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 A novel design of a dual motion mechanism for a high-voltage gas circuit breaker is 
presented. The contact motion of the circuit breaker due to the operating mechanism 
increases capacitive current switching (CCS) performance. CCS is one of the interrupting 
duties of the circuit breaker, where high voltage is applied during the half cycle from 
contact separation. The dual motion mechanism drives two contacts in opposite directions 
from each other. Operating energy is reduced because the maximum displacement of the 
moving parts linked to the operating mechanism is shortened. To increase CCS 
performance at lower operating energies, the contact on the opposite side of the contact 
linked to the operating mechanism requires quick motion in the CCS period with a short 
displacement. The dual motion mechanism reported here is composed of two grooved cams 
that cross each other (double grooved cams). A pin positioned at the intersection point of 
the grooved cams rotates a lever linked to both contacts while changing the lever ratio that 
shortens the path length of the pin movement. To implement an optimized displacement 
curve with low operating energy and low mechanical stress while keeping the CCS 
performance high, a shape optimization method was developed that uses a direct search to 
minimize the local contact forces acting on the contact positions between the grooved cams 
and the pin. In order to maintain the stability of the pin in motion, a position holding part 
was designed by considering size of the gaps between the grooved cams and the pin. The 
measured displacement curve was in good agreement with the ideal one. In addition, a full-
scale prototype was fabricated that successfully passed a 10,000-motion test. 
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1. Introduction 

This paper is an extension of the work originally presented at 
the 2019 5th International Conference on Electric Power 
Equipment - Switching Technology (ICEPE-ST) [1]. The changes 
from the conference paper are as follows. First, in section 2, the 
role of a high-voltage gas circuit breaker is described in Figure 1 
to clarify the relationship with the target motion mechanism. 
Second, in section 3, the design method of the displacement curve 
is described in Figure 4. The method aims at achieving reductions 
in the operating energy and mechanical load while maintaining 
high capacitive current switching (CCS) performance as is 
required for the high-voltage gas circuit breaker. An optimal 

solution is determined from the trade-off relationship between the 
operating energy and the mechanical load, as shown in Figure 8. 
Third, section 4 describes the method for optimizing the shape of 
the double grooved cams in detail by referring to the flowchart 
shown in Figure 9 and the position-holding parts for stabilizing the 
movements of the cams shown in Figure 14. In addition, the critical 
intersection angle of the double grooved cams is described in 
Figure 13. Furthermore, a comparison of optimization results for 
two different initial configurations and an analysis of the 
convergence process of the optimal calculation are given in Figure 
15. Finally, section 5 describes the method used to verify the 
operation of the double grooved cams in Figure 17. 

This paper contributes to design studies of general motion 
mechanisms by proposing the motion mechanism suitable for the 
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gas circuit breaker, optimizing the displacement curve that 
contributes to low operating energy, and providing the shape 
optimization method of the motion mechanism. 

High-voltage circuit breakers require low operating energy for 
the sake of  high reliability and low cost. Several manufacturers 
have proposed motion mechanisms to increase separation speed of 
contact with low operating energy [2-4]. Reference [2] describes a 
double-speed mechanism which moves a movable-side contact 
linked to the operating mechanism quickly with an auxiliary cam. 
Moreover, reference [3,4] describes dual motion systems that drive 
two contacts in opposite directions from each other. The dual 
motion mechanisms can shorten the moving distance of the 
movable-side (drive-side) contact, which speeds up the heavy 
drive-side moving parts. By driving a light contact on the opposite 
side (driven-side) parts, which is fixed in the conventional single 
motion system, the relative speed between the driven-side contact 
and drive-side contact becomes sufficiently high with lower 
operating energy. 

CCS is one of the interrupting duties, which requires 
withstanding of a recovery voltage to be applied during a half-
cycle from contact separation. In particular, CCS requires a high 
gas density inside the insulation nozzle that covers the driven-side 
contact and a low electric field between the contacts. To increase 
the gas density between contacts, the density drop inside the nozzle 
due to flow acceleration caused by the supersonic flow should be 
suppressed [5-11]. To decrease the electric field between the 
contacts, their separation in the period of the half-cycle from 
contact separation has to be increased; that is, the contacts must 
move at a fast speed. Reference [12] shows the optimal opening 
speeds for CCS depending on rated voltage. Reference [13] 
indicates that faster motions resulting in a reduced electric field 
and a longer nozzle throat length that avoids a density drop are 
effective ways to increase CCS performance. The first goal of this 
paper is to present the optimal motion properties for increasing 
CCS performance and the second one is to describe a motion 
mechanism that realizes these properties, presupposing a nozzle 
with a sufficiently narrow cross-sectional area between the inner 
nozzle wall and the driven-side contact so as not to affect the 
density drop. 

To optimize the displacement curve for higher CCS 
performance, it is important to control the speed at every moment 
and the timing when the driven-side contact starts to move. 
Reference [14] shows that CCS performance is improved when the 
driven-side contact starts to move 3 ms before contact separation. 
Moreover, if the CCS performance with the optimum displacement 
curve is the same as that of the initial displacement curve, the 
operating energy with the optimum displacement curve is smaller 
than that with the initial displacement curve. To ensure reliability, 
it is also important to reduce mechanical stress. The higher the 
speeds of the contacts are, the higher the load acting on the dual 
motion mechanism becomes. This requires that the acceleration be 
limited at the beginning and the end of the motion. Therefore, it is 
desirable for a motion mechanism to be able to express any 
displacement curve. Accordingly, a new type of dual motion 
mechanism is proposed, which is composed of two arbitrarily 
shaped grooved cams crossing each other. A cam design method 
using an arbitrarily shaped spline function has been proposed [15]. 
Reference [16] applied this cam design method to a rotating cam 

of an operating mechanism. The idea for the motion mechanism 
involving crossing several grooved cams comes from other fields 
and has been embodied in refuelling devices [17]. 

This paper describes the design of a displacement curve on the 
driven-side of the high-voltage circuit breaker in a way that 
minimizes the operating energy and mechanical load acting on the 
mechanism while keeping CCS performance high. Besides, it 
describes an optimal design and a mounting structure for a dual 
motion mechanism with double grooved cams. Furthermore, the 
operation of the mechanism is verified with a small-sized test setup 
and a real-scaled prototype of the high-voltage circuit breaker. 

2. Proposed Dual Motion Mechanism 

Figure 1 shows the high-voltage gas circuit breaker with the 
dual motion mechanism. During normal operation in electric 
power transmission, the main drive-side and driven-side contacts 
are in contact with each other to conduct the normal load current. 
Upon interrupting a short circuit current, the drive-side main 
contact linked to the operating mechanism is pulled in the opening 
direction, and the contacts separate. Briefly, after the main contact 
separation, the arcing contacts separate. At this time, an arc 
discharge is generated between the arcing contacts. The arc is 
extinguished by gas blowing due to the pressure rise resulting from 
mechanical compression and heating by an arc in the pressure 
build-up chamber. The dual motion mechanism drives the driven-
side arcing contact in the opposite direction of the driving direction 
of the drive-side arcing contact. If the relative speeds of the drive-
side and driven-side contacts are similar to the speed of the drive-
side arcing contact only, the operating energy can be lowered and 
the cost of the operating mechanism can be reduced because of the 
reduction in the drive-side speed. 

Figure 2 shows schematic drawings of the proposed dual 
motion mechanism and its motion. The displacement curves of the 
motion in Figures 2 (a)-(d) are shown in Figure 3. The operating 
mechanism pulls a drive rod with a grooved cam (the movable 
grooved cam). Until the drive pin reaches the curve of the movable 
grooved cam, in the period between the beginning of the drive-side 
motion and timing (a), the lever does not rotate because the drive 
pin does not apply any driving force to the lever. Therefore, the 
driven rod is motionless. When the curved surface of the movable 
grooved cam comes into contact with the drive pin, the lever 
rotates and the driven rod starts to move. While the drive pin 
moves along the stationary grooved cam, which is cut into a guide 
plate, the lever continues to rotate, changing the lever ratio of the 
driven-side arm length to drive-side arm length. When the drive 
pin reaches the end of the stationary grooved cam, the motion of 
the driven rod is finished because the lever stops rotating. After 
timing (d), only the drive rod moves because the drive pin does not 
apply any driving force to the lever. 

This dual motion mechanism with double grooved cams has 
three advantages. The first one is that an arbitrarily shaped 
displacement curve can be expressed. The second one is that the 
driving force of the drive pin can be converted efficiently into 
rotational force of the lever because the drive pin’s moving 
direction matches the vertical direction of the lever for adjusting 
the shape of the cam curves. The third one is that the overall size 
of the dual motion mechanism can be reduced because the path 
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length of the pin movement is shortened due to the lever ratio 
changing during the lever rotation. 

 
Figure 1: Overview of high-voltage gas circuit breaker with dual motion 

 
Figure 2: Schematics of the proposed dual motion mechanism 

 
Figure 3: Drive-side and driven-side Displacement curves 

3. Optimization of Driven-side Displacement Curve 

To minimize the operating energy and reduce the mechanical 
load while keeping CCS performance high, it is desirable for 
optimizing the driven-side displacement curve.  

3.1. Method of Designing Driven-side Displacement Curve 

The steps in the design method for the driven-side 
displacement curve is shown in the flowchart of Figure 4 and 
described in detail here. 

 
Figure 4: Design flow of displacement curve 

Step 1: Calculate the electric field with the specified pitch from 
the position of the contact separation to the position of the half-
cycle of applied voltage with power frequency,  based on the 
electrode shape needed to withstand the lightning impulse 
voltage in the open position. The calculation results are saved 
as a data table. 

Step 2: Set the operating force of the operating mechanism, 
which is defined by a spring force at the start position of the 
drive-side motion. The operating energy is calculated from the 
spring forces at the beginning and the end of the drive-side 
motion and the drive-side maximum displacement. The 
operating energy is proportional to the operating force which is 
calculated with the spring constant.  

Step 3: Set the parameters of the displacement curve on the 
driven side in Figure 5 (a). Here, an intermittent motion with 
straight sliding parts of the movable grooved cam enables the 
start timing of the driven-side motion to be adjusted. The start 
timing and the end timing of the driven-side motion are the first 
and 𝑛𝑛-th motion points, respectively. The start timing and the 
end timing of the drive-side motion are the 0-th and (𝑛𝑛 + 1)-th 
motion points, respectively. To set an arbitrarily time-varying 
displacement curve, the ratio of the speed of the driven side to 
that of the drive side is expressed with a Catmull-Rom spline 
of degree 3 [18] in Figure 5 (b). The control points of the spline 
curve are the design parameters. The speed ratio 𝑙𝑙(𝑡𝑡)𝑗𝑗 between 
the 𝑗𝑗-th and (𝑛𝑛 + 1)-th control points with the Catmull-Rom 
spline curve is expressed as follows, 
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𝑙𝑙(𝑡𝑡)𝑗𝑗 = �−
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1
2
𝑙𝑙𝑗𝑗−1 +

1
2
𝑙𝑙𝑗𝑗+1� 𝑡𝑡 + 𝑙𝑙𝑗𝑗 , 

(1) 

where 𝑙𝑙𝑗𝑗 is the 𝑗𝑗-th control point of the speed ratio and 𝑡𝑡 is a 
real number in the range from 0 to 1. When the width of the 
drive-side displacement is ∆𝑋𝑋𝑑𝑑, the 𝑖𝑖-th speed ratio 𝐿𝐿𝑖𝑖 between 
𝑙𝑙4 and 𝑙𝑙5 in Figure 5 (c) can be expressed as follows, 

𝐿𝐿𝑖𝑖

= α
(𝑥𝑥(𝑡𝑡𝑘𝑘+1)4 − 𝑋𝑋𝑖𝑖)𝑙𝑙(𝑡𝑡𝑘𝑘)4 + (𝑋𝑋𝑖𝑖 − 𝑥𝑥(𝑡𝑡𝑘𝑘)4)𝑙𝑙(𝑡𝑡𝑘𝑘+1)4

𝑥𝑥(𝑡𝑡𝑘𝑘+1)4 − 𝑥𝑥(𝑡𝑡𝑘𝑘)4
 , (2) 

where 𝑋𝑋𝑖𝑖 is the 𝑖𝑖-th drive-side displacement, 𝑥𝑥(𝑡𝑡𝑘𝑘)4 is the 𝑘𝑘-th 
drive-side displacement between 𝑥𝑥4 and 𝑥𝑥5, 𝑙𝑙(𝑡𝑡𝑘𝑘)4 is the 𝑘𝑘-th 
speed ratio between 𝑙𝑙4 and 𝑙𝑙5. 𝛼𝛼 is a coefficient to adjust the 
total amount of driven-side displacement, which is divided by 
the sum of 𝐿𝐿 from the starting to the end of the displacement. 
The expression for 𝛼𝛼 is  

α =
𝑋𝑋𝑑𝑑𝑑𝑑,𝑛𝑛

∑ 𝐿𝐿𝑖𝑖∆𝑋𝑋𝑑𝑑𝑛𝑛
𝑖𝑖=1

 . (3) 

Step 4: Evaluate the time-variant displacement on the drive 
side and driven side given by the operating force 𝐹𝐹 from the 
law of conservation of energy, 

1
2
𝑀𝑀𝑑𝑑𝑉𝑉𝑑𝑑2 +

1
2
𝑀𝑀𝑑𝑑𝑑𝑑𝑉𝑉𝑑𝑑𝑑𝑑2 = �𝐹𝐹 ∙ 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 , (4) 

where 𝑉𝑉𝑑𝑑   and 𝑉𝑉𝑑𝑑𝑑𝑑  are the drive-side speed and driven-side 
speed, respectively. 𝑀𝑀𝑑𝑑  and 𝑀𝑀𝑑𝑑𝑑𝑑 are the drive-side mass and 
driven-side mass, respectively. 𝑉𝑉𝑑𝑑𝑑𝑑 is the product of  𝑉𝑉𝑑𝑑 and 𝐿𝐿. 
The load acting on the dual motion mechanism is calculated 
from the driven-side mass and the acceleration obtained from 
Equation (4). 

Step 5: Evaluate the withstand voltage 𝑉𝑉𝐵𝐵𝐵𝐵  at each contact 
position with the displacements of both sides obtained from 
Step 3 and the electric field at each position with the data table 
made in Step 1. 𝑉𝑉𝐵𝐵𝐵𝐵is calculated using Equation (5) [19], 

𝑉𝑉𝐵𝐵𝐵𝐵 = 100 ∙
𝐴𝐴𝑃𝑃𝑛𝑛

𝐸𝐸0
 , (5) 

where 𝐸𝐸 (%/mm) is the calculated value, 𝑃𝑃 (MPa) is absolute 
pressure, and 𝐴𝐴 and 𝑛𝑛 are coefficients that vary in accordance 
with the gas condition and the shape of the gas  circuit breaker. 

Step 6: Optimize the parameters of the displacement curve on 
the driven side until the withstand voltage is greater than the 
recovery voltage and the load acting on the dual motion 
mechanism is sufficiently small. 

Step 7: Minimize the operating force. 

3.2. Design Example of Displacement Curve 

The design parameters are the controlled points of the speed 
curve on the driven side. The calculation conditions are as follows: 

- Frequency: 60 Hz 

- Gas pressure: 0.6 MPa 

- Maximum displacement ratio of driven- to drive-side: 0.28 

 
Figure 5: Expression of driven-side displacement curve 

 
Figure 6: Input conditions for case A and case B: displacement curve (upper 

graph) and speed ratio (lower graph). 

Figure 6 shows the input conditions for case A and case B. In 
case A, the movement starts at the same time as contact separation. 
In case B, the movement starts before contact separation, and the 
maximum speed ratio and acceleration in the latter half of the 
driven-side displacement decrease in comparison with case A. 
Figure 7 shows the results of the calculation. The operating energy 
in case B is lower than that in case A. The withstand voltages 
against recovery voltage for CCS in case A and case B are similar. 
This is because the driven-side speed at contact separation in case 
B is higher than in case A with the same operating energy. The 
mechanical load acting on the driven side in case B is lower than 
in case A because of the lower operating energy. To show that case 
B is the optimum solution, Figure 8 illustrates the relationship 
between the operating energy and the mechanical load. The driven-
side speeds of the plotted squares are 1.2 times and 1.5 times faster 
than in case A, with the condition of the same timing of the motion. 
As the driven-side speed increases, the operating energy decreases  
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to have the same CCS performance. However, the mechanical load 
increases. In contrast, both operating energy and mechanical load 
are compatibly low in case B. 

An optimized solution to improve CCS performance can be 
obtained by adjusting the driven-side displacement. The driven-
side displacement of case B is assumed in section 4 to describe the 
design of the dual motion mechanism with the double grooved 
cams. 

 
Figure 7: Results of calculation for case A and case B. The upper graph shows 

withstand voltages for CCS. The lower graph shows mechanical loads acting on  
the dual motion mechanism. 

 
Figure 8: Relationship between operating energy and mechanical load acting on 

the dual motion mechanism 

4. Shape Optimization of Double Grooved Cams 

4.1. Method of designing the shape of double grooved cams 

The dual motion mechanism with double grooved cams can be 
easily implemented in any shape because they have a high degree 
of design freedom. On the other hand, it is important to optimize 
the shape of the grooves because the motion mechanism must be 
compact and it must have mechanical strength and stability. In the 
following, the design method of the double grooved cams is 
described by referring to the flowchart shown in Figure 9. 

Step 1: Input the drive-side and driven-side displacements shown 
in Figure 5. 

Step 2: Set the dimensions for the dual motion mechanism with 
double grooved cams, which are the drive-side initial arm length 
of the link lever 𝐿𝐿𝑑𝑑,0, the initial lever angle 𝜃𝜃0, the driven-side arm 

length of the link lever 𝐿𝐿𝑑𝑑𝑑𝑑, and the grooved cam width 𝑊𝑊 shown 
in Figure 10. The end points 𝑃𝑃0 and 𝑃𝑃𝑚𝑚 of the stationary grooved 
cam are determined from these structural parameters and the 
driven-side maximum displacement 𝑋𝑋𝑑𝑑𝑑𝑑,𝑛𝑛. 

 
Figure 9: Design flow for shape of the dual motion mechanism with double 

grooved cams 

Step 3: Prepare control points along the center line of the 
stationary grooved cam curve. 𝑃𝑃𝑖𝑖  is the 𝑖𝑖-th control point of the 
stationary grooved cam ( 0 ≤ 𝑖𝑖 ≤ 𝑚𝑚). To smooth the shape of 
the stationary grooved  cam, the shape of the curve from 𝑃𝑃0 to 
𝑃𝑃𝑚𝑚 must be a monotonic function. Therefore, the constraints 
between two neighbouring points are  𝑃𝑃𝑖𝑖,𝑥𝑥 > 𝑃𝑃𝑖𝑖+1,𝑥𝑥 and 𝑃𝑃𝑖𝑖,𝑦𝑦 > 
𝑃𝑃𝑖𝑖+1,𝑦𝑦 , where 𝑃𝑃𝑖𝑖,𝑥𝑥  is the 𝑥𝑥-component of 𝑃𝑃𝑖𝑖  and 𝑃𝑃𝑖𝑖,𝑦𝑦  is the 𝑦𝑦-
component of 𝑃𝑃𝑖𝑖 . 

Step 4: Interpolate the control points with a Catmull-Rom 
spline of degree 3. The point 𝑃𝑃  between 𝑃𝑃𝑖𝑖  and 𝑃𝑃𝑖𝑖+1  is 
described in accordance with Equation (1), using 𝑃𝑃𝑖𝑖−1, 𝑃𝑃𝑖𝑖 , 𝑃𝑃𝑖𝑖+1 
𝑃𝑃𝑖𝑖+2 and 𝑡𝑡 which is a real number in the range of 0 to 1. 

Step 5: Calculate the rotational positions  of the link lever on 
the driven-side 𝑄𝑄𝑑𝑑𝑑𝑑,𝑗𝑗, the rotational angle 𝜃𝜃𝑗𝑗, and the driven-
side displacement 𝑋𝑋𝑑𝑑𝑑𝑑,𝑗𝑗, shown on the left side of Figure 11 by 
using Equations (6) and (7), 

𝑄𝑄𝑑𝑑𝑑𝑑,𝑗𝑗,𝑥𝑥 = 𝑆𝑆𝑑𝑑𝑑𝑑 sin  𝜃𝜃0 − 𝑋𝑋𝑑𝑑𝑑𝑑,𝑗𝑗, (6) 
𝑄𝑄𝑑𝑑𝑑𝑑,𝑗𝑗,𝑦𝑦 = −𝑆𝑆𝑑𝑑𝑑𝑑 cos  𝜃𝜃𝑗𝑗, (7) 

where 𝜃𝜃𝑗𝑗 is expressed as 
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𝜃𝜃𝑗𝑗 = arcsin �
𝑆𝑆𝑑𝑑𝑑𝑑 cos  𝜃𝜃0 − 𝑋𝑋𝑑𝑑𝑑𝑑,𝑗𝑗

𝑆𝑆𝑑𝑑𝑑𝑑
�. (8) 

Step 6: Calculate the intersection point of the link lever and the 
stationary grooved cam 𝑄𝑄𝑓𝑓,𝑗𝑗 in accordance with the rotational 
points 𝑄𝑄𝑑𝑑𝑑𝑑,𝑗𝑗, as shown on the right side of Figure 11.  𝑄𝑄𝑓𝑓,𝑗𝑗 is 
described using the k-th point 𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖  and k+1-th point   
𝑃𝑃(𝑡𝑡𝑘𝑘+1)𝑖𝑖  between the control points 𝑃𝑃𝑖𝑖  and 𝑃𝑃𝑖𝑖+1  and a 
parameter 𝛼𝛼 as follows, 

𝑄𝑄𝑓𝑓,𝑗𝑗 = 𝛼𝛼{𝑃𝑃(𝑡𝑡𝑘𝑘+1)𝑖𝑖 − 𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖} + 𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖 , (9) 
𝛼𝛼

=
𝑃𝑃(𝑡𝑡𝑘𝑘+1)𝑖𝑖,𝑥𝑥 − 𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖,𝑥𝑥

−𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖,𝑥𝑥 + tan 𝜃𝜃𝑗𝑗 𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖,𝑦𝑦

− tan𝜃𝜃𝑗𝑗
𝑃𝑃(𝑡𝑡𝑘𝑘+1)𝑖𝑖,𝑦𝑦 − 𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖,𝑦𝑦

−𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖,𝑥𝑥 + tan 𝜃𝜃𝑗𝑗 𝑃𝑃(𝑡𝑡𝑘𝑘)𝑖𝑖,𝑦𝑦
. 

(10) 

Step 7: Determine the intersection point of the stationary 
grooved cam and the intersection point of the movable grooved 
cam 𝑄𝑄𝑑𝑑,𝑗𝑗, which is expressed as 

𝑄𝑄𝑑𝑑,𝑗𝑗 = 𝑄𝑄𝑓𝑓,𝑗𝑗 − 𝑋𝑋𝑑𝑑,𝑗𝑗 . (11) 
Step 8: Calculate an objective function to minimize the contact 
forces. In this dual motion mechanism, the drive pin is inserted 
at the intersection point of the stationary grooved cam and the 
movable grooved cam shifts while the operating mechanism 
pulls the movable grooved cam. Therefore, contact forces act 
at the points of contact between the drive pin and the surface 
of the grooved cams. For mechanical reliability, it is desirable 
for the contact force to be low. This mechanism has two 
possible ways to increase the contact force. The first is that the 
intersection angle between the double grooved cams becomes 
too small. The smaller the intersection angle is, the larger the 
contact force becomes, resulting in the possibility of a pin lock 
occurring during operation. This is called the wedge effect, as 
explained in section 4.2. The second possibility is that the 
contact stress becomes too large. The smaller the local 
curvature radius is, the larger the contact stress becomes 
because of the decreasing contact area. The intersection angle 
𝜑𝜑 is determined to be the acute angle between the tangential 
line of the stationary grooved cam and the tangential line of the 
movable grooved cam. The local curvature radius 𝑅𝑅𝑠𝑠  of the 
stationary grooved cam is determined as the radius of a circle 
calculated from three adjacent control points. The local 
curvature radius 𝑅𝑅𝑚𝑚 is determined in the same way. 𝜑𝜑, 𝑅𝑅𝑠𝑠, and 
𝑅𝑅𝑚𝑚  are shown in Figure 12. The dimensionless objective 
function 𝑂𝑂 is expressed as 

𝑂𝑂 = 𝐺𝐺1 �
𝜑𝜑𝑡𝑡

min𝜑𝜑
� + 𝐺𝐺2 �

𝑅𝑅𝑡𝑡
min𝑅𝑅𝑓𝑓

�

+ 𝐺𝐺2 �
𝑅𝑅𝑡𝑡

min𝑅𝑅𝑚𝑚
� , 

(12) 

where 𝜑𝜑𝑡𝑡  and 𝑅𝑅𝑡𝑡  are criteria and 𝐺𝐺1  and 𝐺𝐺2  are weight 
coefficients. It is desirable for 𝐺𝐺1  >> 𝐺𝐺2  because a small 
intersection angle has the severe effect of increasing the contact 
force. The design described in section 4.3 sets 𝐺𝐺1 to 100 and 
𝐺𝐺2 to 1. In addition, 𝐺𝐺1 is set to zero if the intersection angle is 
larger than the criterion. The criterion of the intersection angle 
is also evaluated in section 4.2. 

Step 9: Iterate the procedures of Step 3 to Step 7 to minimize 
the objective function. The design variables are the 𝑥𝑥 and 𝑦𝑦 

coordinates of the control points 𝑃𝑃 on the stationary grooved 
cam. The Rosenbrock method [20] is used for optimization, 
which is a type of direct search. This method leads quickly to 
a convergent and stable solution, but there is a possibility that 
a local minimum solution is reached. To avoid a local 
minimum solution, the best one is selected from several 
solutions in accordance with several initial conditions. 

Step 10: Perform the calculation by changing the initial 
dimensions if the criterion of the intersection angle is not 
exceeded. 

 
Figure 10: Structural parameters and control points for stationary grooved cam 

 
Figure 11: Moving positions on driven side and angles 

 
Figure 12: Intersection angle and curvature radii 
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4.2. Criterion of intersection angle between grooved cams 

To design reliable double grooved cams, a criterion for the 
intersection angle of the stationary grooved cam and the movable 
grooved cam has to be established. The contact positions of the 
grooved cams and the drive pin generate nominal forces. The 
smaller the intersection angle, the larger the friction force induced 
by the nominal force. A large friction results in a pin lock due to 
the wedge effect during operation. This requires that the 
intersection angle be larger than a certain value. 

Figure 13 defines the nominal forces and friction forces around 
the drive pin. When the lever (not illustrated) pushes the drive pin, 
the friction force acts on the contact position between the drive pin 
and the movable grooved cam. When the lever pushes the drive pin 
with a force 𝐹𝐹0  (smaller than the friction force), which is the non-
slip condition, the drive pin presses the upper surface of the 
stationary grooved cam with a force 𝐹𝐹0′  (= 𝐹𝐹0 ). Therefore, a 
nominal force 𝐹𝐹1′  (=𝐹𝐹1) acts on the contact position between the 
drive pin and the stationary grooved cam, as described by the 
following equation, 

𝐹𝐹1 =
𝐹𝐹0

sin𝜑𝜑
. 

 
(13) 

Furthermore, a nominal force 𝐹𝐹2′ (=𝐹𝐹2) acts on the lower surface 
of the movable grooved cam, 

𝐹𝐹2 =
𝐹𝐹0

sin𝜑𝜑
cos𝜑𝜑 =

𝐹𝐹0
tan𝜑𝜑

. 

 
(14) 

The friction force 𝐹𝐹3 is 

𝐹𝐹3 = 𝜇𝜇𝜇𝜇2′ = 𝜇𝜇
𝐹𝐹0

tan𝜑𝜑
, 

 
(15) 

where 𝜇𝜇  is the friction coefficient. If 𝐹𝐹3  > 𝐹𝐹0 , pin lock occurs 
during operation. Therefore, the locking condition is: 

tan𝜑𝜑 < 𝜇𝜇. (16) 
If 𝜇𝜇 is 0.3, 𝜑𝜑 must be more than 17 degrees. The criterion 𝜑𝜑𝑡𝑡  is 
decided with some margin for mechanical reliability. 

 
Figure 13: Contact forces and nominal forces on each contact surface 

4.3. Method of structural design of double grooved cams 

A method for designing the pin position holding part is 
presented for stabilizing the dual motion of the cam mechanism 
described in section 4.1. Figure 14 is a schematic drawing for 
distortion of the lever position caused by inclination of the drive 
pin. Pin rotation around the vertical axis in relation to the front 
view of Figure 14 caused by backlash in the grooved cams is 
considered. The inclination of the drive pin is defined by 𝛿𝛿 . A 
small inclination of the drive pin occurs due to backlash between 
the other pins and holes. However, when 𝛿𝛿   is greater than the 
backlash described above, a force resulting from the inclination of 
the drive pin is transmitted to the lever. Accordingly, the torque 
between the drive pin and the lever distorts the fixed pin and the 
driven pin and increases their stress. Finally, when the stress 
greatly exceeds the yield point, the pins deform plastically, 
resulting in destruction of the parts of the mechanism. Therefore, 
the inclination of the drive pin must be reduced. To reduce the 
inclination, pin holding parts are assembled at both ends of the pin. 
Even if the drive pin is inclined, the mechanism will not be 
destroyed because the pin holding parts touch the surface of the 
lever and force it to an ordinary position. 𝛿𝛿   and the distortion 
between the pin holding part and the surface of the lever ∆𝐿𝐿𝑝𝑝 are 
described as  

𝛿𝛿 = 𝐿𝐿𝑝𝑝sin𝜓𝜓 , (17) 

∆𝐿𝐿𝑝𝑝 =
𝐿𝐿𝑝𝑝
2

(1 − cos𝜓𝜓) +
𝐷𝐷ℎ
2

sin𝜓𝜓 , (18) 

where 𝜓𝜓 is the drive-pin inclination angle, 𝐷𝐷ℎ is the outer diameter 
of the pin holding part, and 𝐿𝐿𝑝𝑝 is the distance between the ends of 
the pin holding parts. Once 𝜓𝜓 is derived from Equations (17) and 
(18), ∆𝐿𝐿𝑝𝑝 is described as follows: 

∆𝐿𝐿𝑝𝑝 =
𝐿𝐿𝑝𝑝
2
−��

𝐿𝐿𝑝𝑝
2
�
2

− �
𝛿𝛿
2
�
2

+
𝐷𝐷ℎ𝛿𝛿
2𝐿𝐿𝑝𝑝

 . 

 

(19) 

The threshold of the inclination of the drive pin 𝛿𝛿𝑡𝑡 is  

𝛿𝛿𝑡𝑡 = 𝛿𝛿𝑓𝑓 +
𝐿𝐿𝑑𝑑
𝐿𝐿𝑑𝑑𝑑𝑑

�𝛿𝛿𝑓𝑓 + 𝛿𝛿𝑛𝑛� , 

 
(20) 

where 𝛿𝛿𝑓𝑓 and 𝛿𝛿𝑛𝑛 are inclinations of the fixed pin and the driven 
pin, respectively. 𝐿𝐿𝑑𝑑  is the distance between the centers of the 
fixed pin and the drive pin. 𝐿𝐿𝑑𝑑𝑑𝑑 is the distance between the centers 
of the fixed pin and the driven pin. From Equation (19), the 
dimension 𝐷𝐷ℎ is determined to be a range such that 𝛿𝛿 is less than 
𝛿𝛿𝑡𝑡. 

4.4. Design Example of Double Grooved Cams 

The double grooved cams were designed to mitigate the 
contact forces acting on the contact positions between the grooved 
cams and the drive pin while keeping the overall size as small as 
possible so that the decided driven-side displacement curve in case 
B of Figure 6 was realized. Table 1 shows the design examples. 
Case I is the minimum-sized structure under a constraint such as 
on the diameter of the drive pin. One end of the stationary grooved 
cam is determined from the initial rotational angle 𝜃𝜃0 of the lever 
and the initial drive-side lever length 𝑆𝑆𝑑𝑑,0 . The other end is 
determined from the width of the grooved cams 𝑊𝑊 and the driven-
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side maximum displacement 𝑋𝑋𝑑𝑑𝑑𝑑,𝑛𝑛. Ten control points between the 
ends of the stationary grooved cam are prepared. Compared with 
the initial intersection angle, the optimized intersection angle is 25 
degrees, and it does not satisfy the criterion. To increase the 
intersection angle, 𝜃𝜃0 should be smaller and 𝑊𝑊 should be wider in 
order to meet the requirement of inclining the stationary grooved 
cam curve steeply against the x-axis (Case II). Figure 15 shows the 
convergence process. The intersection angle after convergence is 
40 degrees, much larger than the criterion, and the curvature radii 
are larger than the initial ones. The contact forces acting on the 
contact positions between the grooved cams and the drive pin are 
sufficiently small. 

 
Figure 14: Schematic drawing of the double grooved cams 

Table 1: Design results 

Dimensions 

Values 

Case I Case II 

Init. Opt. Init. Opt. 

Lever ratio of  driven-side length 
to drive-side length 1 1.2 

Initial angle of ling lever (degrees) 45 28.5 

Width of grooved cam (a.u.) 1 1.36 

Minimum intersection angle 
(degrees) 11 25 21 40 

Minimum curvature radius in 
movable grooved cam (mm) 1 4 17 29 

Minimum curvature radius in 
stationary grooved cam (mm) 2 2 7 13 

 
Figure 15: Convergence process 

4.5. Design of pin holding parts 

Figure 16 shows the relationship between the diameter of the 
pin position holding part and the drive-pin inclination expressed 
by Equation (19). As the threshold of the drive-pin inclination tδ  
is 0.0033 due to the fit tolerances of the fixed pin and the driven 
pin, the diameter of the position holding part is 0.157, i.e., 1.96 
times larger than the drive pin. 

 
Figure 16: Drive-pin inclination versus diameter of pin position holding part 

 

5. Motion verification of double grooved cams 

Motion and endurance tests were performed to measure the 
mechanical reliability of the designed dual motion mechanism. 

  
5.1. Experimental setup 

Figure 17 shows the experimental setup for the motion test. An 
interrupter unit is set vertically. The dual motion mechanism is 
assembled on the top of the interrupter unit. The operating device 
drives the drive-side moving parts of the interrupter unit vertically. 
When the drive-side moving parts move downwards, i.e., in an 
opening motion, the driven-side moving parts move upwards. It 
should be noted that the direction of the downward motion is the 
positive direction. The drive-side maximum displacement and 
driven-side maximum displacement are 150 mm and 50 mm, 
respectively. The operating device is a combination of a 4.4-kW 
servomotor and a link mechanism. The maximum speed is about 
half of the real-scaled high-voltage circuit breaker. The upward 
moving speed for returning to the initial position of the opening 
motion is much slower than the downward moving speed. Linear 
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potentiometers are set on the top of the dual motion mechanism 
to measure the drive-side displacement and the driven-side 
displacement. A strain gauge is attached on the guide plate to 
measure strain near the fixed pin where the maximum load acts. 

 
Figure 17: Experimental setup of motion test 

5.2. Motion test results 

Figure 18 compares the measured and calculated displacement 
curves. The results indicate that the displacement curve is in good 
agreement with the ideal displacement curve from 0 mm to -30 
mm on the driven-side. In this period, the drive pin moves 
smoothly. After that, the deviation from the ideal curve is large, 
especially around the end of the driven-side motion. This is 
because the drive pin or the driven pin bends with elastic 
deformation due to inertia during the driven-side motion. Figure 
19 shows the measured strain. Compressive strain occurred due to 
the reaction force at the start of operation on the driven-side. In 
the final stage of the operation on the driven-side, tensile strain 
occurs as a result of the upward force by inertia, and then 
compressive strain occurs as a result of downward force by 
gravity. The strains at the beginning and the end of the drive-side 
operation are almost 0%. This means that there is no residual 
strain, therefore the movement is not locked and it moves 
smoothly. Figure 20 shows deviations from the mean value of the 
maximum compressive strain on the guide plate in a 2,000-motion 

test. Since all values fall within the range of 5%, the operation is 
stable and the dual motion mechanism with the double grooved 
cams is mechanically reliable. 

In addition, an endurance test was performed on a full-scale 
prototype of the high-voltage circuit breaker. The prototype 
successfully passed a 10,000-motion test. 

 
Figure 18: Comparison of measured and designed displacements 

 
Figure 19: Tensile and compressive stress on the guide plate 

 
Figure 20: Deviation from the mean value of maximum compressive stress 

6. Conclusion 

The dual motion mechanism with double grooved cams that 
cross each other was proposed. A pin positioned at the intersection 
point of the grooved cams rotates a lever linked to both contacts 
while changing the lever ratio that shortens the path length of the 
pin movement. The proposed mechanism has three advantages. 
The first one is that an arbitrarily shaped displacement curve can 
be expressed. The second one is that the driving force of the pin 
can be converted efficiently into rotational force of the lever. The 
third one is that the overall size of the dual motion mechanism can 
be reduced. The following conclusions were obtained about: 
optimization of a displacement curve for the high-voltage circuit 
breaker, the shape of the grooved cams, and the mounting structure 
for the dual motion mechanism with double grooved cams. 

• A displacement curve of the driven-side contact on the 
opposite side of the drive-side contact linked to the operating 
mechanism for the high-voltage circuit breaker was optimized, 
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as the driven-side contact operates quickly only during the 
capacitive current switching (CCS) period and starts to move 
before contact separation. The displacement curve can 
minimize the operating energy and mechanical load acting on 
the mechanism while keeping the CCS performance high. 

• The optimal shape of the double grooved cams designed using 
the direct search algorithm can minimize the local contact 
forces acting on the contact positions between the grooved 
cams and the pin. Also, a position holding part designed in 
accordance with the gaps between the grooved cams and the 
pin can maintain the stability of the pin in motion. 

• The measured displacement curve was in good agreement 
with the calculated displacement curve. In addition, since the 
variation of each measured strain in the 2,000-motion test is 
small, the operation is stable and the mechanism has high 
mechanical reliability. Furthermore, a full-scale prototype of 
the high-voltage circuit breaker successfully passed the 
10,000-motion test. 
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