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Abstract: Based on the method of controlling welding stress with trailing, the electromagnetic force in coil-sheet system was 
simulated with finite element software ANSYS. The effect of parameters of coil on the electromagnetic force density fy was analyzed. 
The results show that the maximum electromagnetic force density fy, max in sheet appears in the position near the inner radius of 
single-turn coil. The position is independent of section shape of coil. fy, max for flat coil is larger than that for long coil and the coil 
with wedge shape section, while section areas of all coils are equal to each other. The effect of turn number of multiple-turn coil on fy 
is dependent on the loop resistance in circuit. The kind of coil with more turns and larger inductance is commended while there is 
larger loop resistance in circuit. fy increases in a certain magnitude while a magnetic core is located in coil. However, the magnitude 
of fy is limited by saturating magnetic flux of the core. 
Key words: electromagnetic force; parameters of coil; impulse current; sheet 
                                                                                                             
 
 
1 Introduction 
 

The thermal crack and distortion are common 
problems in welding process[1]. It is effective to control 
evolution of welding strain for inhibiting thermal crack 
and reducing distortion, with such methods as trailing 
impactive rolling, synchronous rolling, and follow-up 
rapid cooling[2−4]. However, these methods have the 
following drawbacks such as affecting the assembly of 
welding torch, bad weld surface, polluting the welding 
pool, being dependent on impact frequency and impact 
force amplitude[5]. In order to avoid these disadvantages, 
the method of controlling thermal crack and distortion 
with trailing impactive electromagnetic force(TIEF) was 
put forward[6−7]. The controlling of welding stress and 
strain for TIEF is dependent on the magnitude of 
electromagnetic force. TIEF is a new method and there 
are few studies on the parametric effect of coil of small 
dimensions on electromagnetic force[8−9]. Therefore, 
the electromagnetic forces for coils of different types 

were analyzed with ANSYS software. The study is 
beneficial to designing the coil for TIEF. And the theory 
of electromagnetic forming is enriched[10−11]. 
 
2 Method and scheme 
 
2.1 Finite element model 

The electro-magnetic coupled finite element model 
is established to simulate electromagnetic force. The 
weldment is used as an axisymmetric sheet in the model 
because the weldment area is much larger than the coil 
area. There are magnetic part and electric part in the 
model, as shown in Fig.1, in which N is the near field 
region; F is far flied region; CL is the coil; W is the core; 
S is the sheet; R is the loop resistor; C is the capacitor; 
and L is the inductor element in the electric part which 
represents the coil in the magnetic part. During 
controlling of welding stress and strain, the energy 
storage capacitor is discharged to the coil, where there is 
the rapidly varying current in the coil and the eddy 
current is inducted in the weldment. The current of coil  
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and the electromagnetic force can be calculated while the 
capacitance, the voltage of capacitor, the loop resistance 
and the geometric parameters of model are defined. The 
model parameters are shown in Table 1. The axial 
electromagnetic force is much larger than radial electro- 
magnetic force, and then the axial electromagnetic force 
density is analyzed[12]. 
 

 
Fig.1 Electro-magnetic finite element model of coil with core 
 
Table 1 Parameters of FE model 

Sheet radius, 
Rw /mm 

Sheet thickness, 
W/mm 

Sheet-coil gap, 
Hg/mm 

20 2 1 

Loop resistance, 
R/Ω 

Capacitance, 
C/µF 

Capacitor voltage,
U0/V 

0.001 1 000 200 

 
2.2 Single-turn coil 

The dimensions of coil are as small as possible on 
account of the fixed weldment condition and the position 
of applied electromagnetic force. So, single-turn coil is 
taken into account. The electromagnetic force for 
single-turn coil with different section shapes is analyzed, 
such as long coil (type A), flat coil (type B) and coil with 
wedge (type C), as shown in Fig.2. Areas of all coils are 
equal to each other and their inner radius is 3 mm. The 
other parameters are shown in Table 2. 
 

 
Fig.2 Different section shapes of single-turn coils (A—Long 
coil; B—Flat coil; C—Coil with wedge) 
 
2.3 Multiple-turn coil 

The inductance of coil is affected by geometric 
parameters and turn number of coil. Thereby, the 
electromagnetic force is also affected by them. While the  

Table 2 Parameters of single-turn coil 

Coil Height of coil, 
Hc/mm 

Outer radius of coil, 
Rc/mm 

A1 2 13 

A2 2 18 

A3 2 23 

B1 10 5 

B2 20 5 

B3 10 13 

C 3.3 13 
For type C, the outer radii of top surface and bottom surface are Rc and 5 
mm, respectively. 
 
section area of coil is invariable, the turn number of coil 
and the section of the wire must change synchronously. 
In simulation, the change of turn number of coil is 
implemented by changing the fill factor of coil. The 
maximal fill factor can be calculated from Eq.(1) while 
the section of wire is a rectangle[13]: 
 

ff≤ )(41
n
Am

A
mn

−
×

+                        (1) 
 
where n is the turn number of coil; A is the section area 
of coil; and m is the thickness of insulating part. The 
maximal fill factor is shown in Table 3 while m is 0.05 
mm, the height of section of coil is 10 mm and the radial 
dimension of section of coil is 2 mm. 0.001 Ω and 0.1 Ω 
are chosen as the loop resistances in circuit successively. 
 
Table 3 Maximal fill factor with different turns 

Turn number 5 10 20 30 40 

Fill factor 0.9 0.86 0.81 0.77 0.74

 
2.4 Coil with magnetic core 

Except for single-turn coil, the coil with magnetic 
core is taken into account to concentrate the 
electromagnetic energy. The chosen core must have high 
permeability, rapid respond to varying magnetic field and 
low dissipation[14]. Therefore, the soft magnetic 
material is commended. The silicon steel, permalloy and 
ultracrystalline as core materials are analyzed. Their    
B—H curve is shown in Fig.3[15]. The core is located in 
coil. There is a gap between coil winding and core, as 
shown in Fig.1. The parameters of finite element model 
are listed in Table 4. 
 
3 Results and discussion 
 
3.1 Single-turn coil 

The distribution of electromagnetic force density for 
single-turn coil with different sections is shown in Fig.4. 
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Table 4 Parameters of FE model of coil with core 

Coil height, 
Hc/mm 

Coil outer radius, 
Rc1/mm 

Coil inner radius,
Rc2/mm 

Coil turn number,
n 

Coil fill factor,
ff 

Core height, 
Hm/mm 

Core outer radius,
Rm/mm 

20 5 3 10 0.9 20 2.6 

 

 
Fig.3 B—H curves of magnetic core materials: (a) Silicon steel; 
(b) Permalloy; (c) Ultracrystalline 
 
The distribution of eddy current in single-turn coil is 
taken into account in simulation. It is shown that the 
maximal electromagnetic force density fy, max in sheet 
appears in the position near the inner radius of 
single-turn coil. The position is independent of the 
section shape of coil. The phenomena can be explained  

 

Fig.4 Distributions of electromagnetic force density for 
single-turn coil 
 
by the fact that the eddy current density in sheet and coil 
in the position near the inner radius of coil is larger than 
that in the other positions. fy, max for the flat coil is larger 
than that for the long coil or the coil with wedge shape 
section. This also correlates with the distribution of eddy 
current of coil and sheet. 
 
3.2 Multiple-turn coil 

The distribution of electromagnetic force density for 
multiple-turn coil is shown in Fig.5. It can be seen that 
the electromagnetic force decreases with increasing turns 
of coil while the loop resistance is small. The 
electromagnetic force increases with increasing turns of 
coil while the loop resistance is large. The characteristic 
of distribution of electromagnetic force doesn’t vary with 
varying turns of coil. The electromagnetic force under 
0.001 Ω is much larger than that under 0.1 Ω. While the 
loop resistance is smaller, the dissipation of energy on 
the loop resistor is smaller, and a majority of energy 
translates into the magnetic energy of coil. The 
inductance of coil increases with increasing turns of coil. 
Therewith, the value and variation rate of the discharging 
current decrease, which causes the electromagnetic force 
to decrease. While the loop resistance is larger, and the 
dissipation of energy on the loop resistor is larger, the 
energy translating into the magnetic energy of coil 
decreases. The value and variation rate of the discharging 
current decrease with increasing turns of coil, which 
causes the dissipation of energy on the loop resistor to 
decrease. Therefore, the electromagnetic force increases. 
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Fig.5 Distributions of electromagnetic force density for 
multiple-turns coils under different loop resistances: (a) 0.001 
Ω; (b) 0.1 Ω 
 
3.3 Coil with core 

The distribution of electromagnetic force density fy 
for the coil with magnetic core of different materials is 
shown in Fig.6. It is shown that the electromagnetic force 
density slightly increases while the core is located in the 
coil. This attributes to the increased inductance of coil, 
which causes the magnetic energy stored in coil to 
increase. Otherwise, the magnetic flux is more 
concentrative for the coil with core, and then the 
magnetic flux density increases. The simulation results 
show that fy for coil with silicon steel core is larger than 
that for coil with permalloy core which is almost equal to 
that for coil with ultracrystalline core. In fact, the 
permeability of ultracrystalline is larger than that of 
permalloy and silicon steel, and the saturating magnetic 
flux of ultracrystalline is almost equal to that of 
permalloy which is smaller than that of silicon steel. It is 
shown that the magnitude of fy lies on the saturating 
magnetic flux and not the permeability of core. This 
indicates that the core material is easy to fall in the 

 

 
Fig.6 Distributions of electromagnetic force density for coils 
with different material cores 
 
saturating magnetic situation under the large impulse 
exciting current. The magnitude of fy is limited by the 
saturating magnetic flux of the core. 
 
4 Conclusions 
 

1) The maximum electromagnetic force density   
fy, max in sheet appears in the position near the inner radius 
of single-turn coil. The position is independent of the 
section shape of coil. fy, max for flat coil is larger than that 
for long coil or coil with wedge shape section. 

2) The effect of the turn number of multiple-turn 
coil on fy is dependent on the loop resistance in circuit. 
The kind of coil with more turns and larger inductance is 
commended while there is the larger loop resistance in 
circuit. 

3) fy increases in a certain magnitude while core is 
located in coil. However, the magnitude of fy is limited 
by saturating the magnetic flux of the core. 
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