model or Ray-
leigh model, yield results that are either of a qualitative
nature (parallelogram model) or can be used only inthe
neighborhood of the coordinate origin (Rayleigh
model). The complex character of hysteresis requires
applying a more sophisticated model. The numerical
model of hysteresis used below is known as the
improved model and described in detail in [12].
Mechanically, this model represents a dilatable rod
fixed at one end, lying on a grainy base and rubbing
with its lateral surface under the action of a variable
tensile force applied to another end. The model proved
to yield good results in investigations of the dynamics
of the satellites with hysteresis rods. When supple-
mented by arelatively smple model of the interaction
and mutual demagnetization of hysteresis rods [13],
thismodel allows one to choose their basic parameters.
When the dynamics were investigated numerically, the
kinematic eguations included in system (1) were
exchanged with Poisson kinematic equations for the
first six elements of the matrix |[o;,||

db; _ _ db; _ _

—d‘tj‘l = bj200;— bj30,, ‘atj_z = bj300, — by, @,
db. (18)
_]3 = jla)z—bjza)s, (J = l, 2)

The remaining three elements were calculated by the
finite formulas

b3 = Dyobys—bigbyy,
Dg = D3y — by b, bay = byybyy —bysby,.

5.1. Results of Preliminary Calculations

First we present the results for a satellite with a
spherically symmetric tensor of inertia (the satellite’s
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moments of inertia are equal to 0.046 kg m?) and with
an orbit inclination of 98°. The satellite bears a perma-
nent magnet with amoment m= 0.3 A m? oriented par-
alel to the Ox, axis and two triples of rods 15.5 cm
long, whose parameters are specified by the state stan-
dard GOST (Table5). The corresponding parameters of
the improved model of hysteresisarek =0.23,a=10.12,
and R, = 4.6. It was demonstrated by a series of calcu-
lations that the initial angular velocity of satellite’s
rotation is the most important factor influencing the
duration of transition motion and the orientation accu-
racy over long-term periods. At the small initial veloc-
ity of the order of 50w,—100w,, a satellite reaches the
steady-state motion with an amplitude of oscillations
with respect to vector H equal to 5°-7° for one-two
daysin every channel (pitch angle, yaw angle, and roll
angle).

At the initial angular velocity equal to 30 deg/s or
5000wy, the process of relaxation in any of three chan-
nels takes somewhat more than aweek, and the satellite
executes motion in which the oriented axismoves along
aconical surface about the H vector with an amplitude
of 15°-20°. Then this amplitude slowly decreases to
10°-12° for another couple of days keeping the ten-
dency toward further decreasing. This slow amplitude
decreaseis dueto extremely slow damping of the veloc-
ity of the satellite's rotation about the oriented axis.
This is caused by the reversal of the magnetization of
the rods through the partial loops of afairly small area.
Thisfact wasalso noted in[14]. An exampl e of thetran-
sition process with theinitial conditions corresponding
to 500w, in every channel is given in Fig. 7 (© is the
angle of deviation of the satellite’s orientation axis
from the H vector) and Fig. 8 (the projections w,, w,,
and w; of the vector of absolute angular velocity onto
the satellite’s principal axes of inertia) as a function of
the dimensionless argument of latitude u; w; isthe pro-
jection of the absolute angular velocity vector onto the
oriented axis. For these initial conditions and satellite
parameters, a plot of the angle © is presented in Fig. 9
for the orbit number 145. One can clearly see oscilla-
tions caused by natural satellite vibrationsthat are over-
lapped on slow, almost periodic oscillations with a
period close to a half of the orbit period. Here and
below, the moments of satellite passage through the
equator are marked with an asterisk *. The value of the
projection w; of the absolute angular velocity vector
was closeto 11wy, in the orbit number 145.

5.2. Final Results of Calculations

Final calculations were carried out with the inertia
tensor corresponding to the final configuration of the
Munin satellite
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Fig. 10. The angle © of deviation of the satellite’s orienta-
tion axis from the H vector. The initial angular velocity is
equal to 175wy, in each channel.

X
200 2

100 Rotation
0 1

—100

-200

200 0

150
100
50 |
G 1 1
—504

Rotation

W,
200

100 Rotation

p—
OI

| '“A 4 !
100 200 400 500
—100

-200

600 u

Fig. 11. Projections wy, w,, and w; of the vector of absolute
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Fig. 12. The behavior of the ©® angle in the 105th orbit.
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Fig. 13. The behavior of the ® anglewith the Earth’sdiurnal
rotation taken into account.
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Fig. 14. The behavior of the ® angle in a single orbit with
the Earth’s diurnal rotation taken into account.
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Fig. 15. The behavior of magnetization in an orbit for arod
along the Ox; axis.
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The satellite was assumed to have a permanent magnet
with a moment m = 0.5 A m? and two triples of rods
with a length of 15.5 cm whose parameters are speci-
fied by the manufacturer’s certificate (Table 3). Theini-
tial velocity of rotation is 10 deg/s or 175w, in every
channel, the orbit height is 705 km, and the orbit incli-
nation is 98°. The input parameters necessary for
numerical calculations using the improved model of
hysteresis, in accordance with the characteristics given
above (Table 3), have the following values for each tri-
pleof rods. k=0.11,a=0.17, and R, = 4.6.

Figure 10 with aplot of the ® angleand Fig. 11 with
projections of angular velocities w,, w,, and w; present
an example of the transition process. The plots are
drawn starting from the moment preceding the transi-
tion from rotation to oscillations with respect to vector
H. The dimensionless time u is reckoned from the
moment of satellite separation from a carrier launcher.
The plot for the © angle at the 105 orbit is scaled-up in
Fig. 12. In approximately 60 orbits (slightly less than
four days) the satellite stopped rotating and settled into
the mode of oscillations with respect to vector H with
an amplitude of about 20°. Asin previous variants, the
rate of further reduction of thisamplitudeis determined
by the decreasing axial velocity of rotation. Inthe 105th
orbit, the amplitude of oscillations has reduced to 4.7°
at an angular rotation velocity of about 3wy, which has
atendency to further reduction. There was concern that
the efficiency of rods with aloop narrower (Table 3) in
comparison with that of GOST (Table 5) would be
lower, but it turned out to be needless.

oo™

5.3. Inclusion of Daily Rotation of the Earth

The above resultswere obtained in the context of the
right dipole model, according to which the field of a
dipole antiparallel to the Earth's rotation axis and
placed in the Earth’s center approximates the geomag-
netic field. Moreover, the angle between the dipole and
its projection onto the orbit planeisinvariant with time.
When no hysteresis takes place, the equations of
motion for a satellite depend on time periodically. This
period is equal to the period of the satellite’s revolution
in orbit. It is precisely under this assumption that the
periodic satellite motions whose amplitudes are pre-
sented in Fig. 5 were calculated. Under conditions of
hysteresis, the system of equations does not apparently
admit periodic solutions and one has to construct limit-
ing regimes by integration over sufficiently long time
intervals.

The right dipole model is obtained by simplifying
thefirst approximation in the expansion of the geomag-
netic field potential. In reality, the first approximation
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describes the field of a inclined dipole, which is
inclined to the Earth’s rotation axis by approximately
11.5°. Asaresult of thediurnal rotation of the Earth, the
angle between the dipole and its projection onto the
orbit plane is continuoudly variable. The influence of
thiseffect onthe © angleisshownin Fig. 13. Theinitial
conditions were chosen in such away that the transition
period would not take too long atime. Therefore, this
figure is aimed at demonstrating the time behavior for
the angle under nearly steady-state regimes and not the
duration of the transition process. The time dependence
isperiodic with aperiod equal to approximately 16 orbits
(Au ~ 100), which comprises one day. The parameters
of the satellite, magnet, and rods were taken as before.
Thetime dependence of the © angleisshownin Fig. 14
for one revolution about the Earth.

Figure 15 presents the rod magnetization along the
Ox; axis perpendicular to the orientation axis versusthe
projection of the vector of geomagnetic field strength
onto the rod. In this case, the magnetization is normal-
ized to the saturation induction equal to 0.74 T. Partial
loops correspond to reverse magnetization of the rod
under forced oscillations with frequencies close to the
satellite’s natural frequency. To describe the hysteresis
model was not among the aims of this paper, but the
aboveinvestigations demonstrated a good agreement of
the experimental and calculated magnetization curves
when the improved model was used. Most importantly,
this agreement is observed for partia and nonsymmet-
ric hysteresisloops. The parameters of the model given
above (k, a, and R) are cal culated using the geometrical
and magnetic parameters of the rods[12].

5.4. Gaussian Model of the Geomagnetic Field

Now let us give an example of calculations made
using the Gaussian IGRF-95 model with extrapolation
of the coefficients to December 1999. Figure 16 pre-
sents the behavior of the angle © for two orbits when
the transition processis nearly finished. In order to save
calculation time, the initial velocity of the angular
motion here was chosen to be considerably lower than
its nominal value. Naturally, these results are distinct
from those obtained with the models of right and
inclined dipoles. However, one can consider the results
to be in satisfactory agreement both qualitatively (the
presence of two characteristic times equal to half an
orbit and a period of natural oscillations) and quantita-
tively (the value of the maximum deviation in an orbit).

It should be emphasized that, among other things,
the above preliminary and final calculations allowed us
to estimate the degree of coarseness of our results with
respect to the rod parameters that are controlled in the
process of manufacturing with a fairly low accuracy.
Thisis because only indirect methods of measuring the
magnetic properties of materials are applied. The above
calculations with different values of the rod parameters
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Fig. 16. The behavior of the ® angle in two orbits for the

Gaussian model of the geomagnetic field.

(both GOST and certified parameters) demonstrate a
tolerable coarseness of results.
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