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Research on the Optimization of Blanking
Process for the Circuit Breaker Positioning
Plate

Qingchun Zheng, Jiaqi Liu, Jingna Liu *, Peihao Zhu, Wenpeng Ma, Zhongyu Gao.

Abstract—This paper, through the theory of multi-objective
parameter optimization, the finite-element analysis and central
composite test of the blanking process of the locating plate of the
breaker are carried out. The optimal blanking process
parameters of the positioning plate of the circuit breaker are
determined, and the influence laws of the independent variable
blanking gap, the punch edge radius and the blanking speed on
the maximum blanking force and the length of the bright belt
are obtained. The experimental results show that the
production efficiency of the positioning plate of the circuit
breaker is increased by 25%, and the actual machining error is
only 4%, which provides a certain guiding significance for
optimizing the blanking process parameters.

Index Terms—Center compound test, Multi-objective
optimization, Response surface, circuit breaker positioning
plate

[. INTRODUCTION

HE circuit breaker positioning plate is the core
component of the circuit breaker actuator [1-2]. When
the circuit system is overloaded or short-circuited, it can not
only provide the energy required for the opening and closing
of the circuit breaker [3-4], but also resist the damage to other
components caused by the overload impact [5]. Besides, the
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circuit breaker positioning plate is a blanking product, and
the quality of the punching process will seriously affect the
quality of the circuit breaker positioning plate. At present,
there is a lack of scientific blanking theory and process
optimization strategy in the blanking process of circuit
breaker positioning plate, resulting in high processing energy
consumption and low yield [6-7], which seriously restricts
the benign development of blanking process [8-10].
Therefore, it is of great significance to study the blanking
theory of the circuit breaker positioning plate and determine
the optimal parameters of the blanking process.

In recent years, scholars have carried out much research on
sheet blanking from the aspects of practical design and
theoretical numerical simulation. Li [11] used mathematical
analysis method to analyze the law of blanking crack and
propagation in the blanking process of aluminum alloy sheet,
and optimized the blanking process combination parameters.
NA [12] compared the influences of die clearance angle and
die opening size on blanking accuracy and quality, which
showed that punch wear is the largest in the initial stage of the
stamping process and reasonable clearance can improve
processing quality and extend conclusion of tool life.
Hatanaka [13] used the finite-element method to simulate the
blanking processing technology and pointed out that the
length of the bright section to the section is the main impact
factor to the quality of the section. Choi [14] studied the
effects of blanking clearance and blanking angle on the
quality of the section during the blanking process of DP980.
Le [15] studied the relationship between the cutting edge
quality of AA6111-T4 aluminum alloy plate and the blanking
angle and blanking clearance. Hu [16] explored the
relationship between blanking clearance and burr height of
AA6111-T4 aluminum alloy plate through simulation and
studied the mechanism of chip and burr generation on this
basis.

Cheon [17] carried out a finite element simulation analysis
of crack initiation and propagation during the blanking
deformation of metal materials based on the nodal separation
technology and proved the consistency between the blanking
force-bunching die stroke curve and blanking experimental
values. Tekiner [18] used the practical method to conduct
blanking experiments for materials with different material
thicknesses and proved that the blanking clearance has a
significant influence on the burr and blanking force. Cristian
[19] used the experimental method to design the AA5754
aluminum alloy sheet blanking process experiment and found
that the burr formed during the blanking process of the sheet
increased with the increase of the gap. Onur [20] used the
Lemaitre damage model to describe the initiation and
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propagation of punching cracks. The optimal punching gap is
obtain by analysis, and simulation values are close to the
experimental values. Seunghyeon [21] designed a program
for predicting the service life of blanking dies and carried out
blanking experiments. The error between the experimental
value and the theoretical calculation value is only 7.2%.

In general, above research lacks the research and
formulation of blanking theory and process optimization
strategies related to the processing of circuit breaker
protectors. They only used the single factor method and the
orthogonal test method, and did not consider the
multi-objective optimization of the bright band and the
blanking force. Therefore, the resulted high processing
energy consumption and low yield had incredibly restricted
the development of the blanking process. This paper uses the
finite element method, centre compound experiment and
multi-objective optimization to study the influence of
independent variable blanking clearance, punch edge radius
and blanking speed on the maximum blanking force and the
length of the bright belt, determines the best blanking process
parameters of the positioning plate and realizes the scientific
process of positioning plate blanking. What’s more, the
blanking theory and technology of the circuit breaker
positioning plate are improved, and problems of high energy
consumption and low power in actual production are solved.

II. MULTI - OBJECTIVE OPTIMIZATION THEORY AND METHOD

A. Response surface analysis and experimental design
principles

Response surface analysis [22-23] is a method to seek the
optimal combination of test factors and obtain the optimal
target value through experimental designs. The mathematical
expression can be get by

y=af'(x)+p (1)

Where xis the transpose of the vector (x,,x,,........ ,X,),

f(x) is the m-dimensional response function matrix, the

orthogonality and transposability are satisfied. «is the
unknown parameter vector, and [ is the appropriate

modifier.

Response surface method is used to establish the mapping
relationship between maximum blanking force, length of
bright band and parameters. The commonly used models in
the response surface method are the first-order response
surface model and the second-order response surface model.
Due to the nonlinear relationship between the maximum
blanking force, the length of the bright band and the three
parameters, the first-order response surface model cannot
satisfy the regression effect. Therefore, this paper adopts a
second-order response surface model to establish the
blanking model of positioning plate of the circuit breaker.
The second-order response surface model [24-25] can be
expressed by

N N N
} =g+ ax 4y ax+ ) axx, Q)
i=l =1 (<))

Where }is the response predicted by the approximate
model, x is the design variable, /V is the number of variables,
and « is the undetermined coefficient [26-27], which is
determined by

a=(Xx"x)' X"y 3)

Where X is the experimental sample point matrix, X" is
the transposed matrix of x, and yis experimental

observation vector.

The principle of the central composite test design is
composed of three parts: cubic point, axial point and central
point test in space, which is shown in Fig 1.

Y —Central point
@ —Axial point
{2} =Cubic point

Fig. 1 Schematic diagram of CDD principle

The cube point is the point at every point of the cube, and
the axial point is the point on the coordinate axis established
by the center of the cube. The factor selection of the axial
point is determined by the value of « , which is calculated by
the formula (4). In the design of central composite test, the
value of parameters will be taken out of the predetermined
parameter space according to the size of «, which is
convenient for exploring the parameter space outside the
sample.

k

=2t 0
Where k is the number of factors tested.

B. Multi-objective genetic algorithm

Multi-objective optimization problem refers to the
optimization problem when many factors and objectives need
to be considered in the actual application of engineering. The
more detailed the factor and index analysis, the more accurate
the model will be. However, the improvement of accuracy
often brings a huge amount of calculation and technical
difficulties to solve the problem. The multi-objective
optimization method can grasp the main contradictions of the
problem, eliminate secondary factors and simplify the
problem.

In general multi-objective optimization problems, Pareto
solutions are usually continuous and have infinite numbers,
which is shown in Fig 2. The optimal solution obtained by
multi-objective optimization is the result of a trade-off
among objectives. The optimal solution may not be the
optimal solution for a single objective, but it can be
considered as the best solution to achieve each sub-objective
as far as possible. In this paper, NSGA-II [28-29] algorithm is
used to enhance the ability to select the solution near Pareto
and accelerate the acquisition of the optimal solution.
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Pareto Front-edge

=y

Fig.2 Pareto Front-edge Disassembly

The multi-objective optimization is defined by
min f,, (x),m=12,..,M
gj(x)<0,j=12...J
st hi(x)=0k=1.2,..K (5)

L U
Xg )SXZ. SXS ),i:1,2,...,n
Where, X; is the i variable and N is the total number of

design variables; X iL and X. iU is the upper and lower limit of
f,(x)is the m

sub-objective function, M is the total number of
sub-objective functions, g, (x)is the j inequality constraints,

the value of the idesign variable.

J is the total number of inequality constraints, Ak(x)is the k

equality constraints, and K is the total number of equality
constraints.

III. FINITE ELEMENT MODEL OF THE BLANKING POSITIONING
PLATE

The positioning plate blanking process is divided into four
steps: left punch punching, right punch punching, second
punch punching, and blanking. The model is Built in Fig.3,
and properties of H85 brass is defined according to Table 1.

Fig.3. Finite element model1-Punch, 2-first punch left punch, 3-first
punch right punch, 4-second punch, 5-punch blanking punch, 6-sheet, 7-die

In ABAQUS, the model is meshed and the finite element
model is shown in Fig 4.

(b)

(d)

Fig.4. Finite element model:(a) Sheet metal division(b) Sheet
metal(c)Punch(d)Die.

The contact between the mold and the sheet is defined as
surface-to-surface contact between a rigid body and
deformed body. Fixed constraints are set around the sheet and
the reference points are placed on the punch and die, thus
constraining the movement of the punch and die [30], which
is shown in Fig.5.

Fig.5. Motion analysis

According to the actual production analysis, the blanking
speed is set to 4mm/s in the Yp-direction, and the reference
point XL is set to be shifted 9mm.to the left. The analysis
steps and movements are set as shown in Table 2.The impact
of different blanking speeds on forming can be analyzed by
changing the blanking speed of the punch.

TABLE2
ANALYSIS STEPS AND LOAD SETTINGS
Mould horizontal moving Punch blankin, .

Step speed (mm/s) speed (mm/s)g Time (s)
1 0 4 2.5
2 360 0 0.025
3 0 4 2.5
4 360 0 0.025
5 0 4 2.5
6 360 0 0.05
7 0 4 2.5

TABLEI
MAIN PARAMETERS OF SHEET BLANKING MODEL
Material H85brass
Length(mm) 9
Thickness(mm) 2
Density(kg/m?) 8900
Modulus of elasticity(MPa) 115000
Poisson'sratio 0.34

Based on the above, the ABAQUS analysis model of the
positioning plate progressive mold is completed. According
to the actual production of the company, the blanking speed
of the simulation is set as 4mm/s, the blanking clearance is set
as 0.18mm, and the fillet radius of the punch edge is set as
0.5mm.

The maximum stress is 362.7MPa after the first punching
(a) and 385.6MPa after the second punching (b). In general,
the stress increases significantly. When the stress reaches
295MPa between the two holes, plastic deformation will
occur. This is because the distance between the two holes is
relatively close, and the first hole has a more significant
impact on the punching of the second hole, so the two holes
cannot be punched at the same time. If the two holes are
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punched at the same time, fracture will occur between the two
holes. The third process (c) has a large spacing between the
two holes, so that it can be punched simultaneously. The
maximum stress is 390.2MPa. The fourth process (d) has the
same maximum stress as the third process and the maximum
stress is 397.3MPa,which is shown in Fig.6.

Based on the constitutive model of H85 brass, a simulation
model of progressive die blanking for the circuit breaker
positioning plate is established. The impact of blanking
speed, blanking clearance and fillet radius of punch edge on
the length of the bright band and blanking force are
determined.

A. Impact of blanking clearance on length of the bright band
and blanking force

The controlled variable method is used to study the
relationship between the blanking gap and the length of the
bright band of the brass blanking section and the blanking
force. Setting the blanking speed as 4mm/s, the fillet radius of
punch edge as 0.5mm, and the blanking clearance as 0.07mm,
0.13mm, 0.18mm, 0.23mm, 0.28mm is to simulate the
positioning plate punching process. The length of the bright
band is shown in Figure 7.

It can be seen from Fig.8 that as the blanking clearance
increases, the length of the bright band and the maximum
blanking force show a decreasing trend, where the optimal
blanking clearance is selected as 0.18mm.

B. Impact of fillet radius of punch edge on length of the bright
band and blanking force

The control variable method is used to explore the
relationship among the radius of the punch edge fillet, the
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length of the bright band of the brass blanking section and the
blanking force. The blanking speed is set as 4mm/s, the
blanking clearance is set as 0.18mm. Then, the finite element
simulation of the blanking process of the circuit breaker
positioning plate is performed, and the relationship among
the fillet radius of the cutting edge of the different punches,
the length of the bright belt and the blanking force is obtained,
and the result is shown in Fig.9.

It can be seen from Fig.9 that the length of the bright band
increases first and then decrease with the increase of fillet
radius of punch edge. In addition, the maximum blanking
force increases gradually. Meanwhile, the increase of fillet
radius results in more burrs and collapse angles of the
punching section, and the optimal fillet radius of the punch
edge is 0.5mm.

C.Impact of blanking speed on length of bright band and
blanking force

In the same way, the blanking clearance is set as 0.18mm,
and fillet radius of punch edge is set as 0.5mm.
Finite-element simulation about the blanking process of the
circuit breaker positioning plate is carried out to find out the
relationship between blanking speeds and the length of bright
band as well as blanking force, which is shown in Fig 10.

It can be seen from Fig.10 that the length of the bright band
shows an increasing trend with the continuous increase of
blanking speed. Though the impact of blanking speed on
blanking force is small, the overall trend is decreasing.
Excessive blanking force will result in faster wear of punch
and may cause unpredictable damage to the machine tool.
Therefore, the optimal blanking speed is selected as Smm/s.
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Fig.6. Strain simulation results: (a) The first step state (b) The second step state (¢) The third step state (d) The fourth step state

(a) (b) (c) (d (e)

Fig. 7 Analog values of bright band lengths at different blanking intervals(a) Blanking clearance is 0.07mm (b) Blanking clearance is 0.13mm (c) Blanking
clearance is 0.18mm(d) Blanking clearance is 0.23mm(e) Blanking clearance is 0.28mm.
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Fig.10. (a) Influence of blanking speed on the length of the bright band and (b) Influence of blanking speed on maximum blanking force.

D.Blanking response model and optimization

The blanking clearance, fillet radius of punch edge and
blanking speed are the main factors that decide the blanking
quality of the circuit breaker positioning plate. Response
surface model [31-32] is built with these three parameters

used as the influencing parameters for center compound
experiment [33]. In addition, the variation range of each
parameter is measured during the blanking of positioning
plate. The actual production process parameter range is
defined by Tianjin Jinrong Tianyu Precision Machinery Co.,
Ltd. The range of blanking clearance is set from 0.08 to
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0.24mm, the range of fillet radius of punch edge is set from
0.3 to 0.84mm and the range of punching speed is set from
1.64 to 8.36mm/s.

Two parameters with a high reference value for blank
forming should be selected as the optimization target for the
central composite design method. In this study, the length of
the bright band and the maximum blanking force are selected
as the target variables. In addition, blanking clearance x1,
fillet radius of punch edge x2 and blanking speed x3 are used

as independent variables. Central composite design
parameters shown in Table 3 are obtained.
TABLE 3.
TEST PARAMETERS OF RESPONSE SURFACE MODEL
. F?“et Blanki Length of Maximum
Blanking  radius of ng : .
bright blanking
Group  clearance punch speed
band force
x; (mm) edge x3(mm/ (mm) (KN)
x;(mm) S) Yi Y2

1 0.28 0.50 5.00 1.40 58.5

2 0.18 0.50 5.00 1.45 61.5

3 0.18 0.50 5.00 1.45 61.5

4 0.12 0.30 3.00 1.41 63.0

5 0.12 0.70 7.00 1.53 63.5

6 0.12 0.30 7.00 1.27 58.0

7 0.24 0.30 3.00 1.30 61.5

8 0.18 0.50 8.36 1.42 61.5

9 0.08 0.50 5.00 1.35 62.0

10 0.12 0.70 3.00 1.40 63.0

The process optimization of positioning plate blanking
studied in this paper is a problem of optimizing the design of
two or more targets at the same time. In order to obtain the
mapping relationship, Design-Expert is used to perform a
second-order response surface linear regression on the
variables in Table 4 [34-36].The optimal solution obtained
may not be the optimal solution of a single goal, but it is the

c -
Cap. 0.21 040 ..o
QI]C‘ 6\\)
% 0.24 7030 (5
’b,,] NG
Q\
(@) °

solution that makes each sub-goal reaches the optimal
solution as far as possible.

The regression formula of the prediction model can be
expressed by

y, =0.3406—0.0849x, +0.9064x, +0.0188x, +0.3125x,x,
+0.0729x,x, +0.0593x,x, —2.7196x> —1.2612x —0.0038x

The second-order response surface linear regression of
independent and dependent variables in Table 4 is performed
by Design-Expert.

A three-dimensional map composed of the length of the
bright band and the influencing parameters of the positioning
plate forming can directly reflect the influence of each
variable on the response variable. The impact of the
independent variable on the length of the bright band is
shown in Fig.11.

A second-order response surface linear regression is
performed between the independent variables and dependent
variable in Table 4 using the same method. The regression
formula of the prediction model is described in formulas (7).
The effect of the independent variable on the maximum
blanking force is shown in Fig.12.

y, =184.3917+163.8997x, —11.6237x, —30.7373x,
~52.0833x,x, +15.6250x,x, +35.9375x,x, ~985.9439x>  (7)
~93.1544x2 +0.6595x>

Isight performs multi-objective optimization to obtain all
Pareto solution sets. Partial Pareto solutions are shown in
Table 4. In the sight window, the scatter diagram between the
bright band length, the maximum blanking force and the
independent variable can be observed, as shown in Fig.13(a).
The highlighted points in the figure are the scattered points of
Pareto optimization solution on the coordinate axis. Fig.13(b)
shows the distribution of Pareto optimization solution set on
3D coordinate axis.

Fig.11. (a) Influence of blanking clearance and fillet radius of punch edge on length of the bright band and (b) Influence blanking clearance and blanking speed

on length of the bright band
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Fig.12. (a) Influence of blanking clearance and fillet radius of punch edge on maximum blanking force and (b) Influence of blanking clearance and blanking

speed on maximum blanking force
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Fig.13 Distribution of optimal solutions: (a) Optimal solution distribution of length of bright band and maximum blanking force and (b) Optimal solution
distribution of length of bright band, blanking clearance and punch edge fillet radius t in 3D view.

on the length of bright band, i.e., relatively small blanking

clearance results in higher force between the metal material
and the punch. The fracture of brass is delayed and the bright
band of blanking section is increased by means of better
exerted plasticity of metal materials and fully suppressed

TABLE 4.
PART OF THE PARETO SOLUTIONS
Fillet .
Blanking  radius of  Blanking Lengt h of Maxm}um
bright blanking
Group clearance punch speed
band force
x; (mm) edge x3(mm/s) (mm) (KN)
xz(mm) Yi Y2
1 0.17 0.58 4.87 1.42 68.48
2 0.28 0.54 5.05 1.47 65.57
3 0.17 0.49 4.83 1.44 70.75
4 0.18 0.52 5.11 1.42 69.54
5 0.15 0.38 3.57 1.47 70.02
6 0.15 0.41 5.06 1.45 58.48
7 0.19 0.16 5.28 1.15 62.18
8 0.25 0.48 5.28 1.44 59.57
9 0.28 0.47 5.24 1.31 58.43
10 0.13 0.37 7.44 1.04 58.75

Impacts of various factors on the maximum response value
are reflected intuitively by the response surface shown in
Fig.11, in which the blanking clearance has the largest effect

occurrence of blanking cracks. The impact of blanking speed
on the length of bright band is small. The length of bright
band increases when the blanking speed gets higher. This
because that fluidity of the material is improved and the
bright band becomes longer at raised speed. The fillet radius
of punch edge has the least impact on the length of bright
band. As the radius of fillet of punch edge increases, the
length of bright band increases first and then decreases.

The impact of blanking clearance, blanking speed and fillet
radius of punch edge blanking force are reflected intuitively
by the response surface shown in Fig.12. The blanking force
decreases as the blanking speed gets higher. When the speed
increases to a certain value, the reduction of blanking force is
even less noticeable. As the blanking clearance increases, the
blanking force gets lower, on the other hand, as the fillet
radius of punch edge increases, the blanking force gets

higher.
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This paper combines the specific data given in Table 4 to
analyze the distribution of Pareto's optimized solution set on
2D and 3D coordinate axes. It can be seen that the optimized
solution for the blanking clearance is 0.152mm, and the
optimal solution of fillet radius of punch edge is 0.41mm, and
the optimal solution of blanking speed is 5.06mm/s. In order
to facilitate experimental processing, approximate
parameters are taken. That is, the blanking clearance is
0.15mm, the fillet radius of punch edge is 0.4mm, and the
blanking speed is Smm/s.

IV. EXPERIMENTAL VERIFICATION OF THE OPTIMAL
SOLUTION

Blanking test of Pareto's optimal solution is verified by the
progressive mold provided by the enterprise. The part
diagram of the positioning plate of the circuit breaker is
shown in Fig.14.

3,08
Y
r2.8
| /
© BN _
T o
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I

Fig.14. Three views of the positioning plate

In this paper, the NS1-800 punching machine is used for
blanking experiment. The maximum height of the stamping
die is set as 300 mm, the range of adjustment for the height of
stamping die is set as 80 mm, the stroke of the sliding block
for the stamping machine is set as 100 mm and the stroke of
the sliding block is set as 55-125 times/min. Install the
progressive die before connecting the punch pressure sensor
to measure the punching force, which is shown in Fig.15.
Two-dimensional digital image measuring instrument is used
to measure the length of bright belt on the blanking section of
the positioning plate. Besides, blanking force is recorded to
measure the bright belt’s length, which is shown in Fig.16.
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Fig.16. Measuring bright band

Measuring the parameters of the fourth procedure. The
maximum blanking force of the product punched out before
the improvement of process parameters is 62.7KN and the
bright section of the stamping part measured by a
two-dimensional digital measuring instrument (Fig.17a) is
1.2mm. The maximum blanking force of the product punched
out after the improvement of process parameters is 58.6KN
and the length of the bright section of the stamping part is
measured by a two-dimensional digital measuring instrument
(Fig.17b) is 1.51mm.

1.20mm

(b)

Fig.17. Cutting surface of part: (a) Process parameters before improvement
and (b) Improved process parameters.

Optimized experimental and simulation results are shown
in Table 5. It can be seen that the error of maximum blanking
force is 2.05% and that of bright band length is 3.97% after
optimization. Both of the errors are within the allowable
range, which proves the reliability of the above modeling.

TABLE 5.
COMPARISON OF OPTIMIZED EXPERIMENT AND SIMULATION RESULTS
. The actual Simulation
Location Error
value value
Maximum blanking o
force (KN) 58.6 58.48 2.05%
Length of bright band 151 1.45 3.97%
(mm)

The experiment is carried out with the original process
parameters, and the blanking clearance is set as 0.18mm, the
blanking speed is set at 4mm/s and the radius of fillet of
punch edge is set as 0.5mm. The experiment is carried out
with the optimized process parameters, i.e. blanking
clearance 0.15mm, radius of fillet of punch edge 0.4mm and
punching speed Smm/s. Two groups of parameters were
manufactured together for 4 hours to compare the number of
experimental samples.

TABLES.
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COMPARISON OF ACTUAL PRODUCTION BEFORE AND AFTER OPTIMIZATION

Group 1 2
Blanking clearance x; (mm) 0.18 0.15
Punch edge fillet radius x, (mm) 0.5 0.4
Blanking speed x; (r/min) 4 0.5
Timet (h) 4 4
Numbery (n) 260 328
Number/ Time 65 82

V.CONCLUSIONS

In this study, the mechanical model of maximum blanking
force is established by using slip line field theory, and then
the theoretical formula of maximum blanking force is derived.
Based on the maximum blanking force, the finite-element
simulation of the blanking process of the locating plate of the
circuit breaker is carried out and combined with the central
composite experiment. Several process parameters are
analyzed, which have a great influence on the locating plate.
The optimal combination of process parameters is obtained
by multi-objective optimization. Based on the optimized
process parameters, the maximum blanking force is reduced
from 62.7KN to 58.6KN, achieving the purpose of reducing
energy loss. The length of the bright strip is increased from
1.2mm to 1.51mm, and the production efficiency is increased
by 25%. This experiment verifies the rationality of the
optimized process parameters, the difference between
optimized simulation results and experimental results is very
small, the maximum error of the test point is less than 4%,
which proves that the simulation accuracy of the positioning
plate blanking is high, which has certain guiding significance
for optimizing the blanking process parameters.
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