
IJRRAS 13 (2) ● November 2012 www.arpapress.com/Volumes/Vol13Issue2/IJRRAS_13_2_04.pdf  

 

 

398 

 

COMPUTATION OF MAGNETIC FORCES IN MOVING COIL DRIVERS 

USING MEAN AND DIFFERENCE POTENTIALS 
 

 

Antônio Flavio Licarião Nogueira 
1
Universidade do Estado de Santa Catarina, Joinville, Santa Catarina, Brazil 

 

ABSTRACT 
The purpose of the work is to investigate the performance of the mean and difference potentials method for the 

calculation of magnetic forces using a test problem that is axisymmetric and unbounded. The force-displacement 

characteristic of a conventional loudspeaker’s moving coil is firstly obtained by the mean and difference potentials 

technique, and this characteristic is compared to those produced by the methods of weighted Maxwell stress tensor 

and Lorentz force. The alternative approach to the calculation of forces and torques combines the principles of 

virtual work and superposition, and can be applied to any sequence of magnetically linear boundary-value problems 

which differ only in the placement of their excitations. The method avoids numerical differentiation entirely, and the 

numerical integrations are performed in the regions containing the field sources, wherein the field distributions are 

usually homogeneous and less prone to numerical error. The nonlinearity and asymmetry of the force-displacement 

characteristic obtained by the mean and difference potentials approach are in accordance with the physical 

understanding of the device, and the force values are computationally equivalent to those produced by the 

benchmark force methods. 
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1. INTRODUCTION 

Calculation of torques and forces from numerical field solutions usually involves some kind of numerical 

differentiation, and all familiar sources of errors are present in numerical differentiation. Errors in the approximation 

function are the most critical, even when small, because they are magnified by differentiation algorithms. The 

numerical errors in computed forces and torques can be unacceptably large because their computations are usually 

directly related to magnetic flux densities, not to the scalar or vector potential distributions produced by 

conventional finite element analysis. 

In numerical problems involving both differentiation and integration, errors will be minimized if the order of the 

operations can be so rearranged that all integrations are done numerically, all differentiations analytically. Such 

arrangement for the sequence of operations is theoretically justified by the fact that numerical integration is a robust 

process and analytic differentiation is error-free. The method of mean and difference potentials is physically related 

to the virtual work principle and relies on this reformulation of the computation sequence [1]. 

The present work investigates the performance of the method when used to solve an unbounded axisymmetric 

problem. The problem concerns the computation of the force acting on a moving coil at various positions. The 

device under analysis is one of the loudspeakers discussed in [2]. The loudspeaker contains a permanent magnet ring 

whose magnetic flux is diverted to the air gap between the center pole and the top plate. The solenoidal coil is 

excited with the rated current and is free to move in the axial direction. The interaction between the coil current and 

the magnetic flux in the air gap results in a magnetic force in the axial direction. An illustration of the parts that 

affect the electromagnetic action of the loudspeaker is shown in figure 1. 

The field distribution in the air-gap region is quite inhomogeneous, and this makes the test problem adequate to 

performance analyses employing different force calculation methods. The aim of the work is, firstly, to obtain the 

force-displacement characteristic of the moving coil using the mean and difference technique, and compare it with 

the results produced by the methods of weighted Maxwell stress tensor and Lorentz force JB. These methods are 

acknowledged for producing consistent and accurate force results across a range of devices and applications [3], [4]. 
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Figure 1. Cross-sectional view of the loudspeaker. 

 

 

The characteristic that represents the force acting on the coil at different positions in the axial direction is nonlinear 

and asymmetric. The nonlinearity of the force-displacement and force-current characteristics of loudspeakers is 

highlighted in many research papers that report on the causes of these imperfections, and propose optimized 

structures for loudspeakers [5], [6], [7]. 

The method of mean and difference potentials has initially been applied to force problems where the magnetic field 

arises entirely, either from moving permanent magnets or moving coil conductors. The former class of problems 

includes cogging torque calculations in permanent-magnet motors [8]-[9], whereas the latter includes the analysis of 

a simple coil-gun [10]-[11].  The present work embodies a more complete derivation of the method wherein both 

sources of magnetic field are present: the field created by the stationary magnet ring as well as the field created by 

the current carrying conductors of the moving coil. This will, certainly, increase the confidence of future potential 

users on a technique that matures and grows more robust with use.  

 

2.  PROBLEM DESCRIPTION 

In the loudspeaker under analysis, a ring of permanent magnet is the main source of magnetic field. The permanent-

magnet material is ceramic ferrite with remanence Br=0.391 T, coercitivity Hc=233.568 kA/m, and recoil 

permeability close to unity. The soft magnetic material that forms the plates and centre pole is 1010 cold-rolled 

steel. The solenoidal coil is 2 mm thick and its height is 15 mm; it is placed in the centre of the air gap, which has a 

radial length of 4 mm. The direction of the current is in the –θ direction, opposite to the increase of the azymuthal 

angle. The coil has 300 turns and the rated current is 1.0 A. 

An imaginary horizontal plane that bisects the top plate is used to define the positional reference frame. When the 

upper and lower halves of the coil are symmetrically distributed with respect to this plane, the coil is at its centered 

position and the displacement d is taken as zero. When current flows in the coil, an axial force is developed. For the 

rated current of 1.0 A, the force is in the axial direction for negative and positive coil displacements, and tends to 

pull the coil downwards. 

The expected characteristic that represents the force acting on the coil at different positions in the axial direction is 

nonlinear and asymmetric. The asymmetry of the characteristic stems from the asymmetry of the fringing field 

above and below the top plate. 

 

3.    METHOD OF ANALYSIS 

To obtain the characteristic that represents the force acting on the coil for different axial displacements, a sequence 

of magnetic vector potential solutions is used to simulate the movement of the coil. The force acting on the coil is 

computed by three different methods: (i) mean and difference potentials; (ii) weighted Maxwell stress tensor; and 

(iii) Lorentz force JB. In the following, the last two methods will be referred to as conventional methods. 

Were the virtual work approach to be used, there would be two boundary-value problems (BVP) with magnetic 

vector potential distributions A1 and A2 corresponding to positions 1 and 2 of the coil. Both problems differ only in 

the placement of the current density distributions J1 and J2, and are subject to the same boundary conditions. The 

subtraction of the system’s total energy at the two coil positions gives the energy difference 
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where  denotes the problem region. 

 

If the problem is magnetically linear, superposition can be exploited and, instead of working with the two boundary-

value problems in A1 and A2, two other boundary-value problems may be defined. The difference problem, 

expressed in terms of potentials Ad and current densities Jd, is obtained as half the difference of the two problems 

above, and is subject to homogeneous boundary conditions as a result of the subtraction. The mean problem, 

expressed in terms of potentials Am and current densities Jm, is obtained as half the summation of the two problems, 

and is subject to the same boundary conditions of the problems which represent the two consecutive positions. 

Rewriting the energy difference expressed in (1) in terms of the other two problems, yields 

.
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(2) 

The energy difference is then obtained by combining the potential distribution of one problem with the current 

density distribution of the other. The force is then evaluated by computing the difference quotient 

,
d

W
F






 

(3) 

where d is the positional displacement and F is the estimate to the force at the intermediate position. 

 

4.    FINITE ELEMENT MODEL 

4.1. The Axisymmetric Structure 

To test the method set out above, a magnetic field analysis program has been used to solve the field problems [12]. 

An outline of the axisymmetric structure is shown in figure 2. The numerical model also includes an external 

semicircle, not shown in figure 2. The radius of the semicircle is 160 mm, and represents four times the external 

radius of the loudspeaker’s magnet ring. All problems’ boundary conditions are defined on this semicircular 

boundary. Asymptotic boundary conditions are used for the field solutions representing the mean problems, as well 

as for the solutions by the two conventional methods [13], [14]. For the difference problems, the potentials are equal 

to zero at the semicircular boundary.  

A single finite-element mesh is used for all computations to guard against mesh artifact in the results [15]. The use 

of a unique mesh allows combining the different solutions expressed in (2) without any need to interpolate between 

meshes. 

The numerical model includes several rectangular regions in the gap between the centre pole and the top plate. 

These regions allow flexibility for simulating the coil movement. In this drawing, the coil is at the centered position 

and its displacement d is zero. 

For the problems solved by the methods of the weighted stress tensor and Lorentz force, one of the artifices of the 

equivalent source methods is employed in the modeling of the permanent magnet [16].  Here, the permanent magnet 

is represented by three regions: two thin current sheets separated by a region filled with air. The coercitivity of the 

permanent magnet is Hc=233.568 kA/m and the current sheets are considered to be 0.1 mm thick. To represent the 

permanent magnet magnetized in the +z direction, the current densities +Js and Js indicated in figure 2 are equal to 

+2,335.68 MA/m
2
 and 2,335.68 MA/m

2
, respectively. The use of equivalent current sheets allows the calculation 

of the magnetically stored energy in the region occupied by the permanent magnet by means of the integration of 

A.J, and this avoids numerical differentiation. 
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Figure 2. Regions of the numerical model. Dimensions in millimeter. 

 

4.2. Simulation of Movement 

Two sequences of magnetic vector potential solutions are used to obtain two forcedisplacement characteristics. In 

both sequences of simulation, the coil displacement d varies from 7 to +7 mm. The coil movement in steps of 1 

mm (7% of the total excursion) is simulated using the artifice of material re-identification to change materials and 

current densities in problems representing consecutive positions. Different current distributions are then the basic 

feature distinguishing the fifteen geometrically distinct problems solved by the methods of the weighted stress tensor 

and Lorentz force. For these methods, the force is evaluated at consecutive coil positions, as illustrated in figure 

3(a)-(b). 

In the mean and difference potentials technique, the force is estimated at the intermediate position. Here, two 

distinct field problems are solved to obtain the energy difference W given by (2), so there are altogether 28 

program runs for this technique. The current distributions of the problems representing half the difference and half 

the summation of two consecutive coil positions are illustrated in figure 3(c)-(d). 

 
Figure 3. Current distributions: (a)-(b) Excitations at two consecutive coil positions; (c) Half their difference; (d) Half their 

summation. 
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Two enlarged views of the region occupied by the permanent-magnet ring and modeled numerically by thin current 

sheets appear in figure 4. For the problems representing half the difference of two consecutive coil positions, the 

current sheets are source-free as a result of the subtraction, and this is illustrated in figure 4(a). For the problems 

representing half the summation, the current densities +Js and Js indicated in figure 4(b) are equal to +2335.68 

MA/m
2
 and 2335.68 MA/m

2
, respectively, the same values used in the problems solved by the conventional 

methods. 

 

 
Figure 4. Current distributions in the current sheets: (a) Difference problems; (b) Averaged problems. Dimensions in millimeter. 

 

Since a unique finite-element mesh is used in all computations, the pre-processing tasks consist mainly of a series of 

commands to edit and alter the material identification labels attached to the current-carrying regions. 

 

5.    NUMERICAL RESULTS 

5.1. Flux Plots 

Two flux plots are used to illustrate the general pattern of the solutions obtained by the mean and difference 

technique. The plots shown in figure 5-6 refer to solutions used to estimate the energy difference W at position 

d=4.5 mm; these two boundary-value problems represent half the difference and half the summation of the problems 

representing the coil displaced 4.0 and 5.0 mm from its centered position.  

The plots presented in figure 5-6 clearly show that the field distributions of the two boundary-value problems are 

quite different from each other. In the air region between the coil and the current sheets, in particular, some degree 

of orthogonality between the two plots can be observed.  

 

5.2. Computed Forces 

Test results obtained by the mean and difference potentials technique together with results obtained by the 

conventional methods are presented in the following. Force results obtained by the two conventional methods were 

computationally equivalent, and the data for these methods are presented together. In the graph of figure 7, 

computed forces by mean and difference potentials are marked with “”, whereas results from the conventional 

methods are marked with “”.  
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Figure 5. Flux lines: half the difference of two problems. 

 

 
 

Figure 6. Flux lines: half the summation of two problems. 
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Figure 7. Computed forces. 

 

Observation of the graph of figure 7 shows that both characteristics trace similar courses. An evidence of this is the 

ease with which a unique smooth curve could be adjusted to the points belonging to both characteristics. The 

mathematical evaluation of the error behavior of this technique shows that the error in computed forces can be 

expected to behave no worse than the error in energy itself – which is usually very small when field problems are 

solved using energy-minimizing finite element methods [17], [18]. The excellent force results obtained by the new 

technique corroborate this theoretical prediction. 

Given the similarity of the two characteristics presented in figure 7, the discussion can simply be made in terms of a 

single forcedisplacement characteristic. The dotted vertical line that appears in the graph helps to spot important 

features of the forcedisplacement characteristic. Firstly, the characteristic is not symmetrical for positive and 

negative displacements d. Also, the curve exhibits a pronounced nonlinearity around its central position, especially 

for small displacements ranging from 4 to +4 mm. These observations are in accordance with the physical 

understanding of the device discussed in [2]. 

Given the reliability of the two benchmark force methods, the results obtained from the new method are completely 

satisfactory. The method of mean and difference potentials, now applied to solve a new type of problem - 

unbounded and axisymmetric -, has proved to produce consistent and accurate force predictions. 

 

6.    CONCLUSIONS 

A performance analysis of the mean and difference potentials method for the calculation of magnetic forces in 

electromechanical devices has been presented. Force results produced by the method under investigation have been 

compared to those produced by the methods of weighted Maxwell stress tensor and Lorentz force. These methods 

have been chosen as benchmark due to their recognized reliability in producing accurate and consistent force results 

along a range of devices and applications. The test problem concerns the computation of the force acting on a 

loudspeaker’s moving coil at various positions. When compared to previous performance evaluations, the present 

work embodies a more complete derivation of the method because both sources of magnetic field are present: the 

field created by the stationary magnet ring as well as the field created by the moving coil. 

In the mean and difference potentials technique, two distinct field problems are solved to obtain the “virtual” energy 

difference and hence, the force estimate at the intermediate position. The analytical development is based on the two 

original boundary-value problems that represent two consecutive positions of the moving sources, and is performed 

prior to the numerical modeling. The development consists of simple algebraic summations and subtractions of 

current densities in the regions that represent the virtual movement of the sources. The pre-processing operations 

follow the analytical calculations, and consist of a series of commands to edit and alter the material identification 

labels attached to the current-carrying regions as well to equivalent current sheets that represent permanent magnets. 
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The accuracy and consistency of the computed forces from the mean and difference potentials technique stem from 

two key factors. Firstly, the method avoids numerical differentiation entirely. Secondly, the numerical integrations 

are performed in the regions containing the field sources, wherein the field distribution is usually homogeneous and 

less prone to numerical error. The strength of the Lorentz force approach, in particular, is also attributed to the latter 

feature. The analytic development of the mean and difference potentials technique is time-consuming, and this is the 

main disadvantage of the method. 
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