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Abstract. A computer simulation complex for magnetic gradiometry systems is described. This 

complex simulates the estimation procedure for the magnetic dipole moment of a moving object 

according to the magnetic gradiometry data. The paper considers the software architecture and 

intended purpose of the complex and the algorithms of its modules, including the magnetic field 

module, the ambient magnetic field module (the object’s magnetic field, the main magnetic 

field, the magnetic anomaly, and industrial magnetic noise), and the magnetic dipole moment 

module. Some numerical experiments with the simulation complex are briefly described. This 

complex can be used to design degaussing systems for the magnetic field of moving objects.   
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INTRODUCTION 

Several application-relevant problems require ac-

tive control of the magnetic field of moving objects. 

Among them, we mention the following problems: (1) 

suppressing the effect of the carrier vehicle’s field on 

the readings of the onboard magnetic measuring 

equipment during aeromagnetic survey [1] and (2) 

reducing the underwater vehicle’s magnetic field to 

secure against magnetic detection means [2]. The first 

problem can be solved analytically when processing 

the received measurement information, whereas the 

second problem requires a special onboard degaussing 

system for the moving object. This system represents 

a set of coils with an applied current to compensate, to 

a certain extent, the moving object’s magnetic field. 

Obviously, the performance of such a degaussing sys-

tem strongly depends on the choice of control laws for 

coils currents. The paper [3] proposed an original con-

trol scheme for compensating currents based on esti-

mating the parameters of the magnetic dipole moment 

(MDM) of a moving object using real-time magnetic 

gradiometry data from a special measuring system; 

the resulting MDM estimates were considered when 

controlling the degaussing device. 

The magnetic gradiometry system can be designed 

in a compact form, ranging from 20 cm to 2 m, de-

pending on the selected magnetically sensitive ele-

ments. Hence, it can be implemented on a stationary 

bench (like all standard means for determining the 

MDM currently used) and in a mobile or towed con-

figuration. Adopting such systems, which estimate the 

MDM in real time during motion and can be used to 

control coils currents, will significantly improve the 

quality and reliability of degaussing of a moving ob-

ject (MO). The advantages seem obvious: a closed 

loop control system with an MDM value feedback 

control is used instead of compensating the MO’s 

magnetic field based on the static bench data. This 

approach considers a slow change in MO’s magneti-

zation and its magnetization reversal due to the 

movements of ferromagnetic masses in the Earth’s 

magnetic field. 

To assess the effectiveness of this compensation 

scheme when controlling the MO’s magnetic field, we 

developed a computer simulation complex for the 
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magnetic gradiometry system, considering both the 

motion features of the MO and the measuring unit and 

various natural and artificial noises arising when 

measuring the magnetic field gradient. Thus, the 

complex is applied to analyze the operation of the 

MO’s magnetic field control system. This paper de-

scribes the complex in detail.  

1. STRUCTURE OF COMPUTER SIMULATION COMPLEX  

The computer simulation complex for the magnet-

ic gradiometry system is a set of software modules 

united in an information network that simulates the 

interaction of ferromagnetic objects with the Earth’s 

magnetic field (EMF), the operation of various-type 

magnetic gradiometers under the motion of the object 

and the measuring unit, and remote determination al-

gorithms for the MDM parameters. Simulations can 

be performed in real time. 

Information interaction in the complex is carried 

out in the client-server mode. In this scheme, the cen-

tral element (server) is a special software module that 

controls and coordinates the entire complex and 

writes model data to files for subsequent analysis. 

In addition to the server, the complex has service 

modules (clients) of two fundamentally different 

types: 

 modules implementing mathematical modeling 

algorithms for virtual objects, systems, and processes 

(virtual devices); 

 user interface modules visualizing the necessary 

parameters and allowing the operator to manage the 

virtual experiment parameters in real time (indica-

tors). 

The virtual device modules include a module for 

determining the navigational parameters of the mov-

ing object and measuring unit, a module for calculat-

ing the magnetic field and its gradient, and a module 

for estimating the MDM parameters. 

The composition of the indicator modules depends 

on the goals of the virtual experiment and can be se-

lected individually by the operator. 

The simulation mode is controlled by the system 

timer. Each virtual device operates independently, 

notifying the server about the arrival of a new data 

portion. In turn, the server notifies the corresponding 

indicators about the possibility of visualizing new da-

ta and notifies the virtual devices about the corre-

sponding control commands received from the opera-

tor. The information generated by each virtual device 

is saved and processed in its data storage area; the 

server transfers this information to the indicator mod-

ules. During visualization, indicators and virtual de-

vices can have a unique relationship: an indicator re-

flects the virtual behavior of a specific virtual device. 

In the general case, the data of all virtual devices are 

available for single visualization control. Virtual de-

vices are always managed individually. 

2. MODULE FOR DETERMININING               

NAVIGATIONAL PARAMETERS 

This module is intended for generating data on the 

position, speed, and orientation of the MO and meas-

uring unit at different time instants. Two sets of mo-

tion parameters have to be determined (for the MO 

and measuring unit). Therefore, the module for de-

termining the navigational parameters consists of two 

parts, each generating parameters for one object (the 

MO or measuring unit). The operator can choose be-

tween independent and dependent laws of motion of 

the MO and measuring unit. The latter case is imple-

mented if the MDM parameters are determined using 

a magnetic gradiometer towed behind the MO, as de-

scribed in [3]. On the one hand, the simulation results 

can be reliably analyzed only if the navigation plan 

(scenario) for each computational experiment is exact-

ly specified and strictly followed. On the other hand, 

the maximum degree of correspondence of the model 

to real physical processes is needed; particularly, the 

virtual MO should be controlled so that its motion 

matches that of the real one. 

To meet these requirements, we developed a mod-

ule for determining the navigational parameters in 

which the virtual motion is controlled according to the 

navigational plan (task). Moreover, motion control is 

largely similar to that of the ship’s crew (the naviga-

tor and helmsman). 

The navigational plan is a sequence of given path 

lines, each specified by a set of points with known 

geographic coordinates (latitude, longitude, and alti-

tude), traversed by the moving object with a given 

linear velocity. The navigational plan is described by 

a structured sequence of points and saved as a text 

file. The navigational plan is prepared for each com-

putational experiment separately and loaded before its 

start. At the same time, the operator can interactively 

modify the navigational plan after loading using spe-

cial indicators. 

In the simulation complex, the virtual object is 

moving along the trajectories specified by the naviga-

tional plan in two modes: manual (the operator con-

trols the object’s motion from the keyboard) and 

automatic (the program imitates the operator’s ac-

tions). 

For the convenience of virtual motion control, 

auxiliary control information is formed as a hint for 

the operator (manual mode) or a guideline for the vir-
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tual autopilot (automatic mode). This control infor-

mation is a scalar course deviation (correction) signal 

for both the operator and the autopilot. For the suc-

cessful execution of the navigational task, the operator 

(autopilot) should maintain a motion mode in which 

the correction parameter is close to 0. If the object 

needs to deviate to the right (left) to follow the speci-

fied trajectory, then the correction value will take a 

positive value (a negative value, respectively). The 

orientation is calculated based on the parameters of 

the MO’s trajectory considering the sinusoidal dis-

turbance caused by the natural waves of the marine 

environment. The algorithm for calculating the navi-

gational parameters was described in detail in [4, 5]. 

3. MAGNETIC FIELD MODULES 

Assume that the magnetic field near the moving 

object is induced by the following sources: 

 the constant component of the MO’s magnetic 

field caused by the “hard” (constant) magnetization of 

the casing materials and the operation of the onboard 

electrical equipment; 

 the variable component of the MO’ magnetic 

field caused by the “soft” (variable) magnetization of 

the casing; 

 the main magnetic field; 

 the short-term magnetic variation; 

 the magnetic anomaly; 

 industrial magnetic noise (when the magnetic 

measuring system is located on the coast). 

The resulting magnetic field is the sum of the 

fields from these sources. Consider the process of cal-

culating each of these components in detail. 

When calculating the constant component of the 

MO’s magnetic field, we assume that the MI’s casing 

contains virtual sources of constant (hard) magnetiza-

tion described by a system of local dipole transmitters 

in a coordinate system rigidly connected with the 

MO’s casing. The model parameters are their magnet-

ic dipole moments Mi and the centers’ coordinates ri. 

The total field has the following formula [6]: 
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where r denotes the radius vector of the observation 

point. (All vectors in the paper are three-dimensional 

columns.) 

To determine the magnetization of the ellipsoidal 

casing, we emphasize that the magnetic field induced 

by the shell can be written as a gradient of some sca-

lar potential [7]: 

.sB u                            (3) 

It can be shown that the scalar function u intro-

duced in this way satisfies the Laplace equation both 

inside the casing and outside it. Moreover, the bound-

ary conditions for Maxwell’s equations hold on the 

casing surfaces. Hence, the solution functions u1 (out-

side the casing), u2 (in the casing walls) and u3 (inside 

the casing) are given by [8]: 
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where n is the maximum order of the expansion; , ,   

and   are the prolate spheroidal coordinates;  m

nP   

and  m

nQ   are the associated Legendre functions of 

the first and second kinds, respectively; finally, 

 ,m

nY    are the spherical functions [9]. The con-

stants , , ,nm nm nmA B C  and 
nmD  are obtained from the 

system of linear equations   
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where 
1  and 

2  are the geometrical parameters de-

termining the outer and inner ellipsoidal surfaces, and 

the coefficients 
nmu  and 

nmw  are given by 
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(6) 

where ue is the scalar potential of external sources (the 

EMF, the magnetic field of the system of constant 

dipoles). In the simulation complex, the integrals (6) 

can be calculated in two ways: using the Gauss–

Legendre quadrature method [10] and a generalization 

of the sampling theorem [11]. With the coefficients 

, , ,nm nm nmA B C  and 
nmD  obtained from (5), the scalar 

potential and the magnetic field can be calculated by 

formulas (4) and (3). Thus, the magnetic field of the 

casing can be expanded into a series with respect to 

the spherical functions: the input parameters are the 

geometric dimensions of the casing and the magnetic 

permeability of its material, and the expansion coeffi-
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cients depend on the EMF. They are recalculated at 

each step of the algorithm. 

In this complex, the main magnetic field is calcu-

lated using the IGRF 13 model [12]. Similar to the 

casing field, the main magnetic field is written as the 

gradient of the scalar potential given by 
1
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where , ,r   and   are the spherical coordinates of the 

observation point, and t denotes time. The compo-

nents of the magnetic induction vector are calculated 

by formula (3). The constants 
0

0,, , , ,mn mn mna t g g h  and 

mnh  are known and loaded from the file before the op-

eration starts. 

The short-term magnetic variation is written as the 

sum of sinusoidal components  

 cos sin .v i i i ii
B C t S t                 (8) 

The values , ,i iC S  and 
i  are input parameters 

specified in the settings file. 

The magnetic anomaly is described by a synthetic 

model built as the potential of dipoles randomly dis-

tributed in a square of 10×10 km, with a periodically 

repeating palette. During the simulation, the depth of 

the dipoles’ layer is set to 1 km; the range of the max-

imum dipole moment amplitude, to ± 25 MA ∙ m
2
. 

The anomaly field does not reflect the true structure 

of the EMF of the indicated area, just simulating the 

characteristic magnetic disturbances and inhomogene-

ities in the magnetization of geological structures. 

Nevertheless, the model has an adequate behavior: as 

the height increases (deep water), the amplitude of 

anomalies decreases, and the characteristic period in-

creases. The total field of anomalies is calculated us-

ing a formula similar to (1). The correspondence of 

the magnetic anomaly model to the true magnetic 

field distribution is not significant for the algorithm 

for determining the MDM: the very presence or ab-

sence of an anomalous component affecting the op-

eration of this algorithm is essential. The synthetic 

magnetic anomaly model allows estimating this effect 

in the simulation mode and establishing the conditions 

under which the remote determination of the MDM 

during sailing can be considered correct. The model 

does not evolve, being stable over time. The model 

parameters are “hardly” embedded into the program 

code of the only available function. Calling this func-

tion generates the parameters of the model field. 

Finally, the industrial noise is simulated using the 

field of a system of infinitely thin wires with a sinus-

oidal current of industrial frequency (50 Hz or 60 Hz) 

applied. The magnetic field of a wire with an applied 

current has a simple analytical expression [6]: the to-

tal wire field is simply the vector sum of the individu-

al wire fields. The input data for simulation are the 

geometric parameters of the system and the frequency 

and amplitude of the wires currents.  

4. MAGNETIC DIPOLE MOMENT MODULE  

This module simulates the process of magnetic 

measurements and determines the MDM by these 

measurements. First, we describe the simulation of 

measurements. 

The complex simulates the operation of the meas-

uring unit with a spaced layout of the sensors (Fig. 1). 

The virtual unit represents a regular tetrahedral pyra-

mid with magnetic sensors S1–S4. In addition, the unit 

includes blocks of an orientation system (indicated by 

GIS) to determine the spatial and angular position. 

 

 
 
Fig. 1. Magnetosensitive measuring unit on spaced sensors. 

 
The complex simulates the operation of the meas-

uring unit using magnetic sensors of three different 

types: 

 scalar sensors (quantum sensors) [13], 

 vector three-component sensors of high sensitiv-

ity and accuracy (superconducting quantum interfer-

ence devices, SQUIDs) [14], 

 vector three-component sensors of low sensitivi-

ty and accuracy (fluxgate magnetometers) [13]. 

The first type corresponds to a vector magnetic 

gradiometer; the second and third ones, to a tensor 

magnetic gradiometer. 

The operation of magnetosensitive elements of all 

three types is simulated by the same scheme. At each 
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cycle of the system time, the following actions are 

performed: 

 The model (“true”) parameters of the posi-

tion––coordinates and orientation––are calculated for 

each sensor of the virtual magnetic measuring unit 

using the procedures of the navigation module of the 

measuring unit. 

 The new (“distorted”) values of the spatial 

coordinates of the measuring units are calculated. 

(The deformation of the magnetic gradiometer unit’s 

platform is simulated.) 

 The components of the model (“true”) mag-

netic field vector are calculated for the “distorted” 

position parameters in the coordinate system associat-

ed with each sensor. 

 The parameters of the “true” field vector are 

virtually measured in accordance with the model pa-

rameters of the sensor’s measuring properties: the pa-

rameters of the new “measured” field vector, distorted 

relative to the “true” one, are calculated. The distor-

tions result from the systematic zero-drift errors, devi-

ations from the scale factor from 1 (for each compo-

nent of the vector), the non-orthogonality of the sensi-

tive axes, and measurement noises. 

 If the scenario assumes simulating the meas-

uring unit using scalar magnetosensitive elements, 

then for each sensor, the “measured” vector parame-

ters are transformed to scalars by taking the absolute 

value. 

 Depending on the type of sensors, the type of 

the magnetic gradiometer unit is automatically deter-

mined: the unit will “measure” the gradient vector of 

the field’s absolute value in the case of scalar sensors 

and the tensor of the second derivative of the field 

potential in the case of vector sensors. 

 The orientation angles of the “true” position 

parameters block are also measured virtually: the 

“measured” parameters of the angular orientation vec-

tor are calculated. They differ from the “true” ones 

due to the systematic distortions under the specified 

accuracy parameters of the virtual orientation system 

of the measuring unit. 

The calculated “measured” parameters are input 

data for the algorithm for determining the MDM pa-

rameters. 

Note that this module may operate in the calibra-

tion and measurement modes. The former mode acti-

vates the algorithm for calculating the corrections for 

the virtual measurement data. The corrections are in-

troduced by “measuring” the alternating field induced 

by the virtual reference source. The difference be-

tween the measurement and calibration modes is the 

absence of the reference field: during virtual meas-

urements, the reference field source is switched off. 

Let us briefly describe the algorithm for estimating 

the MDM parameters by magnetic field measure-

ments. For the sake of definiteness, consider a tensor 

measuring unit. Assume that a single dipole is located 

at the origin of the coordinate system. Then formula 

(1) yields 

 T 20

5
3 .

4
B rr r I M

r


 


                   (9) 

Here M is the magnetic dipole moment; I denotes an 

identity matrix of dimensions 3 × 3; rr
T
 is the outer 

product of the vectors. We will determine r and M by 

the known values of the left-hand side of (9) at several 

measurement points and the distance between them. 

For each of 4 vector field sensors, we calculate 
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Here M and r  are the estimates of M and r; δri are the 

known displacement vectors of the vector magnetic 

sensors relative to the system’s measuring center; Bi is 

the calculated value of the field vector under the cur-

rent hypothesis for sensor i. 

Since the field vector measurements are subject to 

variations, we should consider the differences in the 

field components. The magnetic field variations are 

spatially homogeneous enough to neglect their spatial 

variations at distances of up to several kilometers. 

We introduce the vector of estimated parameters 

 1 2 3 1 2 3, , , , ,x r r r m m m , 

where ri are the components of the corrections vector 

for some prior estimate of the radius vector r of the 

dipole location point; mi are the components of the 

corrections vector for some prior estimate of the di-

pole moment vector M:  

 0 0 1 2 3 1 2 3, , , , , , .X X x X r r r M M M    

Next, we introduce the vector of the measured 

componentwise differences between the vector sen-

sors readings: 

 121 122 123 231 232 233 241 242 243, , , , , , , , .z z z z z z z z z z  

Here the first subscript corresponds to the number 

of the “minuend” sensor; the second subscript, to the 

number of the “subtrahend” sensor; the third sub-

script, to the number of the sensitivity axis along 

which the difference is measured. Despite that 18 

such differences are measured for 4 sensors in total, 

only 9 of them can be considered independent: any 

other component of the differences can be expressed 

through the parameters of the vector z. Now we intro-

duce a vector containing the parameters of the gradi-

ent (the differences of the field components): 
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Note that Gijk are expressed through r and M using 

formula (10). Thus, the problem is finding r and M 

satisfying the relations  

 , ,ijk ijkG f r M  

where fijk are nonlinear functions of r and M, ex-

pressed through formula (10). This class of problems 

can be solved using a nonlinear generalization of the 

Kalman filter––the Iterated Extended Kalman Filter 

(IEKF) [15–18]. 

A similar approach applies to determining the 

MDM parameters by the gradient vector measure-

ments. The only difference is that the measurements 

equation will include not the differences between the 

field vectors components but the differences between 

their absolute values. However, in the configuration 

of the measuring system with 4 sensors, a vector gra-

diometer yields 3 independent measurements: we can 

determine only the MDM parameters but not the 

MDM radius vector. 

Numerical experiments show that under moderate 

errors in the prior estimates of r and M and measure-

ment noises, this algorithm always converges to the 

true values of the MDM parameters. Its domain of 

convergence is presented in Fig. 2. The corresponding 

initial conditions are from a cube of dimensions 40 × 

40 × 40 m (from –20 to +20 for each coordinate), and 

the dipole position is (5, 0, 0.306). The dipole mo-

ment is equal to 100 Am
2
, and the measurement noise 

of the field components is nT. The shade of gray indi-

cates the number of iterations for reaching the solu-

tion point. Due to the gradiometer’s design, the plane 

passing through its center (with the normal directed to 

the dipole) is the boundary of this domain; see Fig. 2. 

5. EXAMPLES OF NUMERICAL EXPERIMENTS           

WITH THE SIMULATION COMPLEX 

To demonstrate the effectiveness of the algorithms 

for determining the MDM by the magnetic field gra-

dient parameters at the detector’s location, we carried 

out several numerical experiments with the simulation 

complex. The results of some experiments are pre-

sented below. To control the accuracy of determining 

the MDM by the detector, we applied the following 

approach: given the parameters of the object’s model, 

we calculated the asymptotic behavior of the magnetic 

field at infinity, corresponding to the field of a point  

 
 
Fig. 2. The domain of convergence for iterative algorithm. 

 

magnetic dipole (decreasing no faster than 1/r
3
). Note 

that the main magnetic field, the magnetic anomaly, 

and industrial noise were not included in the model 

field expression. 

The first experiment simulated the simplest possi-

ble situation: the object’s motion with a detector 

towed behind it on a flexible cable along a rectilinear 

route. The field of a point magnetic dipole was the 

object’s field, and the fields of magnetic anomaly and 

industrial noise were neglected. The results of this 

experiment are shown in Figs. 3–5. (All values on the 

right scale of Fig. 5 are multiplied by 10
6
.) 

Clearly, the algorithm for calculating the MDM 

converges rather quickly to the true dipole moment 

value (the coefficient at the expansion term decreas-

ing with a rate of 1/r
3
). 

The second experiment simulated the estimation 

procedure of the MDM considering the sensors’ nois-

es and the inaccurately known geometry of the meas-

uring unit. The results are shown in Figs. 6–8. (All 

values on the right scale of Fig. 8 are multiplied by 

10
6
.) This experiment was carried out with the follow-

ing mean-squared errors of the geometric parameters: 

10 cm (the distance between the object and detector), 

2 mm (the distance between the individual sensors in 

the detector, with a sensor spacing of 2 m), and 10
–4

 

rad (the orientation of the sensitivity axes of the mag-

netic measuring system). Quite expectedly, the esti-

mation quality decreased compared to the first exper-

iment. 
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Fig. 3. Estimation error for the absolute value of MDM. 

 

 
 
Fig. 4. Estimation errors for MDM components. 

 

 
 
Fig. 5. MDM components. 

 
 
Fig. 6. Estimation error for the absolute value of MDM. 

 

 
 
Fig. 7. Estimation error for MDM component. 

 

 
 
Fig. 8. MDM components. 
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In the third experiment, we calculated the object’s 

magnetic field as the sum of the fields induced by a 

system of point dipoles and a homogeneous casing. 

The results of this experiment are shown in Figs. 9–

11. (All values on the right and left scales of Fig. 11 

are multiplied by 10
6
.) The quality of estimating the 

MDM is worse than in the first experiment. This fact 

is explained both by the algorithm’s peculiarities (it is 

based on the point dipole field formula and deter-

mines the MDM of more complex systems only ap-

proximately) and by the presence of the simulated 

measurement noises. Moreover, it was assumed that 

the object was moving along a curved route with ma-

neuvering. Note that the estimation errors in the third 

experiment are not much worse than in the second 

experiment. Therefore, the algorithms under consider-

ation are applicable for estimating the MDM of the 

objects with a rather complex structure of their mag-

netic field. 

CONCLUSIONS  

This paper has considered a computer complex 

developed by the authors to simulate the operation of 

a magnetic gradiometry system in the process of esti-

mating the MO’s MDM. The general structure and 

principles of the complex and the purpose of individ-

ual service modules have been described in detail. In 

addition, three algorithms have been presented: an 

algorithm for simulating the MO’s magnetic field that 

includes two components (the constant field and the 

field of an ellipsoidal casing), an algorithm for simu-

lating the main magnetic field and various noises (the 

industrial noises, the magnetic anomaly, and the 

short-term magnetic variation), and a nonlinear algo-

rithm for estimating the MDM parameters by meas-

urements of the magnetic field vector components at 

several points with fixed spacing. Finally, several 

numerical experiments with the simulation complex 

have been provided. 

The complex estimates the MO’s MDM in the sta-

tionary, mobile, and towed configurations. The com-

plex can be used to assess the effectiveness of imple-

menting the described MDM estimation systems in 

real time during motion and test coil current control 

during the degaussing of the MO, which may signifi-

cantly improve its quality and reliability.  

 

 
 
Fig. 9. Estimation error for the absolute value of MDM. 

 

  
 

Fig. 10. Estimation error for MDM component.  

 

 
 

 
Fig. 11. MDM components.  
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