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1. Badgc Tasks of the GAMAG Sftware

Spacecraft haven generalmany magneti c parts | i ke thrusters,
spacecraft that carry magnetometer experiments, like Giotto, Ulysses, Cluster, Cassini etc. a stringel
Magnetic CleanlinesSpecification has to be met, for instance 0.1 nT at the boom tip.

For all other spacecraft which have some pointing accuracy specifications and which are flying in strong
magnetic environments like around the Earth, Jupiter, Saturn etéttifaele Cantrol System (ACShas
to be dimensioned according to the Global Dipole Moment of the spacecratt.

The main tasks of theAMAG software ardasically twaofold:

U Verify the MagneticField Cleanliness Specificatioat the spacecraft magnetometer locatidren
direct field measurements fail,

U andcompensate the excess field

U Reducéeliminatethe Magnetic Global Dipole Momentof a spacecraft so as to maximize h€S
life spanof a spacecraft

In order to achieve these tasBAMAG extracts a numerical model tife magnetic potential of the test
articlein the form ofa set of dipoles (Multiple Dipole Model, MDM).

This MDM allows then to calculate:
U theGlobal Dipole Momenof the test article.

U Field Vectorsespecially at locations where the Magnetic CleanlinggsiScationhas been written
for Optimal Compensation Magnet Systenfigr the compensation dhe Global Spacecraft Dipole
MomentandField Vectors at Multiple Specification Points.

TheGAMAG s/w package contains two versions:
U GAMAG-B for Field Measurement&ised in low perturbing magnetic environment)

U GAMAG -Bg for Field Gradient Measuremen(igseful in strong perturbation environment)

In additionto these capabilities th@AMAG s/w packagesontains a number of simulation tools which
are desigad to assist a magnetic cleanliness program from the early design phases to launch.

BSIM andBgSIM: MDM Field ard Field Gradient Simulation

SSCM: Synthetic Spacecraft MDMuilt-up fromUnit MDMs (Fig.3)

DIMAL : Dipole Moment Allocation Listor cleanliness control(Fig.4)

TSUCONF: Optimal Test SetUp Configurationfor minimum MDM Ambiguity Erros (Fig.5)
TSUCAL: Test SetUp Calibration(Fig.6)

c: c: c: c: c:




2. Historical Background

During his 32 years of service in the European Space AgencyES3ACthe authompioneered many
facets of Magnetic Cleanliness for spacecraft. In 1837ad introduced the salled Multiple Magnetic
Dipole Modelling Method (MDM) for spacecraft. Since thethe methodwas applied successfully for
many international scientific projecedit is presently the most used approach at ESA and European
industry and institutes.

The most famouspacecraftvere:
GEOS (1980, ESA)

ISEEB (1982, ESA)
Giotto (1985, ESA)
Ulysses (1986, ESA)
UlyssesRTG (1986, JPL)

TSS 1&2 (1992, ltaly, USA): COFGM, magnetic test at MFSA/IABG, detailed magnetic
cleanliness survey of the Space Shuttle bay at KSC

CLUSTER I/ll (2002, ESA)
CassiniRTG (2000, JPL)
Huyghens (2002, ESA
RosettaESA)

[t et S e S o o N

cC:

In addition, countless unihodellingsessions were performeddasccalled synthetic spacecraft MDMs
were assembled for the prediction of the spacecraft cleanliness level. Alone for Cluster | and Il they were
about 500 unit MDMs generated.

The greatest success in magnetic cleanliness, achieved by use of the preraigoof GAMAG , was
achievedin the case of the unique Ulysses spacedfafi.1) which orbits the Sun at high latitudes.
Despite very strong magnetimits on board like TWTsexperimentand a RTG, it is, thanks to precise
MDMs and optlmal compensancmagnets to date the magnetically cleanest spacecraft everjlown

© K.Mehlem

Fig.1 Ulyssesn flight configuration



*) In: The magnetic field investigation on the Ulysses mission: Instrumentation and preliminary scientific
results

A. Baloghl, T.J. BeekR.J. Forsyth, P.C. Hedgecoak, R.J. Marquedant E.J. Smith, D.J. Southwoodhnd B.T. Tsurutani

Quot e: AféUsi ng ma gaodelingaocd appeopripté compersatiah, the background field of the
spacecraft at these locations was determined,formr | aunch, to be approxi mately
Both magnetic mapping amdodellingi ndi cat e the unparalleled cleanline

The author retired from ESA in 2004 as a specialist in magnetic cleantingsacecraftHowever, at the

time of his retirement theperation of thesoftware was still requiring an expert user. This was caused by
a number of unresolved numerical problems, some related to the sparsity of inpleathiteg toMDM
solution ambigities others to typical NLP issues like initial guess generation, parameter constraints,
Jacobian matrix rankontrol, convergence speed and robustness etc.

For thishe hadgnvested more than 4000 hods thedevelopnent ofthe much more powerflBAMA G
s/w with the goal to create high precision,fast and automatistateof-the-art tool for magnetic
cleanliness determination and improvemesuited to be used dme as integrated tool in any coll
facility, and of course in staralone mode

The autlor presently continues as collaborator of Astos Solutions GmbH in Stuttgart, Germany, to
develop methods and s/w for magnetic cleanliness.



3. Elements of Realization

3.1. Data Acquisition

Magnetic Cleanliness Verification is based mainly on 4fiedsl measvements around a unit &
spacecrafand at a suitable distance

From thesefield measurements th&sAMAG
O S Rotation axis software extracts the magnetic potential of the test
W"wd article in form of a Multiple Dipole Model (MDM)
Test Object

n’
/1
Tri-Axial ’

Magnetometers —= I’ 18
/ Turn Table

Fig.2 Test Setup

Examples for a Small CloFacility (SCF) and of a Large Coil Facility (LCF) are given in the Fig@res
and4, respectively

Ulysses Spacecraft
Magnetic Test

Rotational Translational Static
and Pendulum

Fig.5 GAMAG Data Acquisition Modes



Thedata acquisition modes enabled in GAMAG are depictédgrd.

A spacecrafreadyfor rotationaldata acquisitioomode is shown ifrig.6. The spacecraft sits onren
magnetidrolley which is fixedon the turntable-our magnetometers am@ounted next téhe spacecraft.
The magnetic states in which the spacecratft is tested are:

- Incoming

- Demagnetized

- Magnetized

- Demagnetized

- Compensated

For all stat es MIAMAG andtheeasseciated fialds atehe sphcgcraft magnetometer
are calcuhted. From the last Demagnetized state the compensation magnets are determined, produced a
fixed on a free place on the spacecraft, and the total is measured again. A final MDM is extracted whicl
reveals the achieved compensation effect.

4 Tri-Axial
Forster Probes

Fig.6 A Spacecraft in théargeCoil Facility of IABG, Munic, Germany



3.2. Concept of the MDM Method
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Fig.7 Concept of the MDM Method

Case 1

For a scientific spacecraft a spacecraft magnetometer is located at the tip of a boom. The cleanlines
specification at this location is typically a fraction of 1 nT. Unfortunately, this field level is below the
resolution of even the best coil facility. By consequence, the cleanliness specifcation can not be verifiec
by direct field measurement§he soluton of the problem is obtained by adding an intemediate Ktep
consists in collecting field measurements at closer distances where the signal to noise ration is muc
higher tha at the magnetometer location. Frome these field measurements an optimal (848M
explanation below and on Fif).can be found which allows to predict the field at the magnetometer
location with high precisionAlso, if the specification is exceeded, a compensation magnet can be
determined which compensates the field at the magmtévrocation to very low strengths.

Case 2

For a spacecraft in LEO its magnetic dipole moment by interaction with the geomagnetiefietdtes a
torgue on the spacecraft which has to be cobatancedy the Attitude Control System (ACS). Fora 3

axis stabilized spacecratfising cold gashrusters this torque translates directly into the fuel consumption
and hence into the life span of the mission. For the design of the ACS and for the maximization of the life
span it is therefore paramount to knowaetty the strenth of the spacecraft dipole moment, in order to
define a compensation magnet which eliminates a large portion of that moment.



3.3. MDM Determination

The method is based on thgostulate that any magnetic object can be represented by a number of
magnetic dipoles.

A spacecraft, as depicted in Fig.7 contains a number of more or less magnetic units. A series of associat
field vectors (red bars) are measured in steps of 10 deg one or more circles.

The task is then to find the necessary numberipbles, their position vectorg; and their moment
vectorsm; which explain the measured field vectors in the sense of a least square fit. These parametel
form the MDM.

3.3.1. MDM Parameter Identification

For a suitable number of dipoles the optipasitionsp; are foundby use ofa NLP solverof type Gauss
Newtonwhich, startingfrom an initial guess (sd€ig.8), improves the data fit iteratively until the desired
fit precision is reached (sé&g.7). Since the moments are a linear function of the field measemts the
optimal momentsn; can be founmd directly by the psedidwerse of a matrix.

Data Fit Error

Fig.8 Initial parameter guess, leading to a bad data fit.

Once the data fit errors are minimized the associated optimal MDM ah@&ngo calculated the field at
the magnetometer location (Caseoiljo derive the global moment of the spacecraft (Case 2)



3.3.2. MDM Solution Ambiguities

A magnetic potential can only be described by a unique MDM solution if the latter is based on an infinity
of measurement points on @séd surface around the test aricle, for instance on a sphere.

In practice this is of course not feasilibaie to the data gaps in which no information exists, there is a
host of possible M solutions which all produce the sateast square fit at the @apoints, but which
show considerable deviatiof@mbiguities)within the data gaps (s&ég.14).

In Fig.9 the Ambiguity Error is defined.

z

Point i
MDM Population n =200

30 Envelope

MDM Population n =4 o

byg™

At each pointi on the sphere
the MDM population generates n field vectors (red)

e
-

X

j ;1..,4 é}llbigilolls‘ “ / A >
| _MDM Field Solutions/ leading to a standard field deviation [b|; ;.

..at Point i:28 | V] The maximum of [b| ; t is called the Ambiguity Error

Mercator Projection
|b|; ;-on the sphere

Fig.9 Definition of the ambiguity error

The 30 slimsiddagopulation of optimal
MDM solutions, as shown odRig.10, areinceasing
from blue to red. The red dots are the measurement
points. The influence of the data coverage is
evident. The figure on the right contains as many
data poind as the one in the centebut the
maximum of the deviations is much lower.

Fig.10 Ambiguity errors for differenet data coverage

A considerable part of theAMAG software is dedicated to the statistical evaluation o&thbkiguity
errorsona centered sgere, in terms otheirmean an® 0 d e waluas Ih particular, thencertainty
of thefield at the magnetometer location and of gh@bal spacecraft momerst calculated.




4. Examples
4.1. Example of GAMAG-B MDM Results

Legend
nd = Number of Dipoles
C = Cost Function
Stc = Relative Cost Function [%]
Stcmin = " Stagnation Stop Condition [%]
Res  =Rms of Field Residues [nT]
Res% = Normalized Rms of Field Residues [%]
Scf = Self - Compensation Factor = Z|mil/|Zmi| [ -]
Wi = Weighing Factor for Scf Term [-]
MDM Optimization by nd - Increase:
nd C Stc  StcMmin  Res Res% Res%min Sfc Wi
1 16094.8 4.322 0.021 6.104 58.546 1.500 1.000 0.200D+00
2 7414.1 1.961 0.021 4.143 39.735 1.500 1.114 0.200D+00
3 2993.3 1.541 0.021 2.601 24.952 1.500 14.969 0.200D+00
4 2394.6 0.271 0.021 2.330 22.353 1.500 12.2430.200D+00
5 2035.4 0.186 0.021 2.144 20.565 1.500 12.114 0.200D+00
6 1461.6 0.342 0.021 1.802 17.281 1.500 12.71 0 0.200D+00
7 1202.3 0.174 0.021 1.628 15.611 1.500 12.226 0.200D+00
8 988.5 0.155 0.021 1.473 14.128 1.500 11.220 0.200D+00
9 78.0 1077 0.021 0.396 3.796 1.500 3. 620 0.200D+00
10 319 0.164 0.021 0.232 2.225 1.500 2.907 0.200D+00
11 27.6 0.023 0.021 0.209 2.000 1.500 2.860 0.200D+00
12 212 0.030 0.021 0.178 1.711 1.500 2.519 0.200D+00
13 209 0.002 0.021 0.176 1.691 1.500 2.5200.200D+00

Stop Condition met  ===============

The Optimal Number of Dipoles = 13 Spacecratft |
Position Moment Radius Moment  Scf
px py pz mx my mz rxy Im|
[cm] [MmAmM~2] [cm] [mAm 2]
1 126.2035 78.9161 254.9349 -208.2 132.7 2639 1488 3614
2 133.4689 - 36.3706 191.3314 -9.6 -74.8 -437.0 138.3 4435
3 95.8408 67.0218 177.6751 577.3 318.1 -639.4 117.0 9183
4 71.9924 -127.2350 185.6102 -127.1 -253.2 -27.2 146.2 2846
5 -78.1370 -92.2089 253.8912 -12.2 -45.2 -110.0 1209 119.6
6 -128.1474  -77.0148 262.0289 172.1 -734 2100 1495 2813
7 -27.8 527 127.0934 188.8471 -111.9 -18.9 -432.7 130.1 4473
8 -95.3469  -62.4145 174.6597 -481.5 -151.1 -181.1 1140 536.1
9 -59.6464 159.1926 236.7537 -33 -18.1 2.6 170.0 18.6
10 -92.3152 71.6453 171.5589 -371.8 -54.7 -13.4 1169 376.1
11 26.1604 -93.8015 234.1340 48.0 -146.9 -540 974 1637
12 67.7798 74.2249 272.2657 43.2 -27.4 -422 1005 66.3
13 -73.4415 32 .0608 322.1688 -1.6 0.0 -1.3 801 2.0

- 486.6 -412.8 -1461.9 0.0 1595.0

Check Compliance with Cylinder Constraints [cm]:

r z
upper constraint  170.00 380.00
highest value 170.00 322.17
lowest value 170.00 171.56
lower constraint  170.00 100.00

Optimal MDM Characteristics:  Spacecra ft1

Rms of Field Measurements BMrms = 10.426 [nT]

Rms of Field Residues Res = 0.176 [nT]

Normalized Rms of Field Residues Resp = 1.691 [%] of BMrms

Self - Compensation Fac tor Scf = 2520 [ -]
Constraint Violation Cv = 0.000 [cm]

Field Residues per Probe:

Total Res = 0.176 [nT], = 1.69 % of BMrms
X | y | z
| Ri Rpi Rimax| Ri Rpi Rimax| Ri Rpi Rimax |
[NT] [%] [nT] [nT] [%] [nT] [nT] [%] [nT]
160 154 045 0.180 1.73 0.42 0.195 1.87 0.42
176 1.69 0.39 0.172 1.65 0.48 0.224 2.15 0.57
52 1.46 0.29 0.170 1.63 0.44 0.216 2.07 0.42

1
110 1.05 0.27 0.164 1.57 0.40 0.170 1.63 0

0.
0.
0.
0. .43

1
2
3
4

2.52

10
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Generation of Ambiguous MDM Solutions

j nd Resj Resm+ - Res3s Scf Dmin Mgj Mgm + - Mg3s Bspj Bspm + - Bsp3s STCR STCRIim
113 0.176 0.176 0.000 2.5 0.0 1595.0 0.0 0.0 1.2090 0.0000 0.0000 0.0000 2.0000
2 13 0.181 0.179 0.007 2.5 392.2 1599.0 1597.0 5.9 1.2095 1.2093 0.0007 0.0000 2.0000
3 13 0.180 0.179 0.006 2.6 239.4 1604.1 1599.4 11.1 1.2142 1.2109 0.007 0 0.0000 2.0000
4 13 0.169 0.177 0.014 2.3 237.4 1602.4 1600.1 10.4 1.2124 1.2113 0.0064 0.0000 2.0000
513 0.175 0.176 0.013 2.4 47.9 1600.3 1600.2 9.3 1.2112 1.2113 0.0057 0.0000 2.0000
6 13 0.173 0.176 0.012 2.5 136.1 1612.3 1602.2 16.0 1.2161 1.2121 0.0075 0.0000 2.0000
7 13 0.213 0.181 0.040 2.7 193.4 1633.3 1606.6 35.9 1.2248 1.2139 0.0150 0.7447 2.0000

Data Coverage on the Sphere (r = mean measureme nt distance)

Homogeneity of Probe Distribution H = 0.26601

Density  of Probe Distribution D = 0.00348

Coverage Index C=H*D = 0.00093

Error Budget:

Field Data Truncation Error Etr = 0.025[nT]

Estimated Signal - to - Noise Ratio SNR > 33. 8 [dB]

Mean Field Fit Error (np= 144 nd=14) Resm = 0.181[nT]

Non- reductible Rest Error (Noise etc.) Erest ~ 0.181 [nT]

Mean Global Moment Mgm = 1600.3 [mAmM 2

Global Moment at 3 Sigma Mgm+3s =1642.5[ mAf]

Mean Field at Obs.Point Bspm = 1.211 [nT]

Field at Obs.Point at 3 Sigma Bspm+3s = 1.229 [nT]

Mean MDM Ambiguity Error =B3sm Sph.1 Em1 = 1.228 [nT]
Max. MDM Ambiguity Error =B3smax Sph.1 Emaxl = 4.264 [nT]

Mean MDM Ambiguity Error =B3sm Sph.2 Em2 = 0.058 [nT]

Max. MDM Ambiguity Error =B3s max Sph.2 Emax2 = 0.111 [nT]

In the tableabove a typicaGAMAG result is shown. In the first part the minimum necessary number of
dipoles is determined (here n=13) and in the second part the results of the statistical analysis is reporte
(red mean/Bvalue; spacecrafnomemt = 1600.3/1642/8Am? field at the specification point =
1.21611/1.229 nT)T'he ambiguity error on sphere 1 is shown on Fig.Natte the coverage problem.

The mean values are then used to define a magnet whether for the mompeahsation of the spacecraft
(ACS issue) or for the field compensation at the specification poiagiietometrynission).

Ambiguity Error [nT]

Phi [deg]

360 0 Theta [deg]

Fig.10b Mercator projection of the ambiguity error on a centered sphere (r = measurement distance
(red dots = measurement points where the ambiguities are reduced by LSF)



4.2. Example of GAMAG-B Field Compensation Results

Compensation Point Coordinates:

px py pz

[em]
1 404.9 -0.3 281.2
2 604.9 -0.3 2812
3 604.9 -0.3 2812
Field at Compensation Points before Compensation

bx by bz |b]

[nT]
1 -5.1340 -0.3323 2.3112 5.6401 L
2 -0.9382 -0.0076 0.7660 1.2112 Bl

Optimal Compensation Magnets in Cartesian Coordinates:

Position Moment
pX py pz mx my mz |m|
[em] [MmMAmM~2]
1 113.2000 -6.2000 266.4000 639.5 -1222.2 -5966.7
2 103.5000 -9.8000 260.7000 -263.8 1308.8 7354.8
Global Magnet Moment: 375.6 86.6 1388.1 1440.7

Compensation Magnet Box Constraints:

X y z

[cm]
min  90.00 -20.00 245.00
max 150.00 0.0 0 270.00

Optimal Compensation Magnets in Polar Coordinates:

Position Moment  Phi  Theta
[cm] [mMAM"2] [deg] [deg]
1 113.2000 - 6.2000 266.4000 6124.0 -62.4 167.0
2 103.5000 -9.8000 260.7000 7475.0 101.4 10.3

Field at Compensation Points after Compensation:

Fields before Compensation \\

12

1000

100

10

0,1

0o

001

0001

0,00001

BE

ol

/i

Fields after Con
With 1 Magnet

Tl
\

R

bx = by bz |b] Reduction
[nT] Factor
1 0.0000 0.0000 0.0000 0.0000 - 999.9
2 0.0000 0.0000 0.0000 0.0000 . 999.9

Fields after Compensation
With 2 Magnets

In the table above a dupbint field compensation with two magnets is demonstrategaifiag from
5.6401 nT at the inboard magnetometer and from 1.2112 nT at the outboard magnetometer the tw
optimal compensation magnets produce numerically exact zero fields at both locations (red curve).

With the addon tools in theGAMAG package it is pssible to estimate very accurately any achievable

compensation.

The green curve shows what can be achieved with a single magnet for twidt@ompensation. A
suitable weighing factor would lead to a more equilibrated solution.

GAMAG allows also to optnize the locations of the magnet. In principle it is possible to generate two
zero fields with only one magnet. In gener@AMAG allows a host of combinations of numbers,
locations, moments etc. which are equivalent to the original MDM identificatiasijildses.
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4.3. Spacecraft Dipole Moment Compensation
4.3.1. Introduction

The torque acting on a spacecraft by interaction of its magnetic dipole moment wgéeothagnetic
environment is by far the predominant disturbance torque at altitudes below 1508 kypical
geomagnetic field strength at 200 km is around %*a®. In this environment a -axis stabilized
spacecraft with a dipole moment of 1 Amvould be disturbed by a torque of about 3*18m. The
energywasted by fighting the geomagnetic disturbing toggigelinearly dependent on the spacecraft
magnetic dipole strength.

Other disturbing torques (radiation from the sun, gravity gradient, aerodynamics etc.) waflérbe
order of magnitude weaker.

4.3.2. SpacecraftMDM obtained by System Tesin a Large Coil Fadility

The realism of the study results has been pushed to the limits of feasibility by use of the following steps:

[ERN

. A Multiple Dipole Model (MDM) of a real and representative spacecraft of medium size was

chosen(Table 1) It had previously been extractedthvvery high precision from real rotational

field measurements by using the GAMAG_B software.

The global dipole moment of the MDM was determined.

The MDM was then augmented by a theoretical compensation dipole moment vector, equal to the

global moment veor but with opposite sign and located at a feasible place on the spacecraft;

hence the overall global moment of the augmented MDM wag(Zalde 1)

4. Realistic field measurements were then simulated by use of the BSIM software; the inputs were:

a. The augmeted MDM (Table 1)

b. A realistic number of 7 traxial probes distributed equally on a hailicle at 280 cm
distance.

c. Typical normal distributed measurement noise of 0.3 nT.

d. Conservative probe misalignments of 1 deg.

e. Typical rotational step size of 10 deg.

5. Like in a real system test of a spacecraft these measurements, representing the spacecraft with t
compensation magnet, were used to extract a new and independent MDM (GAMAG_B).

6. Since there is no unique MDM solution due to the relatively low number ofureraents
available a population of 20 ambiguous MDM solutions was generated and a statistical evaluatior
was performed |l eading to the mean and 30 val

7.1n order to check the worst cas ¢he glabahp@aners at i

norm (Point 6) was compared to the global moment norm of Point 1.

wnN

MDM of a Real Spacecraft + Moment Compensation Magnet
Px | py | P my | m | m, | |m|
[cm] [mAm?
128,56 | 80,30 255,29 | -182,40 | 120,30 | 218,30
-30,27 | 135,67 | 190,51 | -55,30 | -51,20 | -373,30
131,82 | -33,11 | 192,53 | -33,60 | -80,40 | -464,40
-127,07| -77,30 | 261,18 | 180,90 | -68,70 | 220,90
-81,64 | -92,28 | 252,57 | -55,50 | -41,90 | -117,30
-98,09 | -64,33 | 180,09 | -433,10 | -118,20 | -257,80
13,99 -98,51 | 235,62 | -37,30 | -129,50 | -35,80
66,72 68,91 277,25 | 94,30 -4,40 -26,30
-89,67 69,28 171,61 | -398,80 | -20,90 -7,20
51,23 82,52 334,73 -2,20 -1,70 2,20
63,49 | -129,94 | 178,17 | -38,80 | -248,90 4,60
97,42 70,27 178,75 | 506,90 | 248,70 | -643,90
100,50 | -128,85 | 224,95 | -33,90 | -18,80 13,90
113,20 -6,20 266,40 | 488,80 | 415,60 | 1466,10] 1600,34| Ideal Moment Compensation Magnetl
Global Moment 0,00 0,00 0,00 0,00

Table 1 Original spacecraft MDiTorque = 4.80-10° Nm) augmented by the compensation magnet
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Particular MDM Solution of Compensated Spacecraft by Reverse Engineering
| b | p m [ om [ m [ im
[cm] [mAm?]
116,83 -5,82 25,03 277,00 | 480,80 | 1539,80
128,84 [ -35,65 -53,72 87,40 -70,40 | -379,50
-73,36 -77,68 1,83 -1085,80| -290,10 [ 1097,10
-114,14 | -69,96 -29,24 248,40 38,20 -949,50
-31,16 136,96 | -48,47 -13,80 -40,70 | -343,00
60,47 -124,01 | -55,98 -30,50 | -339,10| -11,10
109,07 78,49 -47,92 -81,50 -95,00 | -1055,40
-88,76 63,63 -67,31 | -404,20 69,40 16,70
85,47 83,24 -17,04 652,60 | 292,70 | 385,10
-46,73 -98,28 13,14 427,30 | -100,30 | -386,30
143,15 79,92 35,43 -72,30 47,00 74,90
103,46 | -134,89 [ -25,85 -21,30 -2,10 13,40

Global Moment -16,70 -9,60 2,20 19,39 Rest Moment after Compensation
19,50 Mean
24,70 Mean + 30

| 9846 [ Moment Reduction|

Table 2 Arealistic MDM solution with a rest global momen¢Torque = 741*10" Nm), taking onto
account the above cited disturbances.

The main result, supported by extensive experience with even complex spacecraft at ESA, is that by us
of theGAMAG software a reduction of thidobal dipole moment of > 95%ppears to beeasble.

In the present case stuydgespite the conservative approattfe magnetictorqueis comparable to all
other perturbation torque$he increase of life span is estimated to be well over 10% per a nominal life
span and the derivative of the increa$dive span w.r.t. to the increase of the compensation factor has
been found to be directly proportional.

Please note that this result is based on the assumption that magnetic cleanliness practices are applied |
avoidance of softnagnetic material wbh is the most important issue, of twisted harnesses and
avoidance of other current loops etc.

Please note also that the GAMAG software is also capable of determining systems of compensatio
magnets for multiplgoint field compensation (at multiple magmmeter locations) together with the
suppression of the global spacecraft moment. This seems contradictory but the fact is that a spacecr:
with a compensation magnet for the global spacecraft moment generates in general at medium distanc
higher orderitlds which decay rapidly with distance and which can simultaneously bedmpensated

at specific points.
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4.3.3. Synthetic SpacecraftMDM obtained from Unit Testsin a Small Coil Facility

When a large coil facilityl(CF) for a system test is not availabletspacecraft MDM can be estimated
via a Synthetic Spacecraft Model by use of an SCF and of the SSCM software.

For this all magnetic units have to be measured individually BC& and their MDMs and their
ambiguity deviat i on som(hg field datadwuse of tihe GAMA B softwara.c t e d

If we assume

1. that the unit measurements are done with a maximum feasible coverage by 3 magnetometer:
equally distributed on a hatiircle at a signatlependent optimal distangeorder to minimize the
amhguity deviations

2. that the units contain at most a negligible amount ofrsafgnetic materia)s

3. that the environmental noise is kept to aboatdT,

4. that the unit MDM and its ambiguity deviation is extracted with the maximumbfeaaccuracy
(GAMAG_B software),

the precision of the results with respect to a system test would, due to accumulation of modeling errors
degrade at most by 116%, as experience shows

4.3.4. Synthetic Spacecraft MDM obtainedwithout the Use of a Coil System
When even a SCF is navailable it is conceivable (however recommended only in emergency cases)

1. to derive he global momestof the most culprit unitBy use ofa handheld sniffmagnetometer,
requiring certain skills,

2. to estimate the accuracy of the global unit moments bylusepetitive measurements at different
distances,

3. to buildup a Synthetic Spacecraft Model from the most predominant culprit, salitiig into
account the uncertainty of the individual global unit moments,

4. to derive the global moment of the spacecrajether with its accumulated uncertainties,

5. to compensate numerically the global moment with a magnet of maximum likelihood,

6. to derive an estimate of the increase of life span.

In this case thachievable compensation factwill decreaseagain, but thisiine by amore substantial
amount.The reduction of the spacecraft dipole moment has a favorable impact w.r.t. the ACS design anc
w.r.t. the life span of a spacecratt:

If a spacecraft is-axis stabilized by use ohagnetic torquers their masanbe reducd according to the
achieved compensation effect. In the favorable case (compensation > 95%) the tdrqoenssed for
other pointing requirementsan even be eliminated and their mass can belatedsinto fuel for the
ACS. This can lead to aonsideableincrease of the life spasf the ACS and thereby of the mission

If a spacecraft is-axis stabilized by cold gas thrusters the same effect on lifeisganbe expected
When applying conservative assumptions the lower bound of the relative fghie span has been
estimated to around 18% of the nominal life span.

Please note that the present study demonstrates again the capabilityGMAes toolbox to make
realistic simulations and predictions (BSIM, DIMAL and SSCM software) witlloeiheedfor a coil
facility and for reafield measurements.
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TheGAMAG software has also been adapted to accept field gradient data as input.

Magnetometer _

\» ¢

The output structure is
identical to the one of field
data.The field gradient has
the important proprty to
ignore all external
perturbing fields which are
constant over the length of a
gradiometer sensor element.
This fact can under certain
precautions even be used
when the magnetic tests
have to be done without the
help of a coil facility.
Fig.11 illustrates the large
model ing er
induced by external field
perturbations like the
indesirable presence of a
PA guy is inducing

Fig.11 Magnetometers: Influence of extermpartirbationson the MDM accuracy

Fig.12 Gradiometers: Increase of the MDM accuracy

By using field gradient
measurements instead
(Fig.12, arrows not in the
same scale as above) the
reduction of the MDM
error om by
quite remarkableBut it
has to be kept in mind
that the gradiometer
signal has decreased by
factor 6.8 w.rt. the
magnetometer. Therefore
a smaller measungent
distance would be
required.

f

a (
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In the following aMDM extraction has beerperformed on the basis of simulated gradiometer data
(Fig.13):

1. The original unit MDM was augmented by a perturber dipole atdstance generating 200 nT at
the measurement point, and by a second perturber dipole at 100 m distance generating rando
+100 nT .

2. Rotational pseudgradiometer measurement data were simulated (BGSIM s/w, red points lying
on green ref curve).

3. A new unitMDM was extracted (GAMAGB(g s/w, red curve fitting red points).

4. The original (green) and the new (red) unit MDMs are very close despite the massive field
perturbations.

Fig.13 MDM extraction from gradiometer data in presence of strong perturbations
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4.5. GAMAG -B/Bg Operational Robustness

An important improvement is also the robustness of the software w.r.t. differences in test configurations
test aricle magnetic characteristics, test facilitiy resolution etd=i@mh4 is shown a table which contains

19 unit and 37 spacecraft test cases of the most challenging kind.Shtest caselsave been solved in
asingle batch ruiby use of the same optimization steering parametersvdihdut any user intervention

Definitions: Parameter Ranges
Inputs:

bms = rms of field measurements [nT] 0,3 -2553

n, = number of facility probes (rotational measurements, 10° step size) 1 - 72

T, = measurement distance [cm] 42 -307,9

I, = radius of sphere through observation point [cm] 146,7 - 1096,2
T, = box constraint size [cm] 8,2-170

H = homogeneity of data coverage 0,1-1

D = density of data coverage 0,1-1

C = data coverage index 0,0-1

Ny« — number of field maxima 1-8

SNR = signal-to-noise ratio 2,1-926

Results: (green frame, blue frames contain good correlations between Scf and m,)

ng = number of necessary dipoles 2-18

Res = rms of field fit residues [nT] 0,1-124
Res% = « as % of b 0,2 -43.1
Scf = dipole moment self-compensation factor within a MDM 1,0 -9,3

m, = global dipole moment [mAm?] 0,4 -1652,6
mg, = 3o deviation of m, [mAm’] 0,0 - 15,1
b, = field at observation point [nT] 0,0 - 40,2
boss = 30 deviation of b, [nT] 0,0 - 90,8
E, = MDM ambiguity error at measurement distance 1, [nT] 0,3 -90,7
E, = MDM ambiguity error at observation distance r, [nT] 0,0-35



[N
©

DUT b,., n, . r, T H D C nb... | SNE n, Res | Res% | Sef m, m,s, b, by, E. E T(s)
1 Unit RPU 55,9 3 49,3| 500,0| 20,0/ 0,268| 0,266| 0,070 3 54,5 6 0,86 1,5 1,6] 62,7 2,0 0,050 1,684] 4,91 o,003] 39,8
2 Unit Battery 178,9 1 50,0| 400,2| 13,2 o,089| 0,089 0,008 2 28,3 q 4,73 2,6 2,7| 264,7| 12,6| 0,546|10,794| 22,49 D,022 4,1
3 |UnieX 85,7 4 | 160,0] so00,0] 10,0] 0,175[ 0,355] 0,062] 3 6.8/ 3 |12,42] 14,5 2,7 993,0] 1.,6] 1,156] 1,035] 2,72| o,078] 3.1
a4 |Unit FGU AR 8.4 3 51,3| 200,0) 20,0 0,266] 0,266| 0,071 1 36.5| 4 0,21 2.5 1,1l 10.8] o0.5] 0.262] 0.451] 3.29] 0.017] 26.9|
s nit FGU, run 60, o8] 3 51,3| 500,0| 20,0] 0,266 0,266] 0,071 3 4,5 2 0.,26|] 21,4 1,0 0,9 o0,9] 0,002 1..«% 10,50| 0,002] 5,4
& nit GCMS AR 87.6] 3 | 110.0[1096.2] 25.0] 0.266] 0,266] 0,071] 2 76.6| 4 0,94 1.,1] 1,4[1074.5| 0.2 0,111] 0,327] 0.75] 0.000] 15.4
7 nit GCMS Compens 41,9] 3 | 110.0[1096.2] 25.0] 0.266] 0.266] 0.071] 4 34,0 17 1.33] 2.9] 9.3] 10s.0] 2.1] 0.010] 2.420] 18.10] 0.00s] 45.2
] nit HPA TWTA EQM 252,9] 3 51,3| 500,0] 20,0] 0,266 0,266] 0,071 4 49.3] 5 4.58]| 1.8 3.9 186,0 1.0[ 0,257| 0,428 3.11] 0,001] 50,2
) nit HPA TWTA AR 255.3] 3 51.3| 500,0] 20.0] 0.266] 0,266] 0,071] 4 48,0 5 513 20 371729 1.,2[0.242] 0,823] 3.78] 0,002] 324
10 Unit PSU, Run 10, 2.8 3 51.3| 200,0 20,0| 0,.266| 0,.266| 0,071 1 15.4 3 0,17 5.9 1.0 3.7 1,0/ 0,084) 0,683 4.,12| 0,030 9.0
11 |Unit PSUFD 0,3 3 51,3| 200,0] 20,0[ 0,266] 0,266] 0,073] 8 2,1 € 0,15 43,1] 1.3 o,4] 11 6] 0,006 5,253] 49,07] 0,300 24 8]
12 Unit RTG d 5,7 3 150,0| 779,9| 70,0/ 0,239| 0,266 0,064) 4 16,9 10 0,32 5,6 3,5 91,9 6,6 0,018 6,101 30,71| 0,063 89,5
13 Unit RIG 8,9 3 150,0| 779,9| 70,0/ 0,239| 0,266| 0,064} 2 19,7 3 0,41 4,6 1,5 331.3 1,7| 0,071| 1,438] 6,98| 0,017 30,7
14 Unit Flywheel 73,8 3 54,6| 300,2| 20,0/ 0,264| D,266| D,070| 1 €,7 3 7,10 3,6 4,8 108,3| 14,5| 0,428|13,786| 19,45) 0,125 2,7
15 Unit TWT 94,72 3 83,8| 500,0| 30,0| D,264| D,266| 0,070| 2 38,6 3 1,07 1,1 1,1| 677,12 0,6| 0,515 o,600] 1,80| D,004 6,0
16 Unit ¥ 17,4 1 42 0| &0D,7 g,2| o,o089| 0,089 0,008 2 9,3 3 1,47 8,4 1,1 12,7 6,1 o,012| 6,958 16,45| D, 003 1,5
17 |Unie TWT 5P42 d=10 68,9] 2 [ 101,1] 146,7[ 14,5] 0,272 0,177] 0,031] 2 92,6] 8 0,68] 1,00 1,8 889,95 3,0[40,151 5,033] 5,10/ 1,470 3.8
18 Unit TWT_Static 73,3] 72 100,1| 146,7| 14,5/ 1,000( 1,000 1,000} 4 77,7, 5 0,12 0,2 1,8 873,9 0,0/38,929| o,034] 0,27 0,028] 13,0
19 |Unit TWT42+TWT44+Magnet | 91.9] 2 | 101,12 146,7] 44.5] 0.272] 0,277 0,081] 2 83,3 17 0,97 1.,1] 3.5] 925,7] 0.7] 1,425|90.776] 6.51] 1.146] 28.2|
20 |Unit Torquer 10,4 3 | 153, 250,0] s0,0] 0,261] 0,266] 0,069 1 10,3 4 0,25] 2,4] 1,3 as2,s] 1,0] 2,900 1,770] s.,es8] 0,529 8.7
21 |Spacecraft 1_FMI_01_AR 7.5] 4 | 307.8] 606.3] 170,0] 0.266] 0,355] 0,094] 4 17,5 13 0.32| 4.3 2.,5]765.2] 6.0 0,733] 2,402| 21.75] 1.250] 430,¢
22 |Spacecraft 1_FMI_02_PE 6.8] 4 | 307.8 606.3] 170.0] 0.266] 0,355] 0,094] 5 15,0 10 0.37] 5.5 3.1] 594.8] 7.0] 0,094[26.678] 30.59] 1.637 226.8
1z |s ft1_FMI1_03_DP 6,3 4 [ 307,8] 606,3] 170,0] 0,266] 0,355] 0,094] 4 14,6 10 0,34 s5.4] 2.6 ess, 9] 1.1] 0,623] 2,345] 27,65] 1,300 203.2
2a__|Spacecraft 1| FM1_04_CO 6.8] 4 | 307.8 606.3] 170,0| 0.266] 0.355] 0,094 5 13,6/ 13 0.36] 5.3 3.4 543.1] 6.0] 0.146]21.978] 34.56] 1.567] 284.2
15 ecraft 05 6.9] a | 307.8| 606,3] 170,0[ 0,266[ 0,355] 0,094] 5 13,612 o.40] 5.8 3.3 556,9] 9.7| 0.150[21,232] 28,83 1,758] 233 ¢
26 1_FMZ 01_AR 3,2 4 307,9| 606,3) 170,0| 0,266 0,355| 0,094 5 6,2 13 0,37 11,6 2,7| 441,4| 10,5| o,188|13,89%0| 69,77| 2,781| 305,5|
27| ft 1_FM2_02_PE 3,6] 4 | 307,9] 606,3] 170,0] 0,266 0,355] 0,094] 4 11,6 18 0.28] 7.7 2.2 494.6] 6,1] 0.180]10,249] 51,16] 2 088 643, 3]
28 1 FM2I 05 FD 3,4 q 207,9| 606,3| 170,0| 0,266| 0,355| 0,094 4 7,8 16 0,33 9,7 2,7| s40,8| 15,0| 0,160|14,327| 74,54| 3,543] 483, 1]
29 1 FM3 01_AR 5,8 [ 207,7| 06,3 170,0| 0,266| 0,355 0,094 5 11,4 11 0,27 4,6 1,8 997,7 1,2| o,s83| 1,075| 10,90 0,377| 270,7
30 Spacecrafi 1_FM3_02_PE 6,4 4 307,7| 606,3| 170,0| D,266| 0,6355| 0,094 4 16,3 12 0,32 5,0 2,4 B64,0 5,9 0,147| &,442| 20,59| 1,257 323, 3|
3 1_FM3 03 DP 6,5 4 307,7| 06,3| 170,0| 0,266| D,355| 0,094 E] 14,5 11 0,32 4,9 2,1| s83,5 4,6) 0,153| 6,444| 27,59| 1,171| 230,8
32 Spacecraft 1_FM3_04_CO 6,5 4 307,7| 606,3| 170,0| D,266| 0,355| 0,094 4 19,0 11 0,27 4,2 2,1| 869,1 3,2| 0,138| 9,444| 10,89| 0,602| 237.8
33 |Spacecraft ] FM4_01_AR €.3] 4 | 307,7| 606.3] 170.0| 0,266] 0.355| 0,094] 5 14.5| 17 0,32 5.1 2,0[1034.2] 4.1] 0,712] 2,609] 24,78] 1.200] 637.7
38 |Spacecraft 1_FM4_02_FE 7,2] & | 307,7] 606,3] 170,0] 0,266] 0,355] 0,094] s 11,3 10 0,50 7,0 3,2 624,8] 7,4] 0,125 &,938| 30,43 1,838] 201,59
35 |Spacecrafi 1_FM4_03_DP €,2] a | 307,7] e06,3] 170,0] 0,266] 0,355] 0,094] 5 11,9 16 0,32] s5,1] 2.6 9s0,0f 7,9] 0,668] 4,094 28,20] 1,823 s543.4
36 ecraft 1_FM4_04_CO 7.2 4 | 307.7] 606,3] 170,0] 0,266 0,355] 0,094] 5 12,3 10 0.55| 7.6] 3.7 629.1] 6.3] 0,120] 7.951] 36.16] 1.799] 1853
37 |Spacecraft 1_FME 01 AR 6.4 4 | 301,5] 606.3] 170,0| 0,266 0,355] 0,094] 4 11,7] 12 0.27] 4.2 2,2] 983,2| 6.5] 0,665] 5,545| 34.85] 0.993] 286.3|
38 |Spacecraft 1_FM5 02_PE 7.8 4 | 301,5| 606,3| 170,0[ 0,266 0,355| 0,094] 4 12,6/ 11 0,53| 6,8 3.9 569.3] 5.0 0,101|19,225] 24,97| 0,930 2198
39 ecraft 05 7.8] 4 | 3015 606,3] 170.0| 0,266 0.355| 0,094] 5 97 o o.66] 8.5 4.0 ses.0f 4.4 0,090[23 864 34.00] 1,413 148.8
40 1 FMS 04_CO 7.8 4 301,5| 606,3| 170,0( 0,266| 0,355| 0,094 5 10,2 £l 0,68 8,7 4,0] 576,5 4,5/ 0,091)15,383| 41,78 1,473] 169, 5|
41 |Spacecraft 1_FM6_01_AR 9,1] 4 | 301,5| 606.3] 170,0| 0,266 0,355| 0,094] 4 22,5 11 0.31] 3.4 2.1f1433.2] 1 6] 0,926] 0,793 13, 41] 0,492 309,0]
42 1_FM6_02_PE 10,0 q 201,5| €06,3| 170,0| 0,266| 0,355 0,094 4 7,7 12 0,51 5,1 2,9 769,4 9,8| 0,235|17,414| 46,36| 2,576 293, 5]
43 1 FMé 03 DP 9,0 q 301,5| 606,3| 170,0| 0,266| 0,355| 0,094 4 6,8 9 0,37 4,1 2,5|1371, 4 1,8 0,893| 1,853] 24,82| 1,047| 162,4
44 1_FM§ 04 CO 9,9 [ 201,5| &06,3| 170,0| D,266| D,355| 0,094 5 6,6 10 0,63 &, 3 4,4 738,9] 14,0| 0,185|35,220| 90,67| =, ,430] 174, 9|
45 E fi 1_FM7_01_AR 8,3 [ 301,5| 606,3| 170,0| 0,266| D,355| 0,094 5 11,3 15 0,27 3,3 2,3|1180,4 1,2| 0,771 1.867] 27,57| 1,103| 453, 4]
46 Spacecraft 1_FM7_02_PE 9,3 4 301,5| &06,3| 170,0| D,266( D,355| 0,094 5 8,0 1D 0,80 8,6 5,5 678,3 6,9| 0,094|18,989| 78,96| 2,623 193,5]
47 |sp 1_FM7_03_DP 8.3 4 | 301,5| 606.3| 170,0| 0,266 0,355| 0,094] 5 8.4) 15 0.25| 3,1 2,5[1199,7] 5.6 0,781] 4.238] 30.20] 1.240] 476. 6]
48 Spacecraft 1 FM7 04 CO 9,4 4 301,5| 606,3| 170,0| D,266| 0,355| 0,094 5 10, 6| 11 0,50 5, 3| 3,6| 696,3 1,4| 0,062|11,769| 27,96| D,833| 261, 3|
49 |Spacecrafi 1 FMS 01 AR 10,4] 4 | 301,5| 606,3 170,0| 0,266] 0,355] 0,094 5 15,8 11 0,45 4,3 2,11652,6] 3,2| 1,242| 0,663| 16,68 0,714] 270,9)
50 |Spacecraft 1_FM8_02_PE 12,4] 4 | 301,5] 606,3] 170,0[ 0,266] 0,355] 0,054] s 6.8 10 0,53] 4,3 4.2] 862,3] 15,1] 0,058|59,111| 69,22] 3,234 203,34
51 |s fi 1_FMB_03_DP1 10.4] 4 | 301,5] 606,3] 170,0] 0,266| 0,355) 0,094] 5 6.3 10 o,28] 2,7 2,2[1611,2] 9,9 1,217] 7,032] 51,93] 1,962 17,3
52 |Spacecraft 1_FME_04_CO 12,5| 4 | 301,85 606,3] 170,0] 0,266 0,355 0,094] 5 14.2] 10 0.73] 5.8] 4.5 860.9] 10.6] 0,151|51,478] 47.83] 3.363] 209,9|
53 |Spacecraft 2 Incoming, Ru 4.9] a4 [ 212.2] 630.1] 150.0] 0,350] 0.355] 0,124] € 17.6] 9 0.26] 5.2 1.9 267.4] 3.0] 0,086] 4.116] 17.31] 0,194 141.0
54 F] ing, Ru 1.8] 4 | 259.9] 630.1] 150,0| 0,355 0,355] 0,126 4 9.5 8 0,17 9.7] 1.4 211.3 q.II 0.065] 7.694] 24.65| 0,463 69.2
55 |Spacecraft 2 Final Deperm 4,8] a | 212.2] 630,1] 150,0] 0,350 0,356] 0,224] 5 11,2] 9 0,30] &3] 2.5 191,9] 4 6 0,052]11 024] 36,14] 0,42¢] 92,0
56 E ft 2 Final Deperm 1,8 4 259,9| 630,1| 150,0| 0,355| D,355| 0,126 3 7,3 8 0,21| 11,8 1,7| 175,8| 14,2| 0,041|20,103| 44,60| 1,460] &5, 5|
57 2 Initial Depe 4,7 4 212,2| 630,1| 150,0| 0,350| 0,355| 0,124 4 12,8 9 0,27 5,8 2,4] 1899 1,9 0,056[13,772]| 45,40 0,445| 118, 3]
58 2 Initial Depe 1,8 4 259,%| €30,1| 150,0| D,355| D,355| 0,126 4 9,3 10 0,17 3,8 1,3 188,0 9,6| 0,053|16,787| 35,53 1,069] 119,2

Fig.14 GAMAG robustness test

The resultsare all as expected. Outside the green frame the parameters shown are exterior data and in t
green frame are collected to optimization results.

Also, a spectacular increase of speed has been achieved. Whereas the precurs€A&IAGH for a
complexcase of 12 dipoles, required for the generation of one MDM solution ab&@ @Onutes due to
frequent user interventionSAMAG solves the problem in 12 seconds in an autonomous way.



5. GAMAG G rphical UserInterface (GUI)

5.1. GAMAG -B GUI Input Pages

The GUlof GAMAG is a standard and simple to use tool to import and change inpuQuhathe first
page Fig.15) it can be seen that only data are imported which stem from a test facility.

1ol
Problem Run Info
Mockup Test-Set Model and Data =
) Field and Test SetUp (Faciity/Project) These data come
D Optimisation Steering Data i i !
5% Run MDM Optimisation.. Rotational step size [deg]: [10 automatically when
@ |55 Plots s | the field data below
o are imported
Import facilty data...
Rotational Field Measurements [nT]
b, b, [ b, [ bl i [ a Rotational or
0.3 1.8 5.3 5.7 It o non-rotational
0.5 04 53 53 f 10 .
Here the user has to 0.5 07 i 49 i 20 f?eld 3) or
import external data 0.z 03 52 k5.2 f 30 field gradient (5)
measurements
3-Axial Probe Positions [cm]
pu | Py [ e [ [ oo [ oy [ Pu [ [ Pn [ Pu [ Pa
v Cle72s |24 1268 |[[C279.4  [3.2 126.8 .
2794 00 (467 W s Bz 67 Trl:axnal probe
[C260.4 0.0 3470 |[Cl2s3s |24 PB47.0 |I”260.4 3.2 347.0 coo's
139 0.0 [300 [Tl |24 3863 |
Specification Point
P, | o, P, — -
15819 00 6.3 | Specification Point
coo0's
_loj x|
Problem Run Info
‘Mockup Test-Set Initial MDM Data (Lser) 4|
%) Model and Datal Import MDM data... I
® Optimisation Steering Data
5% Run MDM Optimisation.. Dipole Positions [cm] Dipole Moments [mAm~2]
3] Plots e
L m m, m, Initial MDM guess:
123 5.3 D Default = empty
456 52 213 Here th
301 2 00 Er.e e l-ISEr' can
[ .2 7.6 I 200 define or import
a MDM
Here the user can, Box Constraints [am] 5 i
ox or cylinder
but.does not lneed to, 5 . I < P ; _Yt .
Fle.fl.ne a particular 200.0 200.0 00 lower constraint da
initial MDM guess 200.0 0.0 0.0 Jupper The user has to
import them from
external sources.
=l

Fig.16 GAMAG GUI seond page

Here the user can input an initial MDM guess but the default is none. The box constraints

again external data.

20

are
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B camac - =10} x|
Problem Run Info
Mockup Test-Set =
%) Model and Data)
Optimisation Steering Data
3% Run MDM Optimisation..
+ |5 Plots
Initial Data for Compensation (Project/User)
Optional compensation Tnport compansation dats.
inputmask
(¢ Points
n, P, P,
r'? Here the user must
0. 200.0 0.0 . X
2000 bo b0 deﬂ'ne orimport the
o |-200.0 0.0 coo's of one or several

compensation points

Here the user must
define or import the
coo's of one or several
compensation
magents

Ll

Fig.17GAMAG GUI third page

On this page the user can import/insert data for the compensation magnet system in form of a MDM.

Problem Run Info
o Name) Optimisation Settings
# * Model and Data Default values
D Optimisation Settings] .
Run MDM Optimisation.. Minimum number of dipoles: 1 2 "
o = Optional
fmes e cidees el Optimization steering
Minimum fit error [nT]): 02| 02 parameters
(default=0)
Number of trials: B
Here the user can, = %
but QOes m?t x?eec! to, Expert User Settings
specify optimization
. Stop condition 1: 0.01] g0z
steering parameters
Stop condition 2: 0.01| o0z
Penalty exponent: 1.0/ 10

Fig.18 GAMAG GUI lastpage

This is the page where the normal user can change if he whishes a small set of optimzation steerir
parameters, and an expert user has here access to more special steering parameters.

It is important to notehat in the nominal case the user bab/ to import external dati&a order to run a
case. This means that tAMAG software, except for pathological cases, rangmatically This is
the largest improvement w.r.t. the precursor version of the software.
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5.2. GAMAG -B/Bg Graphical User Interface (GUI) Output

The output of &iGAMAG run contains a detailed and seKplaining report and 2D and interactive 3D
graphics.

@ GAMAG - [No Mame]
Problem Run Info
o ame] /[ Rotatonal Field Data (Lines) i
- ¢ Model and Data on 5| B R & | show Probe: [Probe 1 + k
- % F Data N
- % Initial MOMData e
| *- * InitialData for Compensation vk |
} Run MDM Optimisation..
- |5 Plots
= § 20 plots
Rotational Field Data (Lnes)||
Field (Fall Of)
i t function (Lines)
=+ 4 30 Plots |
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1= 55 Caloulated Field (Butterfiy) =
- |85 Calculated Field (Fal-Off) E
a
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\ ’J'
0o 00 000 1500 2000 =00 2000 =00
Rotation Angle [°]
@ Optmsaton fnshed. =]
© GAMAG - [No Name] [eleEs
Problem Run Info
[Ho Name] Rotational Field Data (Lines)
= Modeland Data on | A
i e Faciity Provided Data
% Initial MOM Data 400
| -« Intial Data for Compensation 350
) Optimisation Settings
Run MDM Optimisation.. 300
& [S5 plots
& 5 20 Plots 250 —|
X Rotationa Field Data (ines) ||| Z
S Line Field (Fal-Off) 200
-~ |5 Cost function (Lines) 150 Bi=
- 5 30 Plots
Rotationd Field Data (Lines)| 100 —
s Calculated Field (Butterfiy) I
Calaulated Field (FallOff) sog
-50 -
~300

@ Optimsaton fished. C
@ GAMAG - [No Name] @ GAMAG - [No Name]
Problem Run Info Problem Run Info
o tame] [ tne Fieid a0 TR maaaT ||| Calaated Field (Fai-off) ; :
“ Model and Data Zaleaa -« Modeland Data 52 | . | Show Hemisphere: [North +.
Faciity Provided Data “ Faciity Provided Data . - -
it MOM D3t © Initl MOM Data 50\‘\“”! [l [T T
1 Initial D3t for Compensaton Uncompaniated [ ] R FH TN : #. 2l Data for Compensation ’ ‘ I I [1TIT
2 i Corpensaied | ) Optimisation Settings \ \ § ! ‘ 1
o Run i Run MDM Optimisation.. 4.0 W B '
= |85 Plots 1000 e = |85 Plots |
& B 20 Plots & § 20 Plots 3.0 [T |
© 55 Rotational Field Data (Lines)  Rotational Field Data (Lines) |
e Field (Fa-OFF) | 5 Line Field (Fal-Off) 0 | |
Cost function (Lines) ‘ 10 S Cost function (Lines) b 2 | ~
o et NG : il i : ] & B B LA Gl
Rotationa! Feld Data {ns) IS5 Rotationd Field Data (Lnes) 1.0 551
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Fig.22 Carthesian FalOff plot Figg23D interactive FalOff plot
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6. GAMAGAdd-OnSof t war e
6.1. GAMAG-SSCMS o f t &a

A seoaxft bMDMt wup by unit MDMs i s Ictalil ®dusSegathen
contr ol and, i n the case a LCF is not availab
degraded accuracy.

Unit MDMs aretheesicrsbbednsmnhance in the Test Fr at
Synthetic Spacecraft Mofdoelld tchoeoyr dhianvaet et ot ruanndsefrogrec

1. Transformation from Test to Unit Fr ame
2. Transformation from Unit to Spacecraft Fr ame

As caded 2@nh efieg.are two transl|lation vectors and

be extracted from blueprints of the spacecraft
particuliparlne.erMmerse det assogebhed whibmuMb Msf r te
SSCM software which produces then the Synthet.

MDM can cobh®diimolues .t o
The output of SSCM are

Synthetic Spacecraft MDM
assocdiapcelde grhoombearit of t he spacecraft
associated field at the magnetometer | oc

wnN e
— - —+
jun e s
D ®d® @D

p =r + R":R™(p'r)

\
|
1
|
|
!
I}

{

Test Frame*

Reference Hole

FizgdCoordinate transformation test to space
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6.2. GAMAG-DIMAL Soft war e

The GADABAL s/ w allows a eopbnstriotataend aomaedi e
cleanliness of spacecraft, coveringThle | nprhasect
software stands for Dipole Moment Allocation Li

At the start of a project some units are quite well knowmfprevious projects, some major contributors
have to be identified by magnetic sniffing, and the rest has to be estimated by the moment allocatior
method.

In the following phases of the project more and more units become available for magnetic testorg an
the determination of their MDM. In the budgeting process for unknown units only the global dipole
moment vectors are considered. Their moment allocations are optimized in order to fit the field budget.

A magnetic review board would analyze the ligqguently. In such a way early warnings arise when
some units exceed the budget. Thereupon corrective actions can be defirtbdr Whehanging critical
ferromagnetic parts or electrical design (loops). When the involved units cannot be correcte@hceins

a magnetic compensation by magnets can be applied, as has been done for the Ulysses Travelling Wa
Tubes and the Radioisotope Ther mal Power Gener
metal can be applied. The allocation list is thusudget household tool and it evolves throughout the
projects development.

The allocation method distinguishes between three categories of unigb)Fig.

GAMAG-DIMAL

The Concept

CategoryII
Moment Module known
Moment Diraction Unknown

Category|
Moment Vector known

Category 111
Moment Module unknown
Moment Direction unknown g my, = %10 |rwac- Tul® |0l /O
izl /
[ - __..— o
=5 IR S

Fig.25 Concept of magnetic moment allocation
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Total allocated field at MAG-location [nT] 25,
MAG-location [em] in S/C frame -225.0 75.0 33.9
it E The Category comprises all units or parts which
Confidence level [%] = 9950 are quite well known from previous projects, like
e travelling wave tubes or thrusters etc. Their

xyz = unit coordinates in 5/C frame [cm] moment vectors are considered as fix.

r = distance between unit and MAG-location [cm] . .

b = field of unit at MAG [T] (FGP) The Categoryl comprises all units whose modules
_ Ratiutadb ot i il  of the moments are known from experience, but
CATI known moment and unknown direction . . . .

Sl T SR whose directions are unknowiihe directions are

CatIll unknown moment and unknown direction then subject of the moment allocation by stochastic
First Gaussian Position eva| u ation .

Finally the Categoryil comprises all those units
whose moment vectors are completely unknown
and which are thus the subject of the moment
allocation by stochastic evalian of both module
and direction.

The statistical evaluation uses Monte Carlo
simulations where the unknown directions of the
moment vectors areassumed to bedlistributed
uniformly on a sphere.

WaWN T AW N

SSHSSS%#&#

The calculations are donefour steps:

1. Assume that all Cdtl moment vectors are
pointing in first Gaussian direction (worst
case).

x
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0
0
0
0
60
60
20
20
20
20
90
75
85
13
17
17
920
11
22
81
5

Lo
AERAAR
ocwowwo

&

2. Establish a large population of trials and
derive the mean and t he
at the spacecraft magnetometer location.

3. Determine by iterative steps the optimal
reductionf act or & to be app
moments such thdbtal field norm gnerated
by the vector sum of the moment vectors of all
categoriesdoes not exceed thgiven field
budget at a probability

B |
8o CEREBRRB8aAA

Star Tracker R
Star Tracker L

o o g S AN T T A A 0 010 o 08T T Y 0

L
B
-]

4. Divide the Cat.lll total field in n equal parts
and calculate the associated Cat.lll moment
norms via the inverse cubiaw, taking thus
the distance into accourfsee Fig.31 frame
lower right corner)

Hence theso allocated moment normguarantee
implicitly that the field cleanliness specification is
nor exceeded at a probabi

COCOONNNRNONNNOONNNRNNRNNNNNOCOONOOOOOORNNNNNNRNONNNODOOO0OOCOCNCOONNNNCOOOCO0O0O000O0000NOO
OOOHHHRHKRHERHHRHHHODOHRHKHKHHRRRHNRRERENWWNRRONOMHRORRRERERRERE R R NWHERHOOODOOCCORHKHRRHRNKRKRRRNODORNMOOORNRNNMWHDORNMD

cation:
Field from Cat I moments i H
Field from Cat 14 Cat T moments  (FGP) An example of an #&cation Ist is shown on the

Field from CatI+4Cat Il moments (50%) adjacent figure_

Field from Cat IIl moments (FGP)

Field from Cat II+-Cat Ill moments  (FGP) H H H

Worst case field from all moments  (FGP) F I 296A l l cocation I I st
Total field allocation (Spec)

Total field at 99.50% confidence level
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Fig.27 Exampleout ofthe compatible population of field contributions

6.3. GAMAG -TSUCONEFSof t war e

The precision of an MDM depends partly on |t he
dat a coverage of t he test article. A practioc
pobl em i s t hat i n practice onl vy a few
magnet omet e r6s,, asr aey adv a i | b

Unfortunately, many tests conducted
t he past without i nyest. ousl y t h

guestion how to place| the
reduce the MDM Ambiguity ’

GAMAGSUCONF i s a too t o
uni form distribution of
sphere.

LS SO as

Whewmsiangref erence MDM |it i
t o det erlmy nerever set hpngine
mi ni mum necessar,y annudmbheern coef
t hengul ar @ pdatraantcieo nb e[t ween r ed
poi,whsi)ch | aad$ owmsabxlaemu m PY
MDM A mb i Eruri(csyEe 2981 i goh tul e
surfragé¢ ons

Fizg8BReduced MDM Ambi gumty
di stribution of measur

Wh etnhreot at i onal moneea sius e atbhoes emo tfhewnd ehblgeual dasr tsoe
required numbe&ib/df (dgye@fbse nnot at igshlousdep henz é
or equal tapbht he separation
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Fig.29 shows that fora given reference MDM it isecommendetb usefor the rotational mode at least
probes equally spaced from pole to polerder to reduce MDM Ambiguity Errors substantially

Fi2g90pt i mal probe positioning w.r.t. MDM Ambi gui



