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Development of Magnetic Latching Relay for
Improvement of Tripping Current Variation
Under Manufacturing Error

Takafumi Nakagawa

Abstract—This paper proposes a magnetic latching relay
with a permanent magnet to improve the tipping current
variation in operation. We propose a new structure that adopts
a partly saturated iron yoke and a thin non-magnetic plate on a
contact surface. The magnetic structure is optimized by
Taguchi’s design methodology and FEM calculations. The
variation of latching magnetic force is minimized and the
current sensitivity is increased by evaluating the performance
of operation curve under manufacturing error. The
performance of the developed relay is studied in comparison to
our conventional one with calculations and experiments. The
developed relay decreases the tripping current variation to less
than half that of the conventional one.

Index Terms— Magnetic latching relay, robust design, finite
element method, Taguchi method

I. INTRODUCTION

M any types of magnetic switches with a permanent
magnet and a spring are widely used as triggers for
trippers in breakers [1]-[7]. A plunger is magnetically latched
by the magnetic flux generated by a permanent magnet. It
compresses a spring when power is off. When the magnetic
force becomes lower than the spring force, the plunger is
launched. The tripping current varies due to manufacturing
error. This leads to a variation of release timing or rising cost
of providing an electric circuit. It is important subject to
suppress this variation in mass production. There are some
works which have improved the response time by
optimization of magnetic structures [8]-[13]. However, these
works did not discuss the variation of the tripping current or
release timing. As for optimization techniques, stochastic
methods using a genetic algorithm or simulated annealing
algorithm have been widely used to find optimal structure
[14]-[18]. The orthogonal array method [19] [20] or the
response surface method have also been used to decide the
magnetic structure at low cost [21] [22]. However, these
works did not consider the performance variations generated
by the manufacturing error. Therefore, if a solution obtained
by these optimization techniques is very sensitive to small
perturbation, it will not be of practical use. That is, lack of
reproducibility may occur in the field when the product
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performance is highly dependent on tight control of the
design parameters or the interactions among them. In
comparison with these techniques, robust design aims at
achieving not only the expected performance but also
reproducibility of the performance in the field. The Taguchi
method has been widely used as a robust design technique for
magnetic circuit designs [23]-[29]. This method calculates
the cause-and-effect between the parameters and the
performance in a few experimental runs, and finds the
parameters that produce the main effect on the performance.
The key point in using Taguchi's approach is to find a good
additive model of controllable factors instead of measuring
quality performance. The additive model is defined as a
function to describe the expected performance in a system.
The degree of deviation from the expected function is
evaluated with the SN ratio. Many additive models are used
in Taguchi’s design methodology. For instance, the
proportional relation between the magnetic force and coil
current was evaluated to stabilize magnetic thrust force in a
linear actuator, and the magnetic structure was optimized
with response curve [27]. The locomotion of a lens
proportional to the driving force was used in the position
pickup system, and its structure was optimized under the
production errors [28]. In a solenoid relay, the time variation
of tripping current was investigated, and the electric circuit
was optimized to shorten response time [3]. To improve the
magnetic force distribution in a solenoid actuator, the linear
relationship between the magnetic force and gap length on a
contact surface was evaluated, and the shape of the plunger
was refined [29]. In a magnetic actuator used in the circuit
breaker, the trajectory of the electrical contact was evaluated
under the variation of electric components, and the electric
circuit was stabilized [30]. As for an actuator driving
compressor, Lorentz force was evaluated under variations of
air gaps along a coil guide [31]. However, these past works
did not give solutions for improvement of the tripping current
variation under the manufacturing error.

In this paper, we develop a magnetic latching relay to
improve the variation of tripping current. The magnetic
structure is optimized by Taguchi’s design methodology and
FEM calculations. The magnetic structure is optimized to
decrease the variation of magnetic force when the power is
off and the sensitivity increased in operation. The
performance of this relay is studied by calculations and
experiments in comparisons with our conventional one.
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II. DEVELOPED MAGNETIC LATCHING RELAY

The outline of the developed relay is shown in Fig. 1 (a),
and its cross section is illustrated in Fig. 1 (b). This relay
includes a ring-shaped permanent magnet, a solenoid coil, a
cylindrical plunger and a spring. The plunger is surrounded
by a C-shaped outer yoke and a bridging plate. The bridging
plate has a cylindrical opening to insert a plunger. A
baseplate is installed between the plunger and an outer yoke.
A thin non-magnetic plate is put on the baseplate. In Fig. 1
(b), the solid-arrow lines show the magnetic flux generated
by the permanent magnet. The dotted-arrow lines show the
magnetic flux generated by a coil. The plunger is
magnetically latched on the baseplate, and it suppresses a
spring with a spring plate when power is off. The strength of
latching force can be controlled by the size of a window made
on the outer yoke. A larger window produces stronger force
while the tripping current is increased. The symbols from A
to F in Fig. 1 (b) show the factors to control the performance.
The distribution of the magnetic flux when power is off is
shown in Fig. 2, which is calculated with the 1/4 model. From
Fig. 2 (b), both sides of the window are magnetically
saturated to reduce the variation of magnetic flux in
manufacture. The relationship between the magnetic force
and coil currents in operation is illustrated in Fig. 3. The solid
line shows a nominal operation curve, and the dotted lines are
deviations from the nominal operation under two noise
conditions such as manufacturing error. A two-dot chain line
shows repulsion force by a spring. When the coil is excited

and the magnetic force becomes smaller than the spring force,

the plunger is released. The tripping current varies depending
on the difference between the magnetic latching force and the
spring force. In addition, good sensitivity is required to
operate with low power consumption. The sensitivity
corresponds to a slope of the operation curve in Fig. 3. A
relay with larger sensitivity works on lower power. Figure 4
shows the comparison of calculations and experiments in our
conventional relay. The magnetic force on the baseplate is
calculated by FEM calculation and compared with the
measurements. The magnetic force is normalized by the
maximum force. The solid curve gives the measurements,
and black circles are calculations. These calculations agree
with measured values. The magnetic force decreases to 85 %
of the maximum value at the gap length of 0.01 mm. Figure 5
shows a comparison with calculations and measurements of
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Fig. 1. Structure of developed relay. The solid-arrow lines show the magnetic
flux generated by the permanent magnet. The dotted-arrow lines show the
magnetic flux generated by a coil.

operation curve in our conventional relay. The white circles
give the calculations, and black circles are measurements.
These calculations are in good agreement with the
measurements. The magnetic force decreases in proportion to
the coil current until reaching the repulsion force.
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Fig. 3. Illustrated operation curve under two noise factors. A solid line
shows a nominal operation curve and the dotted lines are deviations from
the nominal operation under two noise conditions. A two-dot chain line
shows the repulsion force by a spring.
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Fig. 4. Comparison of calculations and experiments in our conventional
relay. The magnetic force is normalized by the maximum force.
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Fig. 5. Comparison of calculations and measurements of magnetic force
against coil current in our conventional relay. The magnetic force is
normalized by the maximum force.
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[II. ROBUST DESIGN

The following SN ratio is used to evaluate the degree of
variation of the operation curve under noise conditions. SN
ratio and sensitivity are calculated by the following equations
[23] [32]. The relationship between signal and response is
approximated by a straight line y;=f; M;, where f; represents
a slope in each experimental run with orthogonal array (OA).
M, is a signal and y;; is a response.

SN =10log, (B /0*), Sensitivity = 101og,,(B?)

(1)
F=2.514 )
yij:BIM*f+e,.j.,i:1,-~-,p;j:1,-~-,q (3)
M =% v,/q 4)

where M’ is the averaged output signal, and €; is the

regression error. j refers to the experimental runs in OA. i
refers to the number of input signals. The total mean square
error from the regression line is given by

YO, -BM ) YD, ~B,M )

2 _ J=l il j=1 i=1
- £2
(pg-D*g*> M"

where p and q show the number of input signal and
experimental run. The larger SN ratio gives the smaller
variation in the response. In the first step, the optimal setting
of the controllable factors is determined to increase the SN
ratio. In the second step, the other factors are used to improve
the magnetic sensitivity to the operating current. Figure 6
shows an example of the calculated relationship between
averaged magnetic force and operating magnetic force under
two noise conditions, noise 1 and noise 2. A slope of a
regression line is equal to 1 when the operating force
coincides with the averaged force under two noises.

®)

A. Identifying Noise and Control Factors

The eight kinds of noise factors and their levels are
presented in Table I. Symbol A is remnant magnetization Br
of a permanent magnet. Symbol B is gap length on a
baseplate, which is decided by coating thickness, and symbol
C is diameter of a plunger. Symbol D is gap length between a
plunger and a bridging plate, and E is gap length between a
baseplate and an inner yoke. Symbol F is window width on
the outer yoke. Symbol G shows winding number, and
symbol H is diameter of a permanent magnet. The three kinds
of levels are sets for each factor except symbol A. The
column of Level 2 indicates the nominal values. The levels of
A are determined in view of the temperature rises. The other
levels except for symbol G are decided from the
manufacturing tolerance. These factors are assigned to OA of
L18 (2'x37).

At first, a change of the operation curve is calculated with
OA. The response curve is plotted in Fig. 7. The horizontal
line shows the kinds of noise factors. The vertical lines show
the magnetic sensitivity in operation and the magnetic force
when the power is off. These data are normalized by the
averaged value. This figure shows that factors B, D and H
have strong effects on change of the magnetic force. In other
words, the magnetic force is increased with the larger

magnetic flux and smaller gap. As for the sensitivity, the
impact factors are B, D, G and H. These factors give similar
tendency to sensitivity as magnetic force. Factor B strongly
affects both performances. From these results, the eight noise
factors are compounded to two additional noises to reduce
the computation cost in the following calculations. These
compounded factors are listed in Table II. Factor F is omitted
because the manufacturing tolerance does not affect the
change of magnetic force.
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Fig. 6. Example of the calculated relationship between averaged magnetic
force and operating magnetic force under two noise conditions: noise 1 and

noise 2.
TABLE I
COMPOUNDED NOISE FACTOR
Symbol detail Level 1 TLevel2 Level3
A T remnant magnetization Br 1.03 1.11 -
B mm gap length of gap2 0.016 nominal 0.016
C mm diameter of a plunger 0.05 nominal -0.05
D mm gap length of gapl 0.05 nominal -0.05
E mm gap length of gap3 0.05 nominal -0.05
F mm window width 0.10  nominal -0.10
G % winding number 30.0 nominal +30.0
H mm diameter of a permanent magnet {).20 nominal 0.20
1.5 . 1.5
—=— sensitivity
§ 1.3 —e— magnetic force ri3
& 1.14 rll
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Fig. 7. Response curve for noise factors. The horizontal line shows the kinds of
noise factors. The vertical lines show the magnetic sensitivity in operation and
the magnetic force when the power is off. These data are normalized by the
averaged value.

TABLE II
COMPOUNDED NOISE FACTORS

Symbol detail NI N2
AT remnant magnetization Br  1.03 1.11
B mm  gap length of gap2 0.016 -0.016
C mm  giameter of a plunger 0.05 -0.05
D mm  gap length of gapl 0.05 -0.05
E mm  gap length of gap3 0.05 -0.05
F 9% winding number -30.0 +30.0
G mm  diameter of a magnet -0.2 0.2

(Advance online publication: 29 November 2013)



Engineering Letters, 21:4, EL._21 4 04

In the next step, the controllable factors mainly affecting
the operation curve are investigated under the compound
noise conditions. The controllable factors are listed in Table
I11, and these factors are illustrated in Fig. 1. Seven kinds of
control factors are selected: height of a baseplate, three kinds
of gap length, height of a cylindrical opening on a bridging
plate, window width on an outer yoke, and winding number.
The OA of L18 (6'x3°) is adopted to accommodate factor A
including six levels.

TABLE III
CONTROLLABLE FACTORS

Symbol detail Level 1 Level 2 Level 3Level 4 Level 5 Level 6
A mm height of basplate 0.0 1.0 1.5 2.0 2.5 3.0

B mm length of gap2 0.02  0.08 0.12

C mm height of a cylindrical opening 0.0 1.5 3.0

D mm length of gapl 0.1 02 04

E mm length of gap3 0.1 0.2 0.4

F mm Wwindow width 9.0 7.0 5.0

G %  Wwinding number -20.0  nominal +20.0

B. Calculated Results

The calculated SN ratio and magnetic sensitivity for
controllable factors are summarized in Table IV. Numbers
from 1 to 6 show the levels of controllable factors shown in
Table III. Figure 8 shows the calculated response curve. The
white circles and black squares show the SN ratio and the
sensitivity, respectively. Figure 9 shows contributing rate
calculated by factor analysis. The slashed and shaded
columns show the SN ratio and sensitivity. From these
figures, the factors of A, B, D, E and F have significant
effects on the SN ratio. In other words, the height of the

TABLE IV
CALCULATED SN RATIO AND MAGNETOC SENSITIVITY
Experiment ~ Controllable factors ~ SN Sensitivity
No. A B CD E F G (db) (db)
1 1 1 1 1 1 1 1 36 -13.1
2 1 2 2 2 2 2 2 112 9.7
3 1 3 3 3 3 3 3 177 -13.3
4 2 1 1 2 2 3 3 81 -6.7
5 2 2 2 3 3 1 1 108 -12.0
6 2 3 3 1 1 2 2 154 -11.9
7 31 21 3 2 3 95 2.7
8 32 3 2 1 3 1 243 -15.7
9 33 1 3 2 1 2 205 -15.7
10 4 1 3 3 2 2 1 176 9.0
11 4 2 1 1 3 3 2 197 -11.7
12 4 3 2 2 1 1 3 289 -20.0
13 5 1 2 3 1 3 2 285 -17.3
14 5 2 3 1 2 1 3 234 -8.9
15 53 1 2 3 2 1 232 -16.9
16 6 1 3 2 3 1 2 143 -6.2
17 6 2 1 3 1 2 3 321 -24.0
18 6 3 2 1 2 3 1 295 -17.8
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Fig. 8. Calculated response curve for controllable factors. The white circles

and black squares show the SN ratio and magnetic sensitivity, respectively.

The dashed lines represent mean values.

baseplate and three kinds of gap length dominate the change
of the magnetic force. This means that the higher baseplate
leads to saturating the magnetic flux on the contact surface
and improving the change of the magnetic force. From Fig.8,
the three kinds of gap length show a trade-off between the SN
ratio and sensitivity. The larger window also leads to
suppressing the change of the magnetic force. The factors of
C and G can increase the sensitivity without decreasing the
SN ratio.

50%
40% & SNratio
B sensitivity

&

30%
20%
10%

0%

Contributing rate

A B c D E F G
Kinds of controllable factors

Fig. 9. Contributing rate of controllable factors in the factor analysis. The

slashed and shaded columns show the SN ratio and sensitivity.

C. Confirmation Test of Parameters

A confirmation test is usually required to remove concerns
about the choice of parameters because the additive
effectiveness by controllable factors is supposed in the
Taguchi method. The predicted changes with the additive
model are compared with calculations by FEM calculation.
The following parameter sets of Model 1 and Model 2 are
selected as the confirmation tests. Their parameters and
levels are A4, B2, C3, D3, E1, F2, G2 for Model 1, and A1,
B1, C1, D1, E1, F2, G2 for Model 2. Factors A and B mainly
influence the latching force. The variations of operation
curves for both models are investigated under the compound
noise conditions. The result of the confirmation test is
summarized in Table V. “Prediction” is calculated from the
additive effectiveness of the response curve plotted in Fig. 8.
“Calculation” shows the calculated result by FEM calculation.
The predicted “Gain”, which refers to the difference between
Model 1 and Model 2, are 10.5 db for the SN ratio and 1.5 db
for the sensitivity. In contrast, the calculated gains are 9.0 db
for the SN ratio and 1.3 db for the sensitivity. The predicted
gains are almost the same as the calculated gains. This means
that the selected factors of A, B, C and D give the additive
effectiveness. We have conclusively selected the factors of
A3, B2, C3, DI, E2, FI and G2 in considering the
specification of magnetic latching force.

TABLE V
RESULTS OF CONFIRMATION TEST
Model SN ratio (db) Sensitivity (db)
Prediction Calculation Prediction Calculation
Modell| 17.6 16.6 -8.1 -6.4
Model2| 7.2 7.6 -9.6 =17
Gain 10.5 9.0 1.5 1.3

IV. RESULTS AND DISCUSSION

The validity of this design was studied by calculations and
experiments. Figure 10 shows the calculated relationship of
magnetic force and tripping current between the developed
relay and the conventional one. The solid line and dotted line
show operation curve of the developed relay and the
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conventional one, respectively. The symbols N1 and N2 refer
to the calculations under the compounded noise conditions
shown in Table II. The magnetic force is normalized by the
nominal values when power is off. AF and Ai show the
possible fluctuating ranges of the magnetic force when power
is off and the variation of tripping current in operation. The
suffix “cov’” and “dev” refer to the value of the conventional
relay and the develop one, respectively. It is expected that the
developed relay can reduce these variances to about half
(FAF4/AF,y) and  one-third (SAig/Aic,,) of the
conventional one. The change of magnetic latching force has
a significant effect on the tripping current variations.
Therefore, to reduce the tripping current variations, it is
effective to make the change of the magnetic force smaller as
possible. For this reasons, we propose a new structure that
adopts a partly saturate iron yoke and a non-magnetic plate
on a contact surface.

1.6
o W% conventional relay
B2 g e developed rel
RS AF .. ¥ developed relay
o 1.0 f cov “~-.. required spring force
5 AF,
s 08 r " ..
g j N2
= 06 b S AU
0.4
02 LN
0.0 | /! | | | | | I
00 20 40 60 80 100 12.0 14.0 16.0 18.0 20.0

Coil current (mA)
Fig. 10. Calculated relationship of magnetic force and tripping current
between the developed relay and the conventional one. The lines with symbols
N1 and N2 refer to the calculations under the compounded noise conditions.

The magnetic latching force is normalized by the nominal values when power

is off.

To confirm the performance of the developed relay, two
relays were produced experimentally. The measured
performance of the developed relays is shown in Table VI.
From Table VI, the sensitivity is almost proportional to
ampere-turn. The latching magnetic force is 7.07 and 7.22 N
for relay No.1 and No.2 when power is off. The static friction
is 0.3 N which is determined by the plunger and coil bobbin.
From the magnetic sensitivity shown in Table VI, if a change
of latching magnetic force of 0.15 N occurs, it leads to the
change of tripping current of 0.8 mA and 0.4 mA in relay
No.1 and No.2.

TABLE VI
MEASURED PERFORMANCE OF DEVELOPED RELAYS
relay No. 1 2

winding (turn number) 4700 8500
R(Q) 606 2140
latching magnetic force(N) 7.07 7.22
friction (N) 0.31 0.30
magnetic sensitivity (N/mA)[  0.18 0.37
tripping current (mA) 12.03 6.86
spring force (N) 4.5

Figure 11 shows the measured magnetic force against the
gap length on the baseplate. The solid line shows the
developed relay, and the dotted line refers to the conventional

one. The magnetic force of the developed relay is measured
in two cases, with a non-magnetic plate of 0.08 mm thickness
and without one. The magnetic force is normalized by the
maximum value. From Fig. 11, the measured magnetic force
decreases very steeply in the conventional relay. In contrast,
it gradually changes in the developed relay. The magnetic
latching force in the developed relay decreases to only about
3 % of maximum value at the gap length of 0.01 mm.
However, it is about 15 % in the conventional one. Therefore,
the conventional relay is relatively sensitive to the gap length
while the developed relay has low sensitivity The
non-magnetic plate of 0.08 mm thickness is selected to
ensure the smaller change of magnetic force.
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Fig. 11. Measured magnetic force against the gap length on the baseplate.
The magnetic force of the developed relay is measured in two cases

Figure 12 shows the measured operation curves. The solid
line and the dotted lines refer to the developed relay and the
conventional one. The ampere-turn in the developed relay is
converted to the same as that of the conventional one. The
magnetic force is normalized by the maximum force. The
sensitivity of the developed relay is almost equivalent to the
conventional one.

From the above studies, it is expected that the variation of
tripping current in the developed relay will be smaller than
the conventional one.
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Fig. 12. Measured operation curves. The solid line and the dotted lines
show the developed relay and the conventional one. The magnetic force
is normalized by the maximum force.
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To confirm the validity of this design, the tripping current
of relay was measured with four kinds of springs in a same
relay No.1. It is well known the variation of spring force and
friction affects on the tripping current variation. Ten
measurements were done for each spring. Fig.13 shows the
comparison of tripping current between the developed relay
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and the conventional one. The horizontal line shows spring
number, and the vertical lines show the tripping current
normalized by averaged current. The comparison of the
measured tripping current is summarized in Table VII. “Max
(cur)” and “Min (cur)” show maximum and minimum values
among averaged currents. ‘“Max variation” denotes the
difference between the “Max (cur)” and “Min (cur)”. o shows
the averaged mean square deviation for each measurement.
From Table VII, the maximum variation of tripping current
was 32% for the conventional relay and 11% for the
developed one. Hence, the current variation in the developed
relay is smaller than that in the conventional one.

1.30

s 120 * Max(cur)
£ ¥
£
3 Lo X
B 7* X 0.32 (Max variation) —x %
& 100+ 005 —r
£ 0.17
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© 0.70 .
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Spring number
(a) Variation of tripping current in our conventional relay

1.30

produces the variation of gap length on the contact surface by
tilting movement of a plunger because the plunger directly
contact on the baseplate. Therefore, these variations make the
variation of magnetic force and sensitivity. The conventional
relay is also relatively sensitive to the gap on the contact
surface as shown in Fig. 11. For theses reasons, the tripping
current variation becomes larger than the developed one.
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Fig. 14. Illustrated structure and distribution of magnetic flux density in a
conventional relay. The magnetic flux distribution is calculated with 1/4
model. The solid-arrow lines show the magnetic flux generated by a
permanent magnet. The dotted-arrow lines show the magnetic flux

Figure 15 shows the measurements of latching force of
relay No.l against coil current without a spring. The
sensitivity gradually increases depending on current while

Current/Averaged current
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1.10 e 4 /
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Fig. 13. Comparison of tripping current between the developed relay and the
conventional one. Fig. 13 (a) and (b) show the measurements of the conventional
relay and the developed one, respectively. The horizontal line shows the number
of the spring, and the vertical lines show the tripping current, which was
normalized by averaged current.

This reason is as follows. The structure of a conventional
relay and the distribution of magnetic flux density are
illustrated in Fig. 14. The magnetic flux distribution is
calculated by 1/4 model when power is off. The dotted-arrow
line shows the magnetic flux generated by a coil and the solid
line shows the magnetic flux generated by the permanent
magnet. The magnetic flux generated by the permanent
magnet is saturated at the contact surface. The magnetic
sensitivity is affected by the degree of this saturation and the
gap length between a baseplate and C-shaped outer yoke.
This gap length varies due to staking of a baseplate on the
permanent magnet and the outer yoke. This structure also

TABLE VII
COMPARISON OF MEASURED TRIPPING CURRENT

Developed Relay Conventional Relay
Max (cur) 1.05 1.14
Min (cur) 0.94 0.82
Max variation 0.11 0.32
[ 0.05 0.10
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Fig. 15. Change of latching force and sensitivity against tripping current.

The measured dynamic characteristic of relay No.l is
shown in Fig. 16. The releasing time was about 2.0 msec
when the spring force was 4.5 N. The tripping current was
14.7 mA. The current variation is calculated as follows. In the
developed relays, the tripping current variation is mainly
determined by the change of magnetic latching force, spring
force and friction. The variation of magnetic force is
produced by the change of gap length on the baseplate. This
change of gap length is also produced by the tilt of the
plunger during repetitive motion. But it is structurally small
because the clearance between the spring plate and plunger is
very large. As for the variation of a permanent magnet, the
measured remnant magnetization was below 1%, which was
also negligible change. The change of latching magnetic
force caused by coating thickness was also presumed to be
about 0.25 N from Table I and Fig. 11. This change gives
current variation of 1.4 mA. The measured variation of the
spring force was 0.25 N within 3o0; thus, this makes the
current variation of 1.4 mA. When we also assumed the

(Advance online publication: 29 November 2013)
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change of friction as Fr N, the current variation increased
Fr/0.18 mA in addition. Therefore, the total variation leads to
+ (2.8+F1/0.18) mA. The sensitivity is almost proportional to
ampere-turn. Therefore, although the releasing time leads to
longer, tripping current variation decreases by increasing
ampere-turn of a coil.
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5 L . . =
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Fig. 16. Measured dynamic characteristics of the developed relay No.1.

V. CONCLUSION

A magnetic latching relay was developed to improve the
variation of tripping current under the manufacturing error.
The change of magnetic force caused by the manufacturing
error was improved by developing a new structure that adopts
a partly saturated iron yoke and a thin non-magnetic plate
installed on the contact surface. The magnetic structure was
designed using Taguchi’s design methodology and FEM
calculations. The variation of latching magnetic force was
minimized and the current sensitivity was increased at the
same time by evaluating the performance of operation curve
under the manufacturing error. The validity of this design
methodology was confirmed by experiments through
comparisons with our conventional relays. In consequence of
this design, the measured variation decreased to less than half
that of our conventional one.
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