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Abstract In this study, we developed an automated process technology for the electric resistance spot welding process of
direct current fuses (DC fuses), the demand of which is rapidly increasing due to the growing global demand for carbon
neutrality and the expansion of the development and utilization of electric vehicles (EVs) and energy storage systems
(ESS). To improve the productivity and quality of DC fuse manufacturing, we defined key process variables for the spot
resistance welding process, such as welding current, pressure, and welding time. We analyzed the effects of each variable
on the heat generation characteristics and melting zone shape during welding. Based on this, we established weld quality
evaluation criteria, and through data-driven design of experiments (DOE) and experimental analysis, we derived optimal
process conditions and identified defect types and causes. In this experiment, we measured the tensile strength, weld nugget
size, and melting degree (no melting, normal melting, and over-melting) at eight points on, the upper and lower slopes of
the DC fuse (a total of 32 points) using the three-factor, four-level orthogonal array (L16(4’)) method. Through analysis of
each main effect and interaction effect, the optimal operating conditions satisfying the tensile strength (1.53 kgf) and weld
nugget size (1.47 mm) specifications were identified: a welding current of 6.5 kA, an applied pressure of 1.75 kgf/cm’, and
a welding time of 1.5 seconds. Furthermore, the strong interaction between current and time confirmed that heat input
balance is a key factor in weld quality, with applied pressure playing a supplementary role in stabilizing this balance.
Based on this, an automated point resistance welding system was designed and an integrated architecture of mechanical,
electrical, instrumentation, and data/MES was established to enable current-time-based heat input control and applied
pressure stabilization. A real-time production process monitoring system was established, and a prototype capable of process
sequence control was manufactured and successfully tested in the field. This study is expected to contribute to increased
corporate sales by enabling high-reliability quality control and enhanced productivity through precision welding of plate-
shaped DC fuse elements. Furthermore, the results of this study are expected to contribute to improving the technological
level required for the development of electric vehicles and energy storage systems (ESS).
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AES for 500VDC EV-

applications, cylindrical EV fuse:

Diameters: 21/ 25/ 31mm
Ratings: 50-400 A, IR 50 kA

EV Motor and

(

AE7 for 700 - 800VDC EV-
applications, cylindrical EV
fuse:

Diameters: 25/ 38/ 51mm
Ratings: 70-600 A, IR 50 kA

\

Control Unit

AEX for 1000vDC EV-applications, ¥
cylindrical EV fuse:

S

Battery Pack
Diameters: 31/ 38/ 51mm
! Ratings: 70-400 A, IR 50 kA
adler”
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Fig. 1. DC Fuse specification for Electric Vehicle.
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Fig. 2. Specific Architecture of BPU (Battery Protection Unit) and ESS DC Fuse.
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Fig. 3. ESS BPU DC FUSE Elements geometry and Assembled Features.
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Fig. 5. Welding nugget defects of welding process by current manual work process.
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Fig. 6. Correlation between welding process variables (current and time) and heat generation according to changes in applied pressure.

Table 1
Analysis of causes and quality impacts by welding defects type
Defect type Process parameters and welding status Welding quality
» Low current (I1}) or short welding time (T|) — Insufficient heat * Increased electrical resistance, decreased
Low welding generation, resulting in insufficient molten metal formation. mechanical strength, and unstable

nugget fusion ¢ Excessive welding pressure (P1) — excessively redueces contact

resistance, inhibiting heat generation.

current conduction due to imperfect
bonding.

Over welding

local overheating.

Excessive current (I1) or excessive time (T1) — Excessive heat
generation, expansion of the molten zone, and instability of metal flow.
nugget fusion e« Pressure is insufficient (P|) — contact resistance increases, causing

Terminal part deformation, nugget
asymmetry, surface cracks and reduced
durability due to excessive expansion of
molten metal.

Spatter

during.

Combined conditions of excessive current (I1) and insufficient pressure ¢ Surface damage, poor appearance,
(P]) — Local current concentration and explosive melting occur.
Overheating due to excessive time (T1) — Increased metal scattering

electrode contamination and poor
reproducibility due to molten metal
splash.

)~

DC FUSE Elements®] A&d-gHe A= 7+ HE A3
o o] wAsh= A3 wA(Q = 'R T)S o] &3IAUL
%74 ARe &85 I 2 Uil & Aske F
AAZ AF HE A viggol wadH, A7 A
G868 W Ao BR. ke 15 7 A%
Xﬁ}ﬂr A FAdAe S TRE AR el Y
7 v 713 9 2w S0 Wsk, UF Eo
Ao ghaE] &-fo] EhdsiAAl Hot 854
= g AR WrE A%
o) #0R Aol Bk, UF 9 A9 gl
 Ath(Fig. 6). o3 Al W=
2k aei g }mmu g iR s 6
Al FFE FH, Al A #F Aot 8 FE o
dAg 3R] Al elxjo|t},

ARl s B AE120)S 249 23,
Table 19] R wlo} o] SARolN dRee Fa
EFe vEE, #EE, 29H AR Q‘?lﬂi’iﬁ ,
g B 44 A WSl 4 Aokl S
W, fAzAEse) Wah 443 24
A717 Ag Tl A0 TS Ulﬂ% Zi&i et
) b Ao ol2e 2 7 AEAe B

£ AFHoR M| Sl AFAYRHE A Eslha,

)

_4

P

o)

m]I. Flr’ i

-

A e Fad 8l weAg-S AAH R HIsaat

3. DC FUSE Elements XM&&8 =71 &5t 4
Z|&{5} diot o

DC FUSE Elements A8 3dZA 28
Azl o=2 53 4% YZl(nugget) S HgH
AR, oY, FAAT 59 FHL8Hx21E =E3)
SHE xTslol &8st

- e wd% Q = I RT (I A%, R: A3, T

AR7PIR)
- AGEH FHRA: AR, FHQY 2E2), §2

AR, 2 5
2F AREH AT FHe $ A, T4 97
& ABYS /K ov, AT S WA F7)
F2 98 AR, 9, BANZ, AT 34 52 3

2
LD e REStE)

B ARG AFeRTE] FE WEL A
she Al 7B AlolelAiel &4 AR, THiEP), 83
AZHTYE 8122 AT Table 2).



30 Joon Hwang and Seung-Woo Ra

Table 2
Control factors and levels for electric resistance spot welding
condition

Control factors Level 1 Level2 Level3 Level4

welding current (kA) 6.0 6.3 6.5 6.8
applied force (kgf/em®)  1.50 1.65 1.70 1.75
welding time (s) 1.0 1.35 1.7 1.9

AYEAR) LEAge] EA| BB
AY 5 Y SR, 12 2 A B LANl@

AT Ag b5 )BT IFOE 7F e T
WSt BEAES FYHOE BA3] 99 Table
39 7o) Li6@) Aamdue A8, 2 48 =
e WY SAE W Sasie] 49 o] mE AR

=
&g B4 AT 8RR APIEEA: 12 kef
olihel U2l All=@E#4: 175 mm ©lahel™, DC
FUSE #71919] 33} & $MA(G2¥EINE)E S4sl] 3
Fehe AEHA
HAFE 6.0 kA °]5PIME 18§(Underweld) B0l

Table 3
Design of experimental results for electric resistance spot welding

No welding current applied 2force welding time tensile strength nugget size Welding quality
(kA) (kgf/em”) (s) (kef) (mm) status decision

1 6.0 1.50 1.0 1.08 1.20 NG (underweld)

2 6.0 1.65 1.3 1.22 1.45 OK

3 6.0 1.70 1.5 1.25 1.55 OK

4 6.0 1.75 1.8 1.20 1.68 critical

5 6.3 1.50 13 1.28 1.38 OK

6 6.3 1.65 L5 1.36 1.52 OK

7 6.3 1.70 1.8 1.31 1.70 critical

8 6.3 1.75 1.0 1.20 1.40 OK

9 6.5 1.50 1.5 1.45 1.60 OK

10 6.5 1.65 1.8 1.38 1.75 NG (overweld)

11 6.5 1.70 1.0 1.40 1.38 OK

12 6.5 1.75 1.3 1.53 1.47 OK (optimal)

13 6.8 1.50 1.8 1.35 1.82 NG (spatter)

14 6.8 1.65 1.0 1.28 1.50 OK

15 6.8 1.70 1.3 1.33 1.65 critical

16 6.8 1.75 1.5 1.36 1.73 NG (overweld)

Electric resistance spot welding nuggets

Fig. 7. Experimental nugget images of DC FUSE elements electric resistance spot welding.
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Fig. 10. Interaction effect on tensile strength of DC FUSE elements resistance spot welding.
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Table 4

ANOVA results on tensile strength of electric resistance spot welding nugget
Source DF SS MS F-value P-value Significance
Welding Current (A) 3 0.145 0.0483 42.5 0.0002 Significant
Air Pressure (B) 3 0.059 0.0197 17.3 0.0021 Significant
Welding Time (C) 3 0.087 0.0290 254 0.0009 Significant
A xB 3 0.012 0.0040 35 0.081 Marginal
AxC 3 0.026 0.0087 72 0.026 Significant
BxC 3 0.008 0.0027 2.2 0.165 Not significant
Error 4 0.0045 0.0011 - - -
Total 22 0.341

Table 5

ANOVA results on cutting pressure value of electric resistance spot welding nugget
Source DF SS MS F-value P-value Significance
Welding Current (A) 3 0.238 0.0793 51.8 0.0001 Significant
Air Pressure (B) 3 0.048 0.0160 10.5 0.007 Significant
Welding Time (C) 3 0.132 0.0440 29.7 0.0005 Significant
AxB 3 0.021 0.0070 4.6 0.064 Marginal
AxC 3 0.029 0.0097 6.8 0.031 Significant
BxC 3 0.010 0.0033 23 0.159 Not significant
Error 4 0.006 0.0015 - - -
Total 22 0.484
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Fig. 12. Overal framework layout design for DC FUSE elements electric resistance spot welding automation process.
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