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Abstract - In this paper we propose an approach for the de-
termination of static force characteristic of a plunger-type 
AC electromagnet using 2D numerical model developed in 
QuickField software and the determination of the thermal 
field. The attraction electromagnetic force is calculated us-
ing Maxwell stress tensor method. The magnetic numerical 
model is an AC magnetics problem coupled with the coil 
electric circuit. The magnetic numerical model has been 
experimentally validated. The thermal field is determined in 
steady-state regime. The source term in the thermal model 
equation is calculated from the magnetic model data. 
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jor, caracteristica statică a forţei de atracţie, forţa 
electromagnetică, câmpul termic 
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I. INTRODUCTION 
The plunger-type electromagnets are mainly used in 

construction of AC low voltage equipments as shutter for 
minimum voltage [1]. This type of electromagnet is cha-
racterized by a large displacement of the plunger. Our 
goal in this study is to determine the attraction static force 
characteristic of a plunger-type AC electromagnet by nu-
merical modeling. This is very useful in the analyses of 
dynamic behavior, the 2D numerical models being quick 
and easy tools [2]-[5]. On the other hand, this study aims 
to highlight the error that occurs when using a 2D numeri-
cal model. To this purpose, the numerical model should be 
verified by experimental determinations.  

The contribution of the frontal parts of the linkage in-
ductance is negligible on the 2D numerical model, being 
difficult to calculate. The ohmic resistance of the frontal 
parts can be taken into account by including an additional 
resistance in the circuit model which can be easily calcu-
lated. However, the numerical results should be validated 
by analytical methods or experiments.  

II. ELECTROMAGNET GEOMETRY 
In the paper two models of geometry of a plunger type 

AC electromagnet were analyzed (model 1 and model 2) 
with dimensions presented below.  

The model 1 (Fig. 1) uses the dimensions: H = 78.6 
mm, L = 114.3 mm, b = 32.4 mm, T = 66.2 mm, hp = 64 
mm, c = 22 mm, l = 15.5 mm, t1 = 11.25 mm, gm = 12.3 
mm, g j = 13.5 mm, d = 1.8 mm, e = 2.5 mm, δ2 = 6.9 mm,             
δ1 = 1.9 mm, hb = 41.6 mm.  The model 2 uses: H = 110 
mm, L = 110 mm, b = 25 mm, T = 64 mm, hp = 95 mm,   
c = 22 mm, l = 14 mm, t1 = 42 mm, gm = 15 mm, g j = 15 

mm, d = 0 mm, e = 0 mm, δ2 = 2 mm, δ1 = 2 mm, hb = 77 
mm. 

 
Fig. 1. Geometry of the plunger-type AC electromagnet (Number of 

turns: N = 1250, conductor diameter of the coil: dc = 0.55 mm, winding 
resistance Rb = 13.59 ohms). 

III. 2D NUMERICAL MODEL 
The numerical model is an AC magnetics problem 

coupled with the coil electric circuit. 

A. Magnetic model equation 
The fundamental equation of the magnetic field [6], [7] 

using finite elements method, written in terms of the mag-
netic vector potential is 
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where A is the magnetic vector potential which has only z-
direction component, µ is the permeability (in numerical 
model the relative permeability is µr = 1000), σ is the 
electric conductivity and J0 is the current source density 
which is parallel to magnetic vector potential.  

B. Thermal model equation 
In steady-state regime the thermal governing equation 

is 
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where T is the temperature, λ is the thermal conductivity 
and S is the source term (power losses in winding, core 
and plunger). 

The source term S contains two components: electro-
magnet coil losses and magnetic core losses. Knowing the 
volume occupied by the coil, the specific losses in the coil 
are calculated based on the total Joule loss RbI2, where Rb 
is the total resistance of the coil including its front parts. 

The specific losses (W/m3) in the magnetic core are cal-
culated using the Bertotti relationship [7] 

                       excesseddyhyst PPPP ++=                      (3)  

where 
 2
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ceddy BfkP =   eddy current loss 
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The coefficients kh, kc and ke depend on the type of 

magnetic core (supplied by the manufacturer). In the cal-
culations the used values were: kh = 202, kc = 0.116,         
ke = 3.31. Magnetic flux density (pick value) is an average 
value provided by the magnetic model for core and  plun-
ger. In the thermal model, the ambient temperature was 
considered to be 20 °C. The calculated specific losses 
based on the magnetic model and required in the thermal 
model are shown in Table I. 

TABLE I.  
CALCULATED LOSS FOR THERMAL MODEL 

Material Loss [W/m3] 
Winding 23390 

Core 8853 
Plunger 10311 

C. Electric circuit model coupled to field problem in 
QuickField software 

The electric circuit created in QuickField is shown in       
Fig. 3 and it contains the source voltage U, the coil 
(“winding+“ and “winding-“), the additional series resis-
tance Rbf which denotes the frontal resistance of the coil 
neglected by the field model and Ra is the variable addi-
tional resistance to control the static force characteristic 
(Fig. 9). 

D. Maxwell force 
Time average and oscillating component of Maxwell 

force [2], [7], [8], [9], [10], [11] acting on armature is 
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where the integral is evaluated over the boundary of the 
volume defined by surface S enclosing the armature core 
and n  denotes the vector of the outward unit normal. 

E. Boundary conditions 
For  the  magnetic  model  the  boundary  condition  

 
Fig. 2. Boundary conditions for thermal model. 

(which is a circle located at a distance of about 10 times 
the largest dimension of the modeled object) is a potential 
magnetic vector with zero value (A = 0). 

For the thermal model the boundary conditions are    il-
lustrated in Fig. 2. 

IV. EXPERIMENTAL METHOD 
The experimental determination of the static characte-

ristic of the electromagnet was achieved by the method of 
detachment of the mobile armature: the voltage is reduced 
until the armature detaches, when the voltage and current 
are measured. Taking into account that in linear range of 
B-H curve the force is proportional to the square of the 
voltage and the current is proportional to the voltage, the 
force and the current for the rated voltage of the coil are 
calculated. 

Thus, for a certain air gap, after the plunger has been at-
tracted, the voltage is reduced until it breaks out. At the 
time of detachment, the Ud voltage and the Id current are 
measured and the electromagnetic force is counterba-
lanced by the gravitational force G = m⋅g of the plunger 
together with the spacers (made of insulating material) 
that create the air gap. Finally, their weight is determined.  

The force at the rated voltage, for an air gap k is deter-
mined by the relationship 
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and the current Ink for the same air gap k and voltage is 
calculate with the relationship 
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where m is the mass of plunger with the spacers, g is the 
gravitational acceleration, Udk and Idk are the voltage and 
the current to detachment for the air gap k. 
 

 
Fig. 3. Electric circuit model coupled to field model in QuickField. 

V. RESULTS AND DISCUSSIONS 
Figure 4 shows the current in winding at zero air gap. 

Figure 5 shows the spectrum of magnetic flux density 
lines for a particular air gap. In Fig. 6 are shown the nu-
merical and experimental static force characteristics. The 
numerical results are obtained by numerical model of the 
electromagnet with geometry shown in Fig. 1 (model 1). It 
is noted that for a critical range of air gap between 12 and 
14 mm the numerical force characteristic presents a mini-
mum. For experimental static force characteristic the criti-
cal range of air gap is between 8 and 12 mm. 

In Fig. 7 is presented the variation of the current (RMS 
value) versus air gap at rated voltage (Un = 230 V). It is 
found that the experimental value of the current is smaller 
than the numerical value, because in this case the current 
limitation is also affected by the frontal linkage reactance 
of the coil. The difference between the experimental and 
the numerical values increases with the increase of the air 
gap. 

Figure 8 shows the variation of the inductance versus 
the air gap obtained by the numerical model and by the 
experimental method. In this case the differences are very 
small. 

Figure 9 shows the variation of the linkage flux versus 
the air gap. 

Figure 10 shows the variation of the impedance versus 
air gap which has similar form as that of Fig.8.  

Figure 11 shows the static characteristic of the attrac-
tion force for model 2 of electromagnet. 

If the ratio H / L is greater or equal the unit (model 2 of 
geometry), the minimum of the static characteristic is 
more pronounced (Fig. 9). This minimum can be atte-
nuated or even eliminated with an additional resistance in 
series with the winding. 

 

 
Fig. 4. Current in electric circuit model at zero air gap. 

In Fig. 12 shows the thermal field of device and in Fig. 
13 shows the temperature variation along line AB. 

The heat transfer coefficient on the core and plunger 
surfaces was considered to have a value of 8 Wm-2K-1 and 
of 7 Wm-2K-1 on the coil surface.  

 

 
Fig. 5. Magnetic flux density lines. 

 

 
Fig. 6. Static force characteristic without additional resistance         

(model 1). 
  

 
Fig. 7. The current versus air gap without additional resistance. 
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If the ratio H / L is greater or equal the unit (model 2 of 
geometry), the minimum of the static characteristic is 
more pronounced (Fig. 11). This minimum can be atte-
nuated or even eliminated with an additional resistance in 
series with the electromagnet coil (the characteristics k = 4 
and k = 8). If the minimum is pronounced, after a short 
voltage interruption, the armature can no longer be at-
tracted, remaining "hanging" at the critical air gap. Under 
these conditions, the coil will be thermally overstressed. 

Figure 4 shows that the 2D numerical model is accepta-
ble for determining the static force characteristic. The 
maximum error related to experiment is about 22.65%. 
This error is linked to the range of critical air gap. 

Figure 5 shows that the experimental value of the cur-
rent is lower and it increases with the air gap. This is ex-
plained by the fact that the numerical model does not con-
sider the reactance of the frontal parts of the coil. 

 

 
Fig. 8. Electromagnet linkage inductance versus air gap. 

 

 
Fig. 9. Linkage flux versus air gap (numerical). 

 

 
Fig. 10. Electromagnet impedance versus air gap. 

 

 

Fig. 11. Static force characteristic for different additional resistance              
(k = 1: numerical, without additional resistance) (model 2). 

 

 
Fig. 12. Distribution of thermal field (k = 1: numerical, without addi-

tional resistance) (model 2). 
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Fig. 13. Temperature variation along line AB (from Fig. 12). 

VI. CONCLUSIONS 
The developed 2D numerical models experimentally 

validated can be used to estimate the attraction force cha-
racteristic and thermal field of plunger-type AC electro-
magnets within the limits of the presented error. 

This model can be used to optimize the static force cha-
racteristic and of electromagnet design. 

Although in the electric circuit coupled with the field 
problem the contribution of the front part of the ohmic 
resistance of the coil (measured or calculated) is intro-
duced, this is insignificant because of its value much low-
er than the reactance at air gaps less than 10 mm. At high-
er air gaps, the reactance becomes comparable to resis-
tance. 

A 3D numerical model is certainly more accurate but 
the computing time to obtaining the static characteristic is 
much higher. 
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