Assessment of coil design and pulse unit parameters for the optimization in the T, o
. . W International Conference
electromagnetic forming process of metal sheet )

N on Magnet Technology
< Fukuoka, Japan U

Nov. 15-19, 2021 NYERIDADS

S

TECNICO
| ISBOA UMESRGf

DO RIO GRANDE DO SUL

Evandro Paese!, Martin Geier?, Roberto Homrich?, Rodrigo Rossi?, Pedro Rosa®
I Universidade de Caxias do Sul, Bento Goncalves, RS 95700-00, Brazil

2 Universidade Federal do Rio Grande do Sul, Porto Alegre, 90035-190, Brazil THU_P 03 _7 1 9_0 1

3 Instituto Superior Técnico, Universidade de Lisboa, 1049-001, Lisboa Portugal

I. INTRODUCTION III. RESULTS

Table IV —R1 (F,,,) ANOVA
The development of the EMF process has demanded a constant reassessment of S sum of df‘ Mean | | Table V= R2 (/,.,1) ANOVA
. . . . . ource UAres uare -Value | p-value
which process parameters are significant and how they can optimize the process o | e oo swaod < 0000 oo Source |07 \S";jjj‘e F-value| p-value
based on the chosen criteria of the parameters. This work proposes the regression AA 02210 102210 11345 < 5000 o1 87437—0.0003410 —0.002664C —(Model _|_16477_6_2745__839_00001 sianificant ; 5 05693.4.0.0250260] —0.109313C
. . . - . . . < Ul =1. —VU. —VU. - - . . . . =/. _|_ . —0).
equations based on the RSM (Response Surface Methodology) analysis to predict c-C 551 1 551282766 < 00001 e —0.6387961+0.000265Un 8B 8624 1 8624 2635 <00001 peak
. . AC 0.0336 1 0.0336 1/7.27 0.0005 . y | CC 16.89 1 16.89 516 0.0338
the electrical and mechanical process responses and consequently to find 3 00333 100333 1709 00005 —0.000349Cn+0.000011C2 a8 163 1 163 04985 04879 +1.95471r+0.000048UC
. . . . . B2 0.0179 1 0.0179 9.19 0.0066 O O 8 2 o) 1 | AC 368 1 368 112 03008 —000273 1C7l+0004855C7l (2)
controllable factor settings that optimize the EMF of sheet metals using a flat spiral c 06625 1 06625 34026, < 00001 +0.058552n M e 676 1 676 207 01654
. . . . . Residual 0.0389 20 0.0019 __|Residual 68.72 21 3.27
coll according to desired criteria. ok ofFit | 00389 12| 0.0032 | lackofFit 5588 13 430 268 00834 not significant
Il. MATERIALS AND METHODS ot Cetow pon
|Cor Total 7.05 27 Cor Total 23349 27
.. . b
Process parameters may affect quantitatively the EMF responses, so the analysis of 2) 25 ) 23 2 3 —=
. . . . . . p)
the process in this study included key independent variables, such as capacitance C, . e =’
energy U, and the number of coil windings n, while the response variables were the 2 2 £ % E
. . . . . o = S 18 =
maximum electromagnetic force F, . (numerically calculated), the workpiece height 05 16
h, the rise time ¢, and peak ot the discharge current /,,,, (Tables I and II). The
. . . - - : : 1200 8
capacitance 1s varied by changing the circuit connection of two S0uF and 5,000 V 1150 *Pi70
o A:A()) 1050 4 : , 11 1050 110 30 W ‘
capacitors. 1000 3 - 80 : B:B (uiF) 0 1000 g B:B (1F)
Table I — EMF parameters Figure 3 — Effect of significant factors on R1 (F, _): (a) AC, (b) CB and (c) AB. Figure 4 — Effect of significant factors on R2 (/,,,,): (a) AB, (b) AC and (c) BC.
Parameter Value Table VI — R3 ANOVA Table VII — R4 ANOVA
Sum of Mean ource Sum of Mean -value | p-value
Outer diameter (Do) 67.5 mm - Source Squares ‘Square Fvalue| p-value — i Squares ‘Square F " ——
Inner diameter (D;) 7.5 mm _ |Model 842.84 7 12041 36583 < 0.0001 significant —“1":9' Ei‘?}:i f ;iigg 37;: = gggg;s'q”'f'ca”t
Spiral coil Cross section (4,) 20 mm’* — oA D42 11942 5901, < L0M e 117555 1 1175.55 576952 < 0.0001
: | BB 2013 1 2013  61.17 < 0.0001 — ' ' ' ' t . =17.49603—-0.00565U
e betwliep sl g 1 mm | cc 795.06 1 795.06 241564 < 0.0001 h=-7.65709+0.004697U — ;;C Oiii; 1 oizil 3‘;'33 <g'§$; rise
WRIIPIGES | AB 0.2895 1 0.2895 0.8795 0.3595 —0.027737C+3.11709 | Ac 03043 1| 03043 149 0236e +0.162099C—-1.28655n
Diameier o o R R e £0.0000200C +0.000601U x| sl sm s am #0.000016UC-+0.0007980)
Workpiece Thickness 1 mm e 227 1 227 691 00161 +0.003520C2 3) — EZ 1?’22 1 1?’22 92':2 <g'g§j; +0.003520C2+0.074067n2  (4)
Cavity diameter 80 mm — Res‘:”?'. 6.58 20, 0.3291 - _ [Residual 38719 02038
Cavity depth 40 _ | lackofFit, 539112 04490] 3.01) 0.0631inot signimcant | lackofFit 233 11 02117 110 0.4589 not significant
- e e Figure 1 — Spiral coils used for parametric experiments. __| Pure Errf:r 119 8 0.1493 | PureError 154 8 0.1928 ’
Cor Total | 849.43 27 Cor Total | 126835 27

The experiments design were established with custom designs by using the Design

. : . a) b) .
Expert Software (Table III) and, as example, Fig. 2 shows the variable /4 for workpiece *
5 20
height. s .
: :
Table II — Controllable factors and levels o 10 o
5
Controlable Lemols
Factors | ) 3 4 5 6 200 ,_ : 11 C; 200
. . 1050
U (J) 1000 1100 1200 - - - B:B(uF) " 80 1050 AA() 50 1000
C (uF) 50 100 200 . i . . . . . .
" 3 4 5 6 7 R Figure 2 — Variable & (workpiece height). Figure 5 — Effect of significant factors on R3 (%): (a) BA; (b) AC and (¢) BC. Figure 6 — Effect of significant factors on R4 (z,,..): (a) AB, (b) AC and (c) BC.
Table 11T — Design of experiments Table VIII — Constraints for case analysis #1 Table X — Constraints for case analysis #2
Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3 Response 4 Name ‘ Goal LS:T{ lf::ﬁr .\iﬁ; Vﬂzi:ehrt Importance Desirabilty Name ‘ Goal Lf;x;r Lifrﬂir ui?;;;er:t ;’;F;t Importance Desirabilty
Run A:A B:B C:C R1 R2 R3 R4 _ |AEneray minimize 1000 1200 1 1 3 AEnergy 0.827481 _ [AEnerqy minimize 1000 1200 1 1 3 AEnergy 0822041
] }_LF kN kA mm LS - i:ﬁslpzclitance is in range 52 2(]2 ] ] i B:Capacitance 1 - E:Eﬂj‘p?itance is in range 52 EDE :Il :Il 2 B:Capacitance 1
_[LaViIindings IS 1IN range . . Avinaings I5 1IN range . .
1 1100 50 5 0.9655 23.5 13.79 20.5 ~ |Maximum electromagnetic force isinrange 0.5925 2482 1 1 3 C:Wmdlngsﬁ 1 : Maximur‘r? electromagnetic force isin range 0.5925 2482 1 1 3 C:Wlndlngsﬁ 1
2 1200 100 3 0.8129 22.22 2.9 26 - ::ak. of the disihﬁrqe?{”s:t is in range 15;”; 28-23 ] ] i Maximum electromagnetic force ‘ ‘ ‘ 1 __|Peak of the discharge current maximize | 1671 2875 L 1 3 Maximum electromagnetic force 1
_ |[Maximum workpiece heig maximize : _ 7] _|Maximum workpiece height maximize 7.6 30 1 1 3 ) j
3 1100 50 5 0.9655 27.3 13.51 20.4 _Rise time of the of the discharge current maximize  19.3 40 1 1 3 Peak c.>f the dlscha.rge curﬁrent_ | ‘ ‘ 1 Rise time of the of the discharge current | maximize 193 20 ; ] 3 Peak c.)f the dlscha.rge cur.rent_ 0.243277
ul 1100 100 3 0.7452 21.78 8.22 26.5 Maximum workpiece height | | 0.766675 Maximum workpiece height 10.664598
2 1200 200 7 1.486 20.38 23.2 39.5 Table IX — Solution for case analysis #1 Rise time of the of the discharge current ‘ ‘ ‘ 1 Table XI — Solution for case analySiS #2 Rise time of the of the discharge current | | 0.523075
6 1100 200 3 0.6517 19.6 8.39 35 — Combined 0.859257 Rise time Combined | | 0513487
7 1000 200 3 0.5925 16.71 8.2 35 _ Peakof Msetime 1 1 | Maximum "% Maximum of the of | |
Maximum the aximum of the of 0.000 0.250 0.500 0.750 1.000 Number E Capacit Windi lect i the Koi th Desirabili 0.000 0.250 0.500 0.750 1.000
2 1200 50 G 1.46 21.61 17.68 20.85 Number Energy Capacitance Windings EIE:“:trDmagn discharge wnrk.piece . the  Desirability Solution 1 out of 20 amher  Energy  Lapacfance THindings ele rfDDT:EgnE ¢ discharge WTE:;::E disch:rge esirability Solution 1 out of 38
9 1000 100 5 0.8288 21.2 14.29 27 ST cumene MO ChenarEe Figure 7 — Desirability for case analysis #1 current current Figure 8 — Desirability for case analysis #2
10 1000 100 5 0.8288 22.2 14.27 26.9 1 1034.508 00 3 1699 1671 24774 2044 0.859 Selocted 1 1035.592 100 8 1.017 19.630  22.487  30.128 0.513 Selected
11 1200 100 5 0.9946 25.7 16.16 27
12 1200 50 8 2.482 20.59 22.83 22
13 1000 50 5 1.217 19.6 16.32 21 IV. CONCLUSION
14 1100 100 3 0.7452 20.91 8.2 26.25 : : :
5 1000 200 8 1 647 16.99 53,85 20 From this study, the following conclusions are drawn:
16 1100 100 8 2 21.78 24.18 30.75 .. : : : .. : : : . :
1000 50 ) ) 068 1979 002 0 * Empirical relationships were developed using statistical tools to predict selected responses of the free bulging EMF process using a flat spiral coil.
o 1o 8 2 2135 2303 >0 « The 3D surfaces can show the main and interactions effects of significant process parameters.
19 1000 50 3 0.7874 23.09 7.6 19.3
20 110020006 1.035 18.3 19.34 58.4 * Despite the discharge current peak being an important response of EMF pulse units, the rise time of the discharge current was essential to reach the higher workpiece height.
21 1200 100 5 0.9946 24.83 15.98 27.75
22 1100 200 6 1.035 17.42 19.36 37.1 * The maximum workpiece height # of 24.77 mm was achieved for the combination U=1034. 5J, C=200 uF, and »=8. It can be noted that the coil winding number is significant to
23 1200 200 4 0.7478 22.65 14.52 35 smprove the formine process
24 1100 100 8 2 19.17 23.76 30 P &P ‘
iz Egg fﬂ“ﬂ ;‘ ‘]falff ig;i 21;;8 ;2  Finally, the significant process parameters were identified, outlining optimum geometry and pulse unit parameters, which can aid the design of flat spiral coils and electrical components
57 1000 200 5 0.941> 16,99 181 . for the EMF process. Multi-response optimization by desirability analysis can also improve the EMF process efficiency, enhancing the forming process with minimal energy.
28 1200 200 7 1.486 20.04 24.16 39.5
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