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Abstract: Accurate dynamic models of electromechanical 

devices are essential in order to develop effective motion 

control strategies of such devices. The effects of fringing 

flux can not be ignored when dealing with electromagnetic 

devices that present air gaps. So far parametric models 

applied to compute the motion of electromechanical 

devices do not include accurate formulations to take into 

account this effect. 

This paper develops an experimental method to obtain a 

simple analytic formulation of such an effect that can be 

used to calculate the linear motion of the aforesaid devices 

in a proper and accurate way. These effects are introduced 

in a robust and low time-consuming parametric model and 

the results are shown. Measured data has been compared 

with data obtained from simulations thus validating the 

simplicity and effectiveness of the proposed methodology.  
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1. Introduction 
 
Since the early 90’s, many studies have been carried 

out to model the dynamics of electromagnetic 

actuators. The main purpose is to develop new 

control structures for improving the dynamic 

behaviour of such devices. Nowadays, in case of 

electromechanical contactors, new control strategies 

have been presented [1-7] in order to avoid the 

contact bounce phenomenon. The contact bounce is 

due to the fact that the contact is not made at first 

touch due to the excess of energy available during 

the closure process. Therefore, because of bouncing, 

the members make and break their contacts several 

times before they reach a permanent state of contact. 

It causes the apparition of the electric arc in each 

bounce, so the electrical life and reliability of the 

contacts, as well as the mechanical endurance of the 

contactor, are significantly reduced. 

 

For the development of control structures it is 

indispensable to get an accurate dynamic model of 

the movement of such devices. So, dynamic 

simulation is a powerful tool that allows on one hand, 

a better understanding of the behaviour of the 

electromechanical devices, and on the other to build 

up electronic control units. Besides, it is an essential 

tool for design verification, device integrity and 

operational studies [8-9]. 

 

Contactors are highly non-linear devices; therefore 

the mathematical modelling of their motion is a 

challenging problem that is still being investigated 

[10-15], so much so that artificial intelligence 

techniques are being used in order to predict their 

performance characteristics [10]. In order to 

determine the forces that explain their dynamic 

response, it is necessary to solve coupled 

electromagnetic and mechanical equations, which 

make it a complex problem. It is in part due to the 

highly non-linear relationship between the magnetic 

force and the air gap length of the magnetic circuit, 

and to the complex characterization of the flux lines 

distribution in the polar area.  

 

When a magnetic core has an air gap, the flux must 

jump across the gap to reach the opposite side. In 

most available parametric models of 

electromechanical actuators, it is commonly assumed 

that magnetic flux flows through the air gaps through 

a constant section, regardless of its position. But this 

is not so. A portion of the magnetic flux will go 

straight through the air gap, and the rest of the flux 

will be obliged to take a longer and partly curved 

path, this being fringing flux. The models presented 

in the literature do not accurately consider such an 

effect. When dealing with large enough air gaps, 

these models must have used some kind of 



coefficient introduced for computing the inductance, the magnetic force [16] or the air gap reluctances. In 

any case, the models presented in the technical 

literature about electromechanical devices such as 

contactors, electrovalves, among others, do not 

specify the treatment of the fringing flux. 

Thus, fringing flux is a matter that concerns the 

design and modelling of all electromagnetic devices 

in general and in particular the linear actuators [17-

20].Many authors have dealt with this by means of 

FEM (Finite Element Method) based models [21-24], 

in order to compute the performance of the devices, 

but these methods have the drawbacks of being very 

time consuming as well as requiring specific and 

complex software. 

 

However, when the mathematical modelling is based 

upon a network of reluctances/permeances and a 

source of magnetomotive force, the distribution of 

fringing flux near the air gap region is an important 

task, and different reluctances/permeances are added 

depending on the geometry of the actuator [25]. This 

is an approximate method since one has to imagine 

how the flux is spread; so that it leads to successive 

iterations until a good enough model is obtained.  

Another way to take into account the fringing flux 

found in the literature is to increase the effective area 

of the air gap by a value that depends on the air gap 

length as well as on the geometry of the magnetic 

circuit. Mainly this can be found as used [26-27], and 

called fringing factor.  

 

The originality of the work presented here, is that it 

proposes a effective methodology for computing the 

specific fringing factor that appears in any type of 

linear electromechanical device. In this way, the 

electromagnetic circuit is thoroughly characterized, 

helping the researcher or designer to better 

understand the behavior as well as the kinematics of 

the magnetic circuit’s movable parts. 

 

Nowadays the new trend in electromagnetic devices 

is to be electronically controlled. In order to meet this 

objective it is necessary to obtain a detailed 

mathematical model of them. The mechanical and 

electric parameters can be obtained successfully to 

greater or lesser extent, but fringing flux corrections 

are very specific of each device, depending strongly 

on its geometry. Moreover, there is not a general and 

simple formulation to deal with fringing flux 

corrections. So, it makes necessary to obtain the 

specific factor for each geometry dealt with by means 

of the measurements detailed in this work. By this 

way, the proposed methodology is a very useful tool 

in order to determine this correction factor. 

In order to demonstrate its validity it has been 

applied to a DC contactor shown in figure 1. In 

Section 3 the magnetic circuit is modelled in order to 

obtain the reluctances network. In Section 4, the 

magnetic core has been modelled by means of FEA 

(Finite Element Analysis) in order to show the flux 

paths and to emphasize the existence of fringing flux. 

After that the procedure to evaluate the fringing flux 

is thoroughly described. In Section 5, the 

experimental results are presented and compared 

with the results obtained from simulations by 

applying the proposed methodology. Finally, in 

Section 6 the conclusions are shown. 

 

 
Fig. 1 Sketch of the electromechanical DC contactor 
 

2. List of Symbols 
 

xℜ , x: reluctance and length of each air gap path 

fℜ , lf: reluctance and length of the fixed core 

mℜ , lm: reluctance and length of the movable core 

tℜ , lt: reluctance and length of the PTFE sheet 

u, i: voltage and current through the contactor coil  
N, R: number of turns and electrical resistance of 

the coil 

    S: cross-sectional area of the magnetic core 

 

3. Magnetic Circuit 
 
First of all it is necessary to model the device’s fixed 

and movable cores, air gap, coil, etc. in order to 
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determine the electrical and magnetic equations that 

govern the dynamic behaviour. 

Figure 2 shows a sketch of the magnetic circuit of the 

contactor and the theoretical model of the magnetic 

circuit.  

 

 

 
Fig. 2 (a) Sketch of the magnetic circuit of the DC 

contactor and (b) model of the magnetic circuit of the DC 

contactor which includes a PTFE sheet. 
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From figure 2b, and by applying equations (1), the 

analytical magnetizing reluctance of the equivalent 

magnetic circuit can be expressed as follows: 
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4. Fringing Flux Corrections  
 
The fringing flux describes the dispersion of the flux 

lines in an air gap, from the shortest path between 

poles in a magnetic circuit. This effect increases the 

effective cross-section of the air gap. It also 

decreases its reluctance and the attractive magnetic 

force exerted by the magnetic field on the movable 

core of the contactor. The effects of flux fringing 

become more evident as the air gap becomes larger.  

Figure 3 shows the fringing flux effects in the 

immediate vicinity of the pole faces. It clearly shows 

that the effective area of the air gap is increased.  

 

In order to consider the effects of flux fringing, the 

area of the cross-section of the air gap should be 

multiplied by a correction factor F(x) ≥ 1. Different 

 

 
Fig. 3  FEA visualization of the flux fringing paths in a 

DC core 
 

approximations for computing the flux fringing 

factor F(x) can be utilized. A common and well 

known expression of the spreading of the air gap 

effective area due to the fringing paths can be 

expressed as:  
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where x is the air gap length, S is the cross-sectional 

area and A and B are, respectively, the dimensions of 

the rectangular section of the magnetic pole. This 

expression is known to be applicable only for small 

air gaps. Other authors [24-25] approximate the 

fringing factor by means of the following equation 

(4).  
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where G is the winding length. Equation (4) is 

commonly applied when dealing with gapped 

inductances with EE or UU cores.  
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Note that the two aforementioned expressions of flux 

fringing are empirically deduced, although the best 

expression for the fringing factor is not closed 

subject. Furthermore, the abovementioned 

expressions suppose static cores, it means cores with 

constant air gap lengths. When dealing with 

electromechanical devices such as contactors, the air 

gap length is time-dependent because it decreases 

sharply during closure. So far this question has not 

been studied by the parametric models of DC 

contactors available in the technical literature, except 

in one reference [6]. In this reference the fringing 

flux effects are approximated to in a simple way. A 

simplified expression of the magnetizing inductance 

that takes into account fringing flux effects is 

obtained by adding a constant value in the expression 

of inductance. This method obtains good enough 

results but has the drawback of lacking in theoretical 

fundamentals.  

 

The work presented here attempts to be rigorous with 

the corrections necessary to model the fringing flux 

effects. Note that these corrections have been 

established from their measured effects. 

 

To determine the experimental profile of the fringing 

factor F(x) the position of the movable core x, the 

voltage u and the current i through the coil have been 

measured during a contactor closure. To validate the 

model presented in this work it is necessary to 

measure the extent to which the movable core 

travels. This has been measured by using a laser 

Doppler vibrometer Polytec OFV-3000/OFV-502 

which is a non-invasive measurement system and 

does not modify the kinematics of the movable parts. 

The laser vibrometer measures the acceleration of the 

movable core, which is integrated to obtain the 

velocity and the position. 

 

The effects of the analytical magnetizing reluctance 

of the contactor –which takes into account the 

magnetic circuit and the air gap without considering 

the flux fringing –given in equation (2), can be 

expressed as, 
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where, 
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The experimentally measured magnetizing reluctance 

– which contains the fringing flux effects– has been 

measured as follows, 
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where the subscript exp denotes that the magnitudes 

have been measured experimentally. Note that the 

magnetic flux through the magnetic core has not been 

measured directly but it has been deduced from the 

acquisitions uexp and iexp, according to the 

denominator of equation (7). 

The experimentally measured reluctance can be 

rewritten as, 
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Note that position xexp, current iexp and voltage uexp 

have been measured during a closure of the 

contactor. From equations (5) and (8), and taking into 

account the experimental measured air gap length, it 

results, 
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Equation (9) leads to, 
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Equation (10) is evaluated at each acquired air gap 

position xexp during the closure of the contactor, in 

such a way that figure 3 plots the evolution of the 

fringing factor F(x). Afterwards it is adjusted by 

means of the function shown in equation (11), 
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The least squares regression of equation (11) leads to 

the following values for the coefficients: c1 = 0.293 

mm
-1
, c2 = 0.995, c3 = 0.040 mm

-1 
and a correlation 

coefficient R = 0.9987.  

 

Figure 4 shows the performance of the commonly 

applied fringing flux corrections derived from 

equations (3) and (4) as well as the one obtained by 

means of the proposed measurements, which is given 

in expression (10). As observed, equations (3) and 

(4) lead to an underestimation of the fringing flux 

factor.   

 



 
Fig. 4 Different profiles of the fringing flux factor as a 

function of the air gap length  
 

Note that the DC powered contactor by GE Systems 

type CK10CE411, has been studied. Complete data 

for this contactor is available from the authors. 

 

In the case studied here, values of F(x) range from 1 

(x = 0) to 3.4 (x = xmax). This means that the fringing 

flux must be considered, as previously mentioned, 

because their effects can considerably modify the 

dynamic behaviour of the electromechanical device. 

 

A complete flow chart of the methodology proposed 

in this work is shown in figure 5. 

 

)(

)(
exp

exp

exp

xF

bx
a

bxa
xa

+

+
=

ℜ

ℜ

exp

exp

exp

exp

)(1

)(

)(

bxxa

xbx

xF

a

a

+












ℜ

ℜ
−

ℜ

ℜ

=

∫ −
=

Φ
=ℜ

t

dtRiu

NiNi
x

0
expexp

exp

exp

exp

exp

)(
)(

)(xaℜ

 
Fig. 5 Flow chart for obtaining the fringing flux 

corrections 

 

 

5. Experimental Results and Simulations  
In this work, the contactor manufactured by GE 

Systems type CK10CE411 was used. A comparison 

between experimental data and results from 

simulations during a closure manoeuvre was carried 

out. This contactor incorporates an electronic module 

that acts as a current limiter. Figure 6 plots the 

voltage applied to the coil during a closing action 

where the effects of the current limiter module can be 

clearly appreciated. 

 

 
Fig. 6 Measured voltage and current through the coil of 

the contactor 
 

The limitation of the current flowing through the coil 

of the contactor is due to the performance of the 

current limiter module of the contactor which is 

detailed in figure 7. This electronic module limits the 

current of the contactor coil to 3 A. When the current 

reaches this value the voltage is chopped as indicated 

in the grey interval in figure 6.   

 

Fig. 7 Diagram of the electronic module attached to the 

contactor 
 

Figure 8 shows the acquired position x(t) of the 

armature and the results of simulations under 

different fringing flux corrections. As displayed in 

figure 8, if the fringing flux effects are not taken into 

account, the values of x(t) obtained from simulations 



indicate that the closure is much faster than in reality. 

This is so because fringing flux reduces the attractive 

magnetic force, as explained in Section 4. When the 

fringing factor derived in this work is introduced in 

the parametric model, there is a very close similarity 

between the acquired profile of x(t) and the simulated 

one. 

  
Fig. 8 Measured and simulated position –with different 

fringing factors- of the movable core position 
 

Figure 9 shows during a closure of the contactor, the 

calculated flux through the magnetic core by means 

of the acquisition of the current and voltage through 

the magnetizing coil, and the flux calculated by 

means of introducing the proposed fringing flux 

factor in the analytical expression of the reluctance, 

which is shown in equation (12) for more clarity. 

 

 
Fig. 9 Measured and simulated flux through the coil of 

the contactor 
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Figure 10 shows the measured and simulated profiles 

of the current through the coil of the contactor, 

during a closure of the contactor. 

 

 
Fig. 10 Measured and simulated current absorbed by the 

coil of the contactor 
 

Both figures 9 and 10 show a close correlation 

between measured data and results from simulations 

when the proposed fringing flux factor has been 

taken into account.  

 

 
6. Conclusions 
 
This paper proposes a methodology for obtaining the 

effects of the fringing flux that provides the fringing 

factor as a function of the air gap length.  

The proposed methodology is very useful in order to 

improve the existing parametric model of an 

electromagnetic device. Thus, the dynamics of the 

system can be reproduced accurately enough in order 

to carry out simulations of control strategies for 

improving the dynamic behaviour of the device. 

Once the control has been studied and optimized, it 

can be implemented and attached to the 

electromagnetic device. 

 

From the experimental results, an adjusted function 

of the fringing factor with respect to the air gap 

length has been obtained. The obtained fringing 

factor has been incorporated in the parametric model 

of the DC contactor. The comparison between 

measured values of different mechanical, electrical 

and magnetic variables of the contactor and the 



results from simulations show a very close similarity. 

This is an experimental validation of the 

effectiveness of the proposed methodology for 

computing the fringing factor, showing proper 

performance when it is introduced in the parametric 

model of the device. 

 

This methodology has been applied in a DC powered 

contactor in order to demonstrate its feasibility and 

reliability, but it should be noted that can be extended 

to other linear electromagnetic actuators such as AC 

contactors, and electromechanical valves, among 

others. This subject is object of author’s future work. 
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