
1 
 

SPACECRAFT MAGNETIC CLEANLINESS ANALYSIS SOFTWARE 

GAMAG 
 

K. Mehlem, PhD, Msc 

Astos Solution GmbH 

Stuttgart, Germany 

www.astos.de 

 

List of content 

1. Basic Tasks of the GAMAG Software 

2. Historical Background 

3. Elements of Realization 

3.1. Data Acquisition 

3.2. Concept of the MDM Method 

3.3. MDM Determination 

3.3.1. MDM Parameter Identification 

3.3.2. MDM Solution Ambiguities 

4. Examples 

4.1. Example of GAMAG-B MDM Results  
4.2. Example of GAMAG-B Field Compensation Results 
4.3. Spacecraft Dipole Moment Compensation 

4.3.1. Introduction 

4.3.2. Spacecraft MDM obtained by System Test in a Large Coil Facility 

4.3.3. Synthetic Spacecraft MDM obtained from Unit Tests in a Small Coil Facility 

4.3.4. Synthetic Spacecraft MDM obtained without the Use of a Coil System 

4.4. GAMAG-Bg software 

4.5. GAMAG-B/Bg Operational Robustness 

5. GAMAG Grphical User Interface (GUI) 

5.1. GAMAG-B GUI Input Pages 

5.2. GAMAG-B/Bg Graphical User Interface (GUI) Output 

6. GAMAG Add-On Software 

6.1. GAMAG-SSCM Software 

6.2. GAMAG-DIMAL Software 

6.3. GAMAG-TSUCONF Software 

6.4. GAMAG-TSUCAL Software 

7. Examples of GAMAG Applications 

7.1. Giotto 

7.2. Ulysses  

7.3. Cluster  

7.4. Cassini  

  



2 
 

1. Basic Tasks of the GAMAG Software 

 

Spacecraft have in general many magnetic parts like thrusters, TWTôs, motors, current loops etc. For 

spacecraft that carry magnetometer experiments, like Giotto, Ulysses, Cluster, Cassini etc. a stringent 

Magnetic Cleanliness Specification 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 etc., the Attitude Control System (ACS) has 

to be dimensioned according to the Global Dipole Moment of the spacecraft.  

The main tasks of the GAMAG  software are basically two-fold: 

ü Verify the Magnetic Field Cleanliness Specification at the spacecraft magnetometer location when 

direct field measurements fail,  

ü and compensate the excess field. 

ü Reduce/eliminate the Magnetic Global Dipole Moment of a spacecraft so as to maximize the ACS 

life span of a spacecraft. 

 

In order to achieve these tasks GAMAG  extracts a numerical model of the magnetic potential of the test 

article in the form of a set of dipoles (Multiple Dipole Model, MDM). 

This MDM allows then to calculate: 

ü the Global Dipole Moment of the test article. 

ü Field Vectors especially at locations where the Magnetic Cleanliness Specification has been written 

for Optimal Compensation Magnet Systems, for the compensation of the Global Spacecraft Dipole    

Moment and Field Vectors at Multiple Specification Points. 

The GAMAG  s/w package contains two versions:   

ü GAMAG -B     for Field Measurements (used in low perturbing magnetic environment)  

ü GAMAG -Bg  for Field Gradient Measurements (useful in strong perturbation environment) 

 

In addition to these capabilities the GAMAG  s/w package contains a number of simulation tools which 

are designed to assist a magnetic cleanliness program from the early design phases to launch. 

ü BSIM  and BgSIM:  MDM Field and Field Gradient Simulation 

ü SSCM:  Synthetic Spacecraft MDM built-up from Unit MDMs (Fig.3) 

ü DIMAL :  Dipole Moment Allocation List for cleanliness control. (Fig.4) 

ü TSUCONF: Optimal Test Set-Up Configuration for minimum MDM Ambiguity Errors (Fig.5) 

ü TSUCAL : Test Set-Up Calibration (Fig.6) 
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2. Historical Background 

  

During his 32 years of service in the European Space Agency ESA-ESTEC the author pioneered many 

facets of Magnetic Cleanliness for spacecraft.  In 1977 he had introduced the so-called Multiple Magnetic 

Dipole Modelling Method (MDM) for spacecraft. Since then the method was applied successfully for 

many international scientific projects and it is presently the most used approach at ESA and European 

industry and institutes.  

The most famous spacecraft were:  

ü GEOS (1980, ESA)  

ü ISEE-B (1982, ESA)  

ü Giotto (1985, ESA)  

ü Ulysses (1986, ESA)  

ü Ulysses-RTG (1986, JPL)  

ü TSS 1&2 (1992, Italy, USA): COI FGM, magnetic test at MFSA/IABG, detailed magnetic 

cleanliness survey of the Space Shuttle bay at KSC  

ü CLUSTER I/II (2002, ESA)  

ü Cassini-RTG (2000, JPL)  

ü Huyghens (2002, ESA  

ü Rosetta (ESA)  
 
In addition, countless unit modelling sessions were performed and so-called synthetic spacecraft MDMs 

were assembled for the prediction of the spacecraft cleanliness level. Alone for Cluster I and II they were 

about 500 unit MDMs generated. 

 

The greatest success in magnetic cleanliness, achieved by use of the precursor version of GAMAG , was 

achieved in the case of the unique Ulysses spacecraft (Fig.1) which orbits the Sun at high latitudes. 

Despite very strong magnetic units on board like TWTs, experiments and a RTG, it is, thanks to precise 

MDMs and optimal compensation magnets, to date the magnetically cleanest spacecraft ever flown *) .  

 
 

Fig.1  Ulysses in flight configuration 
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*) In: The magnetic field investigation on the Ulysses mission: Instrumentation and preliminary scientific 

results  

A. Balogh1, T.J. Beek1, R.J. Forsyth1, P.C. Hedgecock1*, R.J. Marquedant2, E.J. Smith2, D.J. Southwood1 and B.T. Tsurutani2  

Quote: ñéUsing magnetic mapping and modelling and appropriate compensation, the background field of the 

spacecraft at these locations was determined, prior to launch, to be approximately 30 pT and 50 pT, respectively. é 

Both magnetic mapping and modelling indicate the unparalleled cleanliness of the spacecraft, confirmed in flight.ò  

 

The author retired from ESA in 2004 as a specialist in magnetic cleanliness of spacecraft. However, at the 

time of his retirement the operation of the software was still requiring an expert user. This was caused by 

a number of unresolved numerical problems, some related to the sparsity of input data, leading to MDM 

solution ambiguities, others to typical NLP issues like initial guess generation, parameter constraints, 

Jacobian matrix rank-control, convergence speed and robustness etc.  

For this he has invested more than 4000 hours for the development of the much more powerful GAMA G 
s/w with the goal to create a high precision, fast and automatic state-of-the-art tool for magnetic 

cleanliness determination and improvement, suited to be used on-line as integrated tool in any coil 

facility, and of course in stand-alone mode.  

The author presently continues as collaborator of Astos Solutions GmbH in Stuttgart, Germany, to 

develop methods and s/w for magnetic cleanliness.  
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3. Elements of Realization 

3.1. Data Acquisition   

Magnetic Cleanliness Verification is based mainly on near-field measurements around a unit or a 

spacecraft and at a suitable distance.  

From these field measurements the GAMAG  

software extracts the magnetic potential of the test 

article in form of a Multiple Dipole Model (MDM) 

 

 

 

 

 

Fig.2 Test Setup 

Examples for a Small Coil Facility (SCF) and of a Large Coil Facility (LCF) are given in the Figures 3 

and 4, respectively.  

 

Fig.3  Small Coil Facility (1.6m)  (Curtesy ESTEC, NL)      Fig.4 Large Coil Facility (12m) (Curtesy IABG, D) 

 

Fig.5  GAMAG Data Acquisition Modes 
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The data acquisition modes enabled in GAMAG are depicted in Fig.5. 

 

A spacecraft ready for rotational data acquisition mode is shown in Fig.6. The spacecraft sits on a non-

magnetic trolley which is fixed on the turntable. Four magnetometers are mounted next to the spacecraft. 

The magnetic states in which the spacecraft is tested are: 

- Incoming 

- Demagnetized 

- Magnetized 

- Demagnetized 

- Compensated 

 

For all states MDMôs are extracted by GAMAG  and the associated fields at the spacecraft magnetometer 

are calculated. From the last Demagnetized state the compensation magnets are determined, produced and 

fixed on a free place on the spacecraft, and the total is measured again. A final MDM is extracted which 

reveals the achieved compensation effect.  

 

                       Fig.6  A Spacecraft in the Large Coil Facility of IABG, Munic, Germany 
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3.2. Concept of the MDM Method 

 

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 cleanliness 

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 verified 

by direct field measurements. The solution of the problem is obtained by adding an intemediate step. It 

consists in collecting field measurements at closer distances where the signal to noise ration is much 

higher than at the magnetometer location. Frome these field measurements an optimal MDM (see 

explanation below and on Fig.7) can be found which allows to predict the field at the magnetometer 

location with high precision. Also, if the specification is exceeded, a compensation magnet can be 

determined which compensates the field at the magnetometer location to very low strengths. 

 

Case 2 

For a spacecraft in LEO its magnetic dipole moment by interaction with the geomagnetic field generates a 

torque on the spacecraft which has to be counterbalanced by the Attitude Control System (ACS). For a 3-

axis stabilized spacecraft using cold gas thrusters 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 know exactly the strenth of the spacecraft dipole moment, in order to 

define a compensation magnet which eliminates a large portion of that moment. 
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3.3. MDM  Determination 

The method is based on the postulate 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 associated 

field vectors (red bars) are measured in steps of 10 deg one or more circles.  

The task is then to find the necessary number of dipoles, their position vectors pi and their moment 

vectors mi which explain the measured field vectors in the sense of a least square fit. These parameters 

form the MDM. 

 

3.3.1. MDM Parameter Identification  

For a suitable number of dipoles the optimal positions pi are found by use of a NLP solver of type Gauss-

Newton which, starting from an initial guess (see Fig.8), improves the data fit iteratively until the desired 

fit precision is reached (see Fig.7). Since the moments are a linear function of the field measurements the 

optimal moments mi can be founmd directly by the pseudo-inverse of a matrix.  

 

 

 

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

Once the data fit errors are minimized the associated optimal MDM allows then to calculated the field at 

the magnetometer location (Case 1) or to derive the global moment of the spacecraft (Case 2). 
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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 a closed surface around the test aricle, for instance on a sphere. 

In practice this is of course not feasible. Due to the data gaps in which no information exists, there is a 

host of possible MDM solutions which all produce the same least square fit at the data points, but which 

show considerable deviations (ambiguities) within the data gaps (see Fig.14).  

In Fig.9 the Ambiguity Error is defined. 

Fig.9  Definition of the ambiguity error 

The 3ů deviations inside a population of optimal 

MDM solutions, as shown on Fig.10, are inceasing 

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 points as the one in the center; but the 

maximum of the deviations is much lower. 

Fig.10  Ambiguity errors for differenet data coverage 

A considerable part of the GAMAG  software is dedicated to the statistical evaluation of the ambiguity 

errors on a centered sphere, in terms of their mean and 3ů deviation values. In particular, the uncertainty 

of the field at the magnetometer location and of the global spacecraft moment is calculated. 
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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|mi|/|Zmi| [ - ]         

 Wf       = Weighing Factor for Scf Term           [ - ]         

                                                            

 

 MDM Optimization by nd - Increase:                    

 ================================                    

  nd          C         Stc     StcMmin     Res     Res%    Res%min    Sfc      Wf  

   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   12.243 0.200D+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     1.077     0.021    0.396    3.796    1.500    3. 620 0.200D+00  

  10           31.9     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           21.2     0.030     0.021    0.178    1.711    1.500    2.519 0.200D+00  

  13           20.9     0.002     0.021    0.176    1.691    1.500    2.520 0.200D+00  

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

 

 

 The Optimal Number of Dipoles = 13      Spacecraft I        

 ==================================  

               Position                         Moment             Radius    Moment      Scf  

        px        py        pz          mx        my        mz       rxy       |m|  

                 [cm]                          [mAm^2]                [cm]    [mAm
2
]      [ - ]  

  1  126.2035   78.9161  254.9349    - 208.2     132.7     263.9     148.8     361.4  

  2  133.4689  - 36.3706  191.3314      - 9.6     - 74.8    - 437.0     138.3     443.5  

  3   95.8408   67.0218  177.6751     577.3     318.1    - 639.4     117.0     918.3  

  4   71.9924 - 127.2350  185.6102    - 127.1    - 253.2     - 27.2     146.2     284.6  

  5  - 78.1370  - 92.2089  253.8912     - 12.2     - 45.2    - 110.0     120.9     119.6  

  6 - 128.1474  - 77.0148  262.0289     172.1     - 73.4     210.0     149.5     281.3  

  7  - 27.8 527  127.0934  188.8471    - 111.9     - 18.9    - 432.7     130.1     447.3  

  8  - 95.3469  - 62.4145  174.6597    - 481.5    - 151.1    - 181.1     114.0     536.1  

  9  - 59.6464  159.1926  236.7537      - 3.3     - 18.1       2.6     170.0      18.6  

 10  - 92.3152   71.6453  171.5589    - 371.8     - 54.7     - 13.4     116.9     376.1  

 11   26.1604  - 93.8015  234.1340      48.0    - 146.9     - 54.0      97.4     163.7  

 12   67.7798   74.2249  272.2657      43.2     - 27.4     - 42.2     100.5      66.3  

 13  - 73.4415   32 .0608  322.1688      - 1.6       0.0      - 1.3      80.1       2.0  

 

 Global Moment  =.................    - 486.6    - 412.8   - 1461.9       0.0    1595.0       2.52  

 =============  

 

 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 ft I        

 ============================  

 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      =   2.520   [ - ]  

 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]  

 1   0.160   1.54   0.45    0.180   1.73   0.42    0.195   1.87   0.42  

 2   0. 176   1.69   0.39    0.172   1.65   0.48    0.224   2.15   0.57  

 3   0.152   1.46   0.29    0.170   1.63   0.44    0.216   2.07   0.42  

 4   0.110   1.05   0.27    0.164   1.57   0.40    0.170   1.63   0 .43                                                       
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 Generation of Ambiguous MDM Solutions  

 =====================================  

   j  nd    Resj   Resm + -  Res3s    Scf   Dmin    Mgj     Mgm  + -  Mg3s   Bspj    Bspm + -  Bsp3s   STCR   STCRlim  

 

   1  13   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  

   5  13   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 [mAm
2
]  

 Global Moment at 3 Sigma                Mgm+3s  = 1642.5 [ mAm
2
]  

  

 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  Emax1   =  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 table above a typical GAMAG  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 reported 

(red mean/3ů.value; spacecraft.momemt = 1600.3/1642.5.mAm
2
;; field at the specification point = 

1.21611/1.229 nT). The ambiguity error on sphere 1 is shown on Fig.10b. Note the coverage problem. 

The mean values are then used to define a magnet whether for the moment compensation of the spacecraft 

(ACS issue) or for the field compensation at the specification point (magnetometry mission).  

 

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)   

Emax1 


