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Case Study Regarding the Design of a Direct Current
Electromagnet for the MIG Welding of Metallic Ma-
terials

Part II: Constructive-Electromagnetic Dimension
and Verification of the Electromagnet Operation

Tudorel Ene

The paper refers to the design of a direct current electromagnet, lo-
cated on the head of a swan neck welding gun of a MIG welding
equipment and used for magnetising the rotation space of two addi-
tional electric arches, in order to preheat the electrode wire and of the
protective gas, partially turned into plasma jet. We present the con-
structive - electromagnetic dimensioning and the verification of the
electromagnet operation.
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1. Establishment of the initial data for the design calculus

In Part I of the paper we established the following initial data for the
design of the electromagnet:
0 = 16 [mm)] - electromagnetic working air gap;
6, =75C. —admissible heating;

T4 = 100°C - maximum temperature;
2
p= 0,022#_Q [m %nJ - resistivity of the wire material;

w

h= 13ELO“‘{—2
grad [em

} - heat dissipation coefficient on the coil exte-

rior surface;
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h,=351 EI.O"{%ra d B:mz} - Coefficient of heat exchange on the

coil inner surface;

0 = 16 [mm] = 1.6[cm] - electromagnetic working air gap;

di = 22 [mm] = 2.2[cm] — magnetic core of the inner diameter;
d, = 3,84[cm] - exterior diameter of the magnetic core;

Sy = 0,82[0m] - thickness of the magnetic core
A, = 1,2[cm] - coil width A;

H'= 10[cm] - winding height H’;

Scu = 0.12 [em?] - winding section:

N = 45[spire] - approximate number of spires;

We choose constructively A, from the coil to the magnetic circuit
yoke.

2. Winding calculation

The dimensions of the cylindrical coil are [1], [2]:
- coil height Hy:
H,=H'+2A, =10,2[cm]; (1)
- coil width Ag:
A, = 1,2[cm]. )
The coil diameters are determined as follows:
- the coil interior diameter D; (is approximately equal with the exterior
diameter of the iron core):
D,=d,+20(A, = 4[cm ] (3)

| e

- the coil exterior diameter, De:
D, =D, +2Is, = 6,4[cm]

- the copper thickness will be:
s, =nls, = 081082 = 065[cm]

Q)

©)

The relation is satisfied if the copper winding will be realised in 5 layers.
3. Establishment of the magnetic core dimensions

The magnetic core is made of steel 0.5 mm thick [1], [2].
The dimensions of the magnetic core are:
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- the magnetic core width:

A, =s,+2[A, = 082+2101LC Acm|

- the magnetic core height: H;,, = 9[cm];

(6)

4. Establishment of the dimensions of the magnetic circuit
yoke

The dimensions of the cylindrical magnetic circuit are [1], [2]:
- the section of the magnetic circuit yoke, S;, in order to avoid satura-
tion, should not be less than the section of the core S,:

S =28, = 7[cmZJ; 7)
- the thickness of the magnetic circuit yoke a is determined as follows:
The interior diameter of the yoke Dj is: Dy = D; = 6.4[cm];
The exterior diameter of yoke D is determined as follows:

T"p2_"tmp2=-g
4 Cl 4 ] ]
(8)
D, = \/(sj +’_T[D”.2j & = /4987 O 7[em]
4 Vi
%9
It results that: g = 2 ; Dy _ 7 _36’4 = 0,3[cm] (10)
- the width of the magnetic circuit yoke, A;, will be:
A =a+2[A, = 03+2[01= 05cm| (11)
- the height of the magnetic circuit yoke, H;, will be:
H, =H, +0=9+16=106[cm| (12)

5. Establishment of the polar parts dimensions

They are located at both ends of the magnetisation coil and are pre-
sented in figure 1 [1], [2].
The dimensions of the two steel polar parts are:
- the polar part diameter:
d,=7ld, =16[4 = 64[cm] (13)

One chooses: d, = Dg;+ 0.5 =7 + 0.5 = 7.5[cm].

- the thickness of the polar part, e, is usually chosen with variable
thickness, resulting: e; = 0.8[cm] and e, = 0.5[cm].
The other dimensions are: d = 1[cm] and I, = 1.5[cm].
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Figure 1. Polar parts diagram: a — polar part 1; b — polar part 2
6. The calculus of the magnetic circuit parameters

The magnetic circuit is plotted in figure 2, being a sum of cylindrical and
annular surfaces.
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Figure 2. Diagram of the magnetic yoke
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The dimensions of the magnetic circuit are:
L1 =06 = 1.6[cm];

01 = 82 = 0.5[mm] = 0.05[cm] — auxiliary air gaps (of leakages)
due to the imperfection of the mechanical contact between core (and

yoke respectively) and polar parts;
L2 = H,, = 9[cm];
L3 =An/2 + A, + A2 = 0.5 +1.2 + 0.25 = 1.95[cm];
L4 = H; = 10.7[cm];
L5 = e;/2 = 0.4[cm];
L6 = e,/2 = 0.25[cm];
We also know: I = 100[A]; N = 40[spires]; . = 1000;
Ho = 4'n"107[H/m].
The magnetic reluctances of the circuit sides are:
- magnetic reluctance of main air gap &:

1 L1 Asp
Rs=—UE—7——F—= 4315[106[ }
Iuo £ +d |3 A’D
2
where: € = flow swelling factor:
1+ — 208 =12,
X
d,+d 8+ 22
where: Y =—=——— = 3 =48,
200 2016
- magnetic reluctance of auxiliary air gap 01:
1 o, Asp
Rpy="H0——"2——= L34E106[ }
1 ,Uo £ +d g //Vb
2 m
- magnetic reluctance of auxiliary air gaps 02:
1 o, A
2[R, —ZEI—EI— 33&0‘3[ =D }
Sy %o

where: s; = 0.3[cm] = 0.3'10‘2[m] — yoke thickness.
- magnetic reluctance of iron in side I;:

1 | -L1-01
Ripa1 = m E.ur E +d, ™ - 026{Asp4f0}

where: /;, —L1-01 = 0.8 + 9 =9.8/cm] = 9.8'10°/m].

- magnetic reluctance of iron in side I,:
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(15)

(16)

(17)

(18)

(19)
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Rure2 = L E : (21)

D. +d.
ﬂowr SIEI 912 |m|];'p

where: /, = L3 = 1,95[cm] = 1.95'10°/m];
(Dej +dim)/2 = (7 + 2,2)/2 = 4.6[cm] = 4.6-10°[m]; (22)
s, =(e; + &)/2 = (0.82 +0.3)/2 = 0.56[cm] =0.56"10%/m]. (23)

, 1 195107 Asp
It results: = 3 = 0,0SELC?[ }

R =1 0008107 - 1246 056(10° e
- magnetic reluctance of iron in side I5:

Riras = ! E s (24)

Ho ke Py ;Dij =

j
where: /; = L4 +0.3 =10.7 + 0.3 = 11fcm] = 11°10%[m];
(De; +Dp)/2 = (7 +6,4)/2 = 6,7[cm] =6,7-10%Im]. (25)
It results that :
1 1101072 Asp
= E = 0363&06[ }
Roess 10002 7107 1,206,7003C10°™ 4’0
The magnetic reluctance of iron on side l4 is equal with the magnetic re-

. . . _ _ A
luctance of iron on side : R _,, =R ., = 0,05306[ 5%/0}

With the senses proposed on figure 2 for the flows in the 4 sides, by the
application of the Kirckkoff theorems in the knot a of the current loop, we
obtain the following relations [1]:

(a)¢1 - (Dz =0

(26)
(I l )q)1 [GRT\J + I%nFeL + Rrﬁl)+q)2(2[ﬂ%:e|2 + RrFeB +2|:Rn§2) = N [ﬂ
where: N = 45[spires]; I = 100[A].
With the above data, the solutions of the system are:
®, =, = NIl 45100 _ Q)5103M 27)

2[R, +Rye *Ru) 20{435+ 134+ 026410
The calculus of induction in the elements of the magnetic circuit is made
depending on the flow in the air gap ®5 and the flow of leakages @ ,
through the dispersion coefficient o, which , for the air gap & is determined
with the relation:
O.ZCDJ-'-CDS :1+ ch :1+ Gs
O O} G's

a

(28)

where:
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G, - permeance to the leakage flow from the end of the core and

_ 9,
2

yoke; G,

(29)

G, - equivalent permeance of the portions with air gaps 3,, 8; and d,.

GJ |:4361 |I;62
Gc)' |13()'1 + Gc)'l E(Bc)'Z + Gc)' [4352

The magnetic permeances are:
- specific permeance at leakages, g:

g=— 2 - sanoe W],
2 _SmtSi Asp
[ +,/1°=( )
2
SntS
2
where: | =L3-s, = 195- 065=13cm|;
- permeance related to the leakage flow at the end of core:

:%: _SVVD jl
6, =9 2385&0[/Asp,

- permeance related to the leakage flow , at the end of yoke:

H.
G, = 9_21 = 2809EL0‘8[WA$}

- total permeance related to the leakage flow G; is:

Geci =

In

- permeance related to the leakage flow in the working air gap:

G, = 2t [zm Ly, _ 1206&0‘8[\NyAsp}

d,+d, 38+ 2’2-3[c
2 2
- permeance of the parasite air gap 8:

:,uo[sm[nd;n - —8[\NO }
G, p 19311010 /Asp ;

1
- permeance of the parasite air gap &,:

[s [7d’
= gffo i = 8| Wh
G, =2 2 31557010 [ /4¥p}’
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(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)



Dej +Dij =7+ 6,4

2
The equivalent permeance of the portions with air gaps 6, 81, &, will be:

G, = G5 165Gy, -100601W/],  (an
GO_ msb_l +G51 @52 +GJ @52

Coefficient of dispersion o
-8
o=1+ S =1+ 5194ﬂ_2 =572. (42)
Ges 1110
The corrected flow @, is:
@, = g [®, = 5720050107 = 029110 [Wh] (43)
The value of induction in the magnetic circuit elements, with the cor-
rected magnetic flow, will be:

I 0290107

where: d; = = 6,7[Cm]; (40)

= = 03T
° 1208, 12[08207BMN0™ 3] (44)
o' -3
= | 1| _ 0,290 = 0375[1_]
S, 08207[(BMO (45)
o' -3
By, = . 029110 —=031[T]
1208, 120082073810 (46)
! -3
Bot P |+1<L ) moézé)oﬂg ST 036[T]
T8 im I:S'p TL&A, S
2 (47)
B. =03 |q>'1| = 0290107 = O46[T]
| D. +D. -4 !
prPa *Pig 776,703 10
2 (48)
ol -3
g, = [Pl 02000° _ ;0
i Dq.+d[S, 77 % (056 [10
2 7 (49)
2B, =20 D|CDI1-||- b~ 2E 2moég7ztlg_::ﬂ0‘4 = 076T]
gl BTG g ij &J 11 y y
2 (50)

The magneto-motor tensions necessary for the magnetisation of the
elements of the magnetic circuit analysed are:
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0 , 031
NO|, =— =0800°—— =2969% =1984A
B _ 0375
[INO], =H, 3—2—=9002——"_ =27/ Asp]
M, Ty 12500™ (52)
INO],, =0, P2 = o,5mo-3L1_7 = 46=124 Asp]
Uy 125010 (53)
B
[NO],,=0,5-2 = 4,6E102¢7 =14As]
7 100012510 (54)
B. i} 046
NO| =H, 3——=1070072 ’ 04
Nl TRNA 1000012501077 0/ Asp] (55)
_ (B, _ L 152 _
20N O], =9, m 05010 5007 608[Asp | 6
The total magneto-motor tension is:
N O =279FAsp.
The intensity of current through the 45 spires is:
| = 2097 63[A].
45

In order to realise the coil winding of the electromagnet one uses a rec-
tangular wire of CuE with the dimensions s*| = 1,2:10[mm)], according to SR
EN 60317-0-4:2003/A1:2003, wound with lacquer-impregnated glass fibre.

7. Determination of the window filling factor and of coil elec-
tric resistance

The wires are placed in 5 rows with 9 rectangular spires joined in se-
quence and with insulation between the layers [1], [3].
The window filling factor is determined with the relation:

:i:i:%, (57)

where:
Scy = 6[mm] — width of winding (copper) without insulation;
Sp = 12[mm] — width of winding with insulation.
The real filling factor takes into account the non-uniformity of the
placement of wires and is:
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f,=K,[f=085[05= 0425 (58)

where: K; = 0,85.
The precision of the number of spires in the coil is determined with the
relation:

f, 05, H, 0425012106 .
N =-Y = = 4505=4 . (59)
Sey Ue, 01201 o 5[sp|re]
The coil electric resistance is:
R, =107 [p, Ef% [N = 0,009940)] (60)

where: Dyeg = 5.2[cm] = 52[mm];
Scu = §°1 = 12[mm?] (61)
The very low electrical resistance of the coil is due to the large section
and small length of the copper wire.

8. Verification of the electromagnetic operation

The volume of the coil winding is [1], [2=3]:
V = 71D, (A [H, = 7052127107 = 403cn?].  (62)
The power consumed by the coil at the room temperature is:
P, = R, 0% = 0,0099110000= 99W/]. (63)
The specific losses in the coil at the room temperature are:
P, _ 99 ;{w ]
- —- . 64
%= 03" 246V (64)
The equivalent thermal conductibility of the winding is determined as
follows:
- the double of the wire insulation thickness is:
20 = 0.85'A,/n - s¢, = 0.85°12/5 - 1.2 = 0.84 [mm] ) 0.084 [cm]; (65)
- the ratio of the non-insulated and insulated wire thicknesses:

o S . 12

= = = 0588, 66
S, t20 12+ 084 g (66)

- equivalent thinks of the air-filled portions:
2i = 015E% = 012[ 12 - op3den; (67)

- the equivalent thermal conductivity of the winding:

_ 20+72i _ -3 \W 68
A =— = 7o [%m[grad}’ (68)

2[6/11 + /12) /13
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where: & — where insulation thickness;

Acw, A, Ay, A3 — thermal conductibility or the wire and air insulation:
A, =7007°W /cm [grad ;A, = 1,6 10 W /cm [grad ;

A, = 02610°W/cmlgrad ;

Acy = 3.99[W/cm-grad]; Age =0.43[W/cm-grad].
The equivalent thermal conductibility of the magnetisation coil will be:

(20+2i)+sy, +s,+5,
= u m =6 W :| . 69
& 25+2igsﬂ[!sm+sj S[Amﬂgrad (69)
Ai ACU Ao,t,te
The temperature by which one shall heat the electromagnet winding is:
aT=—P = 99 _oup 25°C| (70)
A, 06068

where: A, = 0,6[cm]

Thus during operation, the electromagnetic coil will have the tempera-
tures of the operation environment plus 2 + 3 [°C].

9. Conclusions

The paper represents the second part of a case study regarding the de-
sign of a direct current electromagnet for the MIG welding of metal materi-
als.

The constructive and electromagnetic dimension thereof led to a mag-
netisation system with the following dimensions and performances:

- dimensions of the rectangular copper winding wire: s*| = 1.2:10[mm];
- number of spires of the copper winding: N = 45[spires];

- magnetic induction in the rotation air gap of electric arches: B =
0.05[T];

- increase of the temperature of the magnetisation system during op-
eration: AT = [°C];

- size dimensions of the magnetisation system: D'L = g75-130[mm].

By using the SolidWorks Educational software we elaborated the execu-
tion drawing of non-standardised elements and the overall drawing of the

MIG-MAG winding pistol with the adapted magnetisation system, presented
in figure 3.
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SECTION B-B
1) (1) (07) (&) (19) () Y (5)
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SolidWorks Educational Edition. ‘ B o _
For Instructional Use Only. B __Fistolet sudare | =

Figure 3. Overall drawing of the MIG-MAG welding pistol with the
adapted magnetisation system [4]
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