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Annomayus. B nacmosiwyeti pabome npeonodicen aHAIUMUYeCKuti Memoo peuleHus 3a0asu KaiuoposKu
MASHUMOMempPa OJisk MOOEIU, YUUMbI8AIOWEl 6eKMOP MeMNepamypHOU 3a6UCUMOCIU CMEeWeHUN HYJs OJisl
KadicOOU U3 UBMEPUMENbHBIX OCell OJIOKA MASHUMOMEMPA U MAMPUYY TUHEUHOU MeMNePamypHoOU 3a6Uct-
MOCIMU KaAJCO020 U3 UIEHO8 MAMPUYbl 4yECMEUMETbHOCIU, MACWUMAadupyloujeli CUCHAL Had OCHO8E pealb-
HOU YY8CMEUMENbHOCIU KANCOOU OCU U SKIIOYalowell aunelinbvlie eneocesvie dpdexmol. Tlpu pewenuu 3a-
oauu onpeoenenusi Kalubpo8oOUHbIX NApamempos OJ10Ka MASHUMOMEMPA YHUMbléaemcs, 4mo Ojisl usmepe-
HUll ¢ 11000 NPOCMPAHCMBEHHOU opuenmayuel OJ10Ka MAZHUMOMemMpa GeUYUHA UBMEPIEMO20 8eKMOPA
MASHUMHOU UHOYKYUU COXPAHAEMCSL U SAGISeMCs U36eCMHOU MOOeIbHOU eeaudunol. Beooumces ¢ pac-
cmompenue wimpagnas Qynxkyus 24 nepemennvlx, pasHas Cymme Keaopamos Heesi30K. Aneopumm pewenus
3a0auu KanubposKu UMepUmenbHbiX ocel 010Ka MASHUMOMempa C800UMCA K NOUCKY MemoOOM HAau-
MEHBUUX K8AOPAMO8 MAKUX 3HAYEHUT NePeMEHHbIX IMOU (YHKYUU, KOMOpble NPU 3A0AHHOM HAOOpe GeK-
mopos usmepenutl macHumomempa oocmaeisiom et munumym. C 9moii yenvio YKa3aHHas QyHKyus uccie-
oyemcsi Ha skcmpemym. Mcxo0s uz Heobxo0umoeo ycioeust IKCmpeMyma wmpa@uot Gyukyuu, Gopmupy-
emcs cucmema 24 ypashenutl omnocumensio 24 neuzeecmuuix, Komopas 0 y0oocmea pazoueaemcs Ha
mpu cucmemul (Kaxcoas u3 HuUX ecmov cucmema 8 JUHENHbIX an2eOpaAUdecKuUx ypasHeHuti OMmHOCUMENIbHO
8 neussecmmubix). Jloxazvieaemcsi, 4mo OCHOBHASL MAMPUYA KAXHCOOU U3 IMUX MPEX CUCMEM He 8bLpOodCIe-
Ha, OMKy0a cledyem, Ymo Kaxcods u3 HUx umeem peuienue, 1 npumom moavko o0Ho. Komnonenmeol peuwie-
HULl 9Mux cucmem (KOOPOUHAMbl CMAYUOHAPHOU MOYKU WMPAPHOU (DYHKYUL) HAXOOSMCSL NO NPAGUILY
Kpamepa. [loxazvieaemcsi, umo emopoii ougghepenyuan wmpaghnoti pynkyuu 8 HatldeHHOU CMAYUOHAPHOT
mouke noaoNCUmMeineH, omKyod ciedyem, Ymo 3ma mouka OetucmeumesibHo 00CMassAen MUHUMYM YKA3AH-
HOU hyHKYyUU.

Kniouegvie cnosa: xamubposka macHumomempa, eKmop MASHUMHOU UHOVKYUU, MEMOO HAUMEHbULUX
Kkeadpamos, mampuya I pama, npasuno Kpamepa.
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Abstract. The paper proposes an analytical method to solve the problem of magnetometer calibration
for a model that considers the vector of temperature dependence of zero offsets for each of the measuring
axes of the magnetometer unit and the matrix of linear temperature dependence of each of the members of
the sensitivity matrix, scaling the signal based on the actual sensitivity of each axis and including linear
off-axis effects. When solving the problem of determining the calibration parameters of the magnetometer
unit, it is taken into account that for measurements with any spatial orientation of the magnetometer unit,
the magnitude of the measured magnetic field strength vector is preserved and is a known model value. A
penalty function of 24 variables equal to the sum of the squares of the residuals is introduced into consid-
eration. The algorithm for solving the problem of calibrating the measuring axes of the magnetometer unit
is reduced to searching by the method of least squares for such values of the variables of this function that,
with a given set of vectors of magnetometer measurements, provide it with a minimum. For this purpose,
the specified function is examined for an extremum. Based on the necessary condition for the extremum of
the penalty function, a system of 24 equations in the 24 variables is formed, which, for convenience, is di-
vided into three systems (each of them is a system of 8 linear algebraic equations in the 8 variables). It is
proved that the main matrix of each of these three systems is an invertible, from which it follows that each
of them has a solution, and only one. The components of the solutions of these systems (the coordinates of
the stationary point of the penalty function) are found using Cramer's rule. It is proved that the second dif-
ferential of the penalty function at the found stationary point is positive, from which it follows that this
point really provides the minimum of the specified function.

Keywords: magnetometer calibration, the Earth's magnetic induction vector, the method of least
squares, Gram matrix, Cramer's rule.

Introduction

Magnetometers are part of the orientation and stabilization system (OSS) of low-orbit small-sized
spacecraft (LSS), where they are the main sources of information about the position of the LSS after
separation from the booster block. Magnetometers measure the magnitude and direction of the mag-
netic induction vector of the Earth magnetic field. The obtained data are necessary to generate the con-
trol moments of LSS, while the duration of the calming mode largely depends on the accuracy of the
instrument readings and the noise component.

Modern LSS OSS magnetometers are developed on the basis of the magnetoresistance effect and,
due to the physical characteristics of the sensitive element, require mathematical calibration of the de-
vice. Currently, various methodologies for calibrating magnetometers have been proposed [1-16], in
particular, article [11], which provides an overview of various methodologies to perform such opera-
tions.

Previously, the problem of calibrating a spacecraft magnetometer was solved using numerical
methods. This paper proposes an analytical method to solve this problem for a model that takes into
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account the vector of temperature dependence of zero offsets for each of the measuring axes of the
magnetometer block and the matrix of linear temperature dependence of each of the members of the
sensitivity matrix, scaling the signal based on the actual sensitivity of each axis and including linear
off-axis effects.

1. Error model in magnetic induction vector measurements
We could denote by & = (h;, hy, h;)" the value of the measured magnetic induction vector at a cer-
tain spatial position of the magnetometer unit (MU). We use the measurement model considered in
[1]:
B=(S+1Ks)h+b+ 1k, @))

(1) uses the following notations:

B =(B,, B,, B;)" — true magnetic induction vector;

b = (by, by, b3)T — constant vector corresponding to the zero offsets for each of the MU measuring
axes;

k, = (0, 0, 63)T — vector of temperature dependence of zero offsets for each of the MU measuring

axes;

3
S = (Si ; ) L, @ sensitivity matrix that scales the signal based on the actual sensitivity of each axis
L, ]=

and includes linear off-axis effects;
3
K = (ti ; ) T matrix of linear temperature dependence of each member of the sensitivity matrix;
ij=

T — temperature transmitted by the sensor (scalar value).

In this case, the components of the vectors B, h, b and k, are expressed in the same units of meas-
urement.

The task of calibrating the measuring axes of the MU is reduced to finding the elements of the ma-
trices S and K, as well as the components of the vectors b and k.

2. Development of an algorithm to determine the calibration parameters of the MU

When solving the problem of determining the calibration parameters of the MU, we will use the
fact that for measurements with any spatial orientation of the MU, the value of the measured magnetic
induction vector B is preserved and is a known model value.

Let the results of magnetometer measurements at discrete moments in time be a set of vectors & =
(h 1(1), hz(l), h3(1))T, and as a result of measurements at the same discrete moments of time of the sensor
transmitting temperature, a set of values ©”, /=1, 2,..., N was obtained. Without loss of generality, we

can assume that if (T(l),hl(l),hél),hgl),r(l)hl([),T(l)hgl),r(l)hgl)) (/=1,2,...,N) is considered as point co-

ordinates of 7-dimensional affine space, these points do not lie in the same hyperplane. We could des-
ignate these points as follows:

U, (r(’),hf’),hg’),h§’),r(’)hf’),r(’)hg’),r(’)hg’) ) 1=1,2, ..., N. @)

We prove an auxiliary statement.
Lemma 1. If points
" (xl(l),xgl),...,x,(ql)), v, (xl(z),xgz),...,xﬁz)), cees VN(xl(N),ng),...,xﬁN)) 3)
n-dimensional affine space do not lie in the same hyperplane (N > n), then among them there will be n
affinely independent points.

Proof. We will prove the lemma by contradiction. We could assume that any » points from the set
(3) are affinely dependent. Let m denote the maximum number of affinely independent points (3),
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I<m<n.Let V, (xl(il),xyl),...,xyl)), Vs (xl(iZ),xgiZ),...,xf,iZ)), o Vo (xl(i’"),xgi’"),...,x,(f’”)) — affinely

independent points, and I, | — is any of the hyperplanes passing through these points. In hyperplane
Il,, we could choose such points W, (yl(l),ygl),...,y,(ql)), w, (yfz),ygz),...,y,(f)), .
W (y("—'") yg"—'”)"”’yi"—m)), as points V,, V., ... V. , Wy, W,, ..., W, are affinely inde-

n-m\ 1 s i iy iy

pendent. We will write the equation of the hyperplane IT, ; [17]:

X — xfil) Xy — xgil) X, — xf,il)

xl(iz) _ xl(il) xgiz) xgil) (2) _ x}(jl)

xl(i’”) - xfil) xgi’") - xgil) . x,(f’”) - x,(fl) =0. “4)
TR (R

yfn m) x(ll) ygn—m) _ gtl) y}(1n—m) _ }(111)

It is easily seen that any of the points (3) satisfies equation (4). Indeed, if we substitute the coordi-
nates of any of the points U, (/ =1, 2,..., N) into the determinant appearing on the left side of this equa-
tion instead of x;, x», ..., x,,, we obtain the determinant

xfl) - xfil) xgl) - xgil) .. x,(j) - x,(fl)

xl(iz) _ xl(il) xgiz) _ xgil) x}(jz) _ x}(jl)

xl(im) xfil) xgim) _ xgil) x}(jm) _ x}(jl) . (5)
yfl) _ xfil) ygl) —xgil) y,(,l) _ xiil)

yfn—m) _ Xfil) ygn—m) _ xgil) o y}(1n—m) _ Xi(jl)

If [ = i, then the first line of the determinant (5) is zero, and, therefore, it is equal to zero. If
le {iz,. . .,im}, the determinant (5) is equal to zero due to the fact that its first row coincides with one

of the rows with numbers 2, ..., m. In case / ¢ {il,iz,. . .,im}, due to the affine dependence of the points

Viy» -V thevectors V.V, V.V, ViV, ..., V,V, are linearly dependent, therefore, the
first m rows of the determinant (5) are linearly dependent, and, therefore, this determinant is equal to
zero in this case too.

Thus, all N points (3) belong to the hyperplane I1,, ;, which contradicts the lemma condition. There-
fore, our assumption that any » points from the set (3) are affinely dependent is not true, which means
that among the points (3) there really are n affinely independent points. Lemma 1 is proven.

(1) results in:

V. Vi

i

B'=$+1"K)h"+b+1"k,, 1=1,2, ..., N, (6)

where B® = (B,*, B, B;")" — the true vector of magnetic induction at the same point in space as the
measured vector h(l), [=1,2,...,N.
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We rewrite the equality (6) in an expanded form:

sty s+t s 1V, KDY | b+ g, Bl(l)
sy #1018, sy #1010, sy 1t || A |+ by +100, =] B |, (7)

[=1,2, ..., N. We write each of the N vector equalities (7) as a system of three scalar equalities:

(Sil + l‘n)hf” + (S,A2 +) l‘iz)hg) + (513 +) ti3)h3(l) +b + r(l)ei = B,(l), i=1,2,3,
[=1,2,...,N.
We could introduce into consideration a penalty function of 24 variables sy, t; (i, j = 1, 2, 3),
bi, Gi (l = 1, 2, 3)

O = ZN:i[B,.(I) ~1"0, -5, - (s +1! ll)h(” (S,z +1 )h(” (s,.3 + r(’)tn)hg”}z. 8)

The algorithm for solving the problem of calibrating the measuring axes of the MU is reduced to
searching by the least squares method [18] for such values of variables s, t; (i,/ =1, 2, 3), b;, 6, i = 1,
2, 3) that deliver the minimum of function ® at a given set of measurement vectors {h”} (I=1,2....,
N). For this purpose, it is necessary to study the function @ for the extremum [19]. We could write
down the necessary condition for the local extremum of this function:

ab —= —22[ (s,-1 +7) til)hl(l) - (sl-2 + r(l)tiz )hél) - (sl-3 + r(l)tB )hy)} =0, i=12,3,
I=1
66 —= —ZZT [ 6 -b, - (Sn +1) t )hl(l) - (sl-2 + r(l)tiz )/12(1) —(SB +1) tl-3)h3(l)} =0, =123,
I=1

N
g = _22}’;‘1) [Bi(l) 0, b, - (Sil w1, )hl(l) - (SiZ +1, )hél) - (SiS + )hg(’)} =0, 4,7=12,3,

i
at = 22 ! [ T(l)ei —b; - (Sn + T(l)tn)hl(l) - (Siz + T(l)tiz)hg) - (Si3 + T(Z)tiz )hs(l)} =0,1,j=1,23.
=1

©

It is required to find the stationary points of the function @, that is the solution of system (9) — a
system of linear algebraic equations concerning 24 unknowns sy, t; (i, j = 1, 2, 3), b; 0;
(i=12,3).

For convenience, we will divide (9) into three systems

Nb, +6 ir“) +Z3:{s ihm}+i{t ir(’)w”}—izﬂ”
i i ik k ik k - i
=1 k=1 =1 k=1 =1 =1
N N 3 N 3 N
b,-zr“)+e,-z(r<’>)2+z{sszr<”h,£’>}+z[ () h,i“}
= = = = = I=1
N
b2h<’>+e Zr h(l)+Z{sk2h”)h(”}+2[tkz h(l)h”)}

N
3O 0 3 0 3 s, SO [+ 303
I=1 I=1 k=1

k=1 =1

g0

i

M-

~
Il
LN

rBY, =123,

J

5'42

~
Il
—

2

N
h,(f)h”)} Z‘E h(” j=1,2,3,

(10)
i=1,2,3.
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We might note that the i-th system (10) is a system of linear algebraic equations relatively to eight un-
knowns b[, 91-, Sils 812, Si35 Lils L2y Li3s i= 1, 2, 3.

We can prove that each of the three systems of equations (10) has the only solution. To do this, it is
sufficient to show that the fundamental matrix of each of these three systems is not degenerate. The
main matrix of each of the indicated systems is the Gram matrix, composed of the scalar products of
the following eight vectors:

O M) (i=12.3),

(1) r<2)h(2),...,r<N)h§N)) (i=1,2,3). (11)

In this case, the scalar product of two vectors is defined as the sum of the products of their compo-
nents with the same numbers.

We will prove that the system of vectors (11) is linearly independent, which will lead to the non-
degeneracy of the Gram matrix of this system [20], that is the main matrix of each of these three sys-
tems of equations (10). There could be proof by contradiction. We assume that the system of vectors
(11) is linearly dependent. Then the rank of the matrix is

1 ‘C(l) hl(l) hgl) hg(l) ’C(l)hl(l) ’E(l)hgl) ‘C(l)hgl)
1 ‘5(2) hl(z) hgz) h§2) 1:(2);11(2) T(Z)h(z) (Z)h(z)

its columns are composed of components of vectors (11), less than 8. Therefore, any minor of the 8th
order of this matrix is equal to zero (we assume that N> 8), which implies the validity of the equality

1 x X, X X, Xs Xs Xy
1 L) hl(il) hgil) hj(il) T(il)hl(il) T(l'l)hgil) T(l'l)hgil)

1 2 hl(iz) hgiZ) h§l’2) T(iz)hl(iz) r(iZ)hgiz) T(1'2)h§i2) =0, (12)

1 ) h1(i7) hgiﬂ he(iﬂ 1:(i7)hl(i7) r(i7)h§i7) 1:(1‘7);13(1‘7)

1<i <iy<..<i <N, e U, (r(”),hl(i’),hg’”,h§’7),r(i’)hl(i’),r(i’)hgi’),r(i’)hgil)) — affinely independent

points from the set of points (2), [ = 1, 2,..., 7 (seven such points exist due to Lemma 1), and
(x;,X,,...,x;) are coordinates of any of the remaining (N — 7) points of the set (2). Equality (12) is

equivalent to the equality

x - ) X, — hl(il) X3 — hgil) X, — h§i1) X5 — r(il)hl(il) Xg — r(il)hgil) xX; — r(il)hgil)

L2) _ (@) hl(iz) _ hl(il) hgiz) _ hgil) h}(l‘z) _hs(il) 1:(iz)hl(iz) _T(il)hl(il) r(l’z)hgiz) _ r(il)hgil) r(iZ)hgiZ) _ .L.(il)hgil) o
) i) @) @) ) ) plin) (i) 7)) i) (a) i) p(i) (i) () () (i) (i) g ()
which is the equation of a hyperplane passing through affinely independent points U, , U, , ..., U, .

From the above it follows that the coordinates of any of the N points of the set (2) satisfy this equation,
and this contradicts the fact that the N points (2) do not lie in the same hyperplane.
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Therefore, the system of vectors (11) is linearly independent, which means that the main matrix of
each of the three systems of equations (10) is not degenerate. Consequently, each of these systems has
a solution, and moreover, there is the only one, what was required to be proven.

We introduce the following notations:

N N N N 5
_ () _ N () p0) ) N0 - OY 0 - _ :
4=Y8", ¢ =381, i=1,23; g, Z‘c W0, j_;hj : Lj_;(r )hj , =123

/=1 =1

N N N 2
1) (I 17D (1 i Ny . .
My =M =Y WO, By =P =Y OROK", 0y =0, =3 (V) HOD, k. j=1,23;
1=1 =1 1=1

=4

0 & O ;o : (0 S ()
D=3 =3B, =123 R=Y () 723

/=1 =1

~

Then each of the three systems of equations (10) can be presented in the form

3 3
Nb, +T0,+ > Hysy + D Gty = 4,
k=1 k=1

3 3
Th+ RO, + Y Gusy + O Lty =C;,

k=1 3 k=1 3 (13)
Hb+Gb, + ZMkjSik +ZBcjtik =D;, j=L23,
k=1 k=1
3 3
G b+ L0, +2ijsik +2ijtik =F;, j=123,
k=1 k=1

i=1, 2, 3. In each of the three systems (13) we express the first two equations b; and 0, via s;1, Si, 553,
ti1, to, t, then we will exclude b; and 6; out of the remaining six equations of the system and multiply
both parts of each of the last six equations by (7° — NR):

b, =(T2 _NR)_1 {Tci —R4; +i(RHk _TGk)Sik +23:(RGk -TL, )tik},

o ! (14)
_ 3 3
0, =(T2 _NR) I{TAi —~NC; + Y (NG, —TH, ) sy + Y (NL; —TGk)tik},
k=1 k=1
3 3
D0 S T Biata =V J=12,006, (15)
k=1 k=1

i=1,2, 3, where the coefficients of the unknowns and the free terms are determined by the equalities.
o, =(T> = NR)M,; + H;(RH, ~TGy )+ G, (NG, ~TH,),

s =(T2 —NR)ij +G, (RH, ~TG,)+L;(NG, ~TH,),
Bix =(T2 —NR)P,g. +H,(RG, ~TL, )+ G, (NL, ~TG,),
Bjuax =(T7 = NR)Qy + G, (RG, —TL, )+ L;(NL, ~TG,),
v;:=(T? = NR)D; + H (R4, ~TC,)+ G, (NC, ~ T4;),
¥ jai =(T2 —NR)EJ» +G, (R4, ~TC;)+ L;(NC, - T4;),

ij k=123
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We could note that at least one of the third-order minors located in the first three columns of the
main matrix

oy o o3 By B Bis

Oy Oy Ooy By By By

(16)
Qg Og gy Ber Ber Bes

of each of the three systems of equations (15) is not equal to zero. Indeed, by virtue of Laplace's theo-
rem, the determinant of matrix (16) is equal to the sum of the products of all the minors of the third
order, located in the first three columns of this matrix, by their algebraic complements, and if all the
indicated minors were equal to zero, then the determinant of matrix (16) would also be equal to zero,
which would contradict the necessary and sufficient condition for the existence of a unique solution
to each of the three systems of equations (15), and therefore to each of the three systems of
equations (10).

Let ji, j2, j3 (1 <1 <j» <j3 < 6) be the numbers of the rows of the matrix (16) at the intersection of
which with the first three columns of this matrix a non-zero minor of the third order is located. We
could swap the equations of each of the three systems (15) so that the equations with numbers j;, j,, j;
are the first, second and third, respectively. The numbers of the equations that ended up in fourth, fifth

and sixth places will be designated as j,, js, js respectively. We could also introduce the following no-
tations:

3 3 3 3
Qu:(o‘jn,k)n,k:l’ lez(ﬁjn,k)n,kzlv Qzlz(o‘jm,k)n,k:l’ Q22=(Bjn+3,k)n,k:1’

T T

rliz(yjl,i’sz,i’YJSai) ’ FZi:(Yf4’i’yj5’i’yj6’i) ’

i=1, 2, 3. Then the extended matrix of the system obtained from the i-th system (15) as a result of the
above rearrangement of equations will take the form
Ly
> 17

(Qll QIZ
QZI QZZ 1—‘21‘

i=1, 2, 3. In this case, Q11 is a non-singular matrix due to its definition and the conditions for choos-
ing the numbers j;, j,, j; of the rows of matrix (16). From the second row of the i-th block matrix (17)

we subtract its first row, multiplied from the left by Q, Q:

Qll QIZ rli
i e | (18)
o QZZ _QZIQIIQIZ r2i _QZIQIIFU

i=1, 2,3, where O where O is a zero square matrix of the third order. The resulting matrix (18) is
equivalent to matrix (17) [21]. For each i = 1, 2, 3, the last three equations of the system corresponding
to the augmented matrix (18) form a system whose matrix notation looks as follows:

(sz _Qz1Qf1IQ12)Ai =Ty _Qz1Qf1lr1ia (19)
e A; = (tn, Lo, 13)', i = 1,2, 3.
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We have to underline that the main matrix (sz - Qzlgﬂlglz) each of the three systems of equa-

tions (19) is not degenerate, since otherwise the necessary and sufficient condition for the existence of
a unique solution to each of the three systems (19), and therefore to each of the three systems (15),
and, consequently, to each of the three systems (10), would be violated.
The values of the unknowns ¢, ¢;, ;3 for each i = 1, 2, 3 are found from the system of equations
(19) using Cramer's formulae
Ak

_” isk:132333 (20)

i
Ly = A

where
A= det(Qy, 0,019, ),

and each of the determinants A, is obtained from the determinant A by replacing its k-th column with
the column of free terms

T, -0, 0T,
i,k=1,2,3.

Substituting for each i = 1, 2, 3 into the first three equations of the system corresponding to the ex-
tended matrix (18), instead of ¢, ¢, ¢; the values of these unknowns calculated by formulae (20), we
obtain a system of three equations for three unknowns s,;, s, s;3, the matrix notation of which has the
form

QX =ry, _Q12Ai’ (21

where 1~\l. is column-vector of solutions of the system of equations (19), X, = (s;1, i, s,-3)T ,i=1,2,3.

The values of the unknowns s;;, 5,2, s;3 for each i = 1, 2, 3 are found from the system of equations (21)
using Cramer's formulae.

A

—, lak = 13 29 39

Sik = A

where
A= det(Qy,),

a KaKIbI M3 ompenesnuTened A, IMoilydaeM U3 Oonpeaenurens A 3aMeHOH ero k-ro crojilua Ha

cToN0e1] CBOOOTHBIX YJICHOB
Iy - Q12;\i ,

ik=1,2,3.

Having found the values of the unknowns ¢, 5, t3, Si1, S», i3, we find the values of the unknowns
b; and 0; using formulas (14),i=1, 2, 3.

We prove that the found stationary point of the function @, defined by equality (8), that is the solu-
tion of the system of equations (9), obtained in the manner described above, provides the minimum of
the function ®. We derive the expression for the second differential d>® of the function ®:

3 3 3 2 2 2
ZZZ{ 0D s dsyy +2—2 dsljdtk“a—q)dtydtkm}

05,08, 83 0lkm 70tkm

3 3 2 2 2
+> 312 o dbdo, + oo db,db, + oo de.do, |+
: ob,00 b,db,, 90,00

1 m
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33| ' o*D o*D oD
) ds, db,+ ds, b, + dt. db,+ di.do, |=
zzz{asuabk SO 00, TR o, T e, (T

g q g

33 3 N 2
- 2{2222[4%5)%&% +22nnas o, + (<) hﬁ.”h,(,f)m,.jmim}

2

ii[Zr(l)AbiAei w(an ) (<) (a6, )2} .

3 N 2
+2ZZZ{h§I)AsiJ.Abi +1h0As, 20, + 7RV Ar, A, + ( r(’)) H At 06, }} -

DI a0, + S h0ns 45 e40ar |
=20 D A Ab +TUAO + D I Ay + D T AL ¢

J=1 J=1

where AS[]‘ = dS[j, Atlj = dtl] (l,] = 1, 2, 3), Ab, = db[, Ae, = d@l (l = 1, 2, 3)
rae As; =dsy, Aty =dt; (i,j =1, 2, 3), Ab;= db;, Ab; = db; (i =1, 2, 3). Provided that at least one of the
terms is not equal to zero, the obtained expression for d*® can result in

! & ! & 1)q (! ’
A +1920, + 3 Was, + 3 < nlag, t (i=1,2,3, 1=1,...,N)

J=1 J=1

In the last double sum (from a physical point of view this is quite natural) the inequality d*® > 0 takes
place at any point, and therefore, at the found stationary point of the function ®. Consequently, the ob-
tained solution of the system of equations (9) actually provides a minimum of the function @ [19].

Conclusion

Therefore, we have obtained an analytical solution to the problem of calibrating a spacecraft mag-
netometer for a model that considers the vector of temperature dependence of zero offsets for each of
the measuring axes of the magnetometer unit and the matrix of linear temperature dependence of each
of the members of the sensitivity matrix, scaling the signal based on the real sensitivity of each axis
and including linear off-axis effects.

The procedure for calculating the calibration parameters of the MU using the derived formulae has
the following obvious advantages compared to numerical methods to solve this problem:

— the number of arithmetic operations is significantly reduced;

— the problem of possible instability of the method disappears.
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