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In this article, we take a 126 kV single-break vacuum circuit breaker as the research object and study the application of high-
energy-density PMmotor in the high-voltage circuit breaker for the first time.)e PMmotor maintains maximum power density
and torque density during the start-up phase. Note that most of the faults of high-voltage circuit breakers are mechanical faults.
We designed a set of mechanical fault prediction systems for high-voltage circuit breakers. We present the prediction method of
the opening and closing action curve of the high-voltage circuit breaker. It is inspired by Chaos Ant Colony Algorithm (CAS) and
an optimized Long- and Short-Term Memory (LSTM) cycle neural network. We constructed the main structure of the neural
network expert system and established the fault prediction model of the high-voltage circuit breaker, based on the LSTM cycle
neural network, optimized by CAS. We used the improved least-square method to achieve the operation accuracy of the phase
control switch. Finally, we completed the development and experiment of the prototype.

1. Introduction

Presently, most of the high-voltage circuit breaker motor
operating mechanisms drive motor using a permanent
magnet brushless DC motor. As its back EMF waveform is a
rectangular wave, and when high-speed drive noise is sig-
nificant and causes resonance, it affects the control accuracy
of moving contact [1–3]. Moreover, the current ripple
caused by cogging torque, flux density distortion, and other
factors leads to a larger torque ripple [4–6]. )erefore, this
type of motor will inevitably produce a torque ripple in-
terference in the starting phase and achieve good results in
the circuit breaker of lower voltage level. However, it is not
suitable for the drive motor of a high-voltage circuit breaker.
In this regard, the advantages of a High-Torque and High-
Power-density Permanent-magnet Motor (HTPPM) are
high efficiency, high power density, and excellent control
performance. )ese advantages make the HTPPM useful in
the field of high-performance drive. )e main difference
between HTPPM and other motors is the structure of the

rotor magnetic circuit. )e key to its design is the design of
the rotor structure [7]. Herein, we analyze the actual
structure and the force energy density of the permanent
magnet synchronous motor with different structural pa-
rameters to improve its overload capacity.

Fault prediction of the high-voltage circuit breaker is to
monitor its operation status to find a potential fault in
advance. If combined with the traditional forward reasoning
mechanisms, this method can diagnose the fault signal
obtained by the online monitoring device quickly. More-
over, it can analyze the fault type using the existing expert
experience. We add the confirmed new types of fault to the
knowledge base by predefined operating procedures. [8–12].

1.1. -e Operating Mechanism of the High-Power-Density
Permanent-Magnet Motor. )e operation process or the
driving mechanism of the driving motor is presented in
Figure 1. In the closing process, the motor spindle is at point
A.)e crank arm AB is driven to rotate at an angleα, and the
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connecting rod BC pushes the contact spring.)e connected
moving contact makes a straight-line movement under the
rotation of the crank arm AB. )e straight-line travel is E0.
When E � E0, the moving contact and the fixed contact are
in a rigid closing state. If the driving motor continues to
rotate at an angle α, the contact spring begins to compress.
)is compression happens because the dynamic and static
contacts are in a rigid closing state. When α � α0, the ro-
tation of the drive motor is complete. )e switch is in the
closing state, and the compressionD1on the contact spring is
the overtravel displacement.

We obtained the relationship between the rotation angle
of the driving motor linear travel of contact after thorough
analysis and calculation. We found that the contact opening
distance is 60mm, the rotation angle of the motor is 33∘, the
overtravel is 24mm, and the rotation angle of themotor is 35∘.
)e relationship between the motor rotation angle and the
contact stroke in the closing process is shown in Figure 2.)e
opening, rigid closing/rigid opening, and closing are A, B, and

C, respectively. When the motor rotates at 57.1° in the closing
operation, the moving contact is in the rigid closing position.
When the motor rotates at 22.9° in the opening operation, the
moving contact is in the rigid opening position.

2. High-Power-Density Permanent-
Magnet Motor

2.1. Basic Parameter Design. In this paper, we have designed
a high-power permanent-magnet synchronous motor. )e
magnetic circuit structure of the motor is of a built-in type.
We selected a high-performance permanent-magnet mate-
rial to improve the force and energy density of the main
driving motor of the high-voltage circuit breaker. )e prime
design parameters of the drive motor are as listed in Table 1.
)e length of the designed multistage drive motor core is
200mm. Compared to the previous four-stage motor core
length, the length becomes twice, the motor’s weight reduces
notably, and the materials used also reduce significantly.
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Figure 1: Operating principle diagram of the driving mechanism of the driving motor. (a) Opening state. (b) Rigid state. (c) Closing state.
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In this paper, a shaped rotor structure, for high-
power-density permanent-magnet synchronous motor, is
proposed which can reduce the volume andweight and can be
applied in the field of high-speed permanent-magnet motor.

)ere are various permanent magnet synchronous
motor rotor magnetic circuit structures along with different
rotor magnetic circuit structures. )eir no-load magnetic
flux leakage coefficient is different. It has a significant impact
on improving the performance and power density of the
motor. )e TPPMM simulation model of the main drive is
present in Figure 3 [13–16].

2.2. Optimization Design of the Magnetic Circuit Structure.
In a permanent magnet motor, the total fluxΦm, provided by
the permanent magnet in the rotor to the external magnetic
circuit, gets divided as the main flux Φδ and the leakage flux
Φδ of the external magnetic circuit. )e leakage flux gets
further divided as the leakage flux existing within the axial
length range of the armature core, called the interpole
leakage flux Φδ1, and the leakage flux existing outside the
axial length range of the armature core, called the end
leakage flux Φδ2. )e equivalent magnetic circuit of the
magnetomotive force is as shown in Figure 4 following
)evenin’s theorem.

As shown in Figure 4,

Φm � Φδ +Φσ � Φδ +Φσ1 +Φσ2. (1)

)e pole to pole leakage coefficient is

σ1 � 1 +
Φσ1
Φδ

. (2)

)e end leakage coefficient is

σ2 � 1 +
Φσ2
Φδ

. (3)

)e ratio of the total flux to main flux is called the flux
leakage coefficient of permanent magnet motor, given by

σ0 �
Φm

Φδ
� σ1 + σ2 − 1. (4)

As shown in Figures 5 and 6, with the multisegment rotor
structure, there exist not only interpole leakage and end
leakage fluxes but also intersegment leakage flux. Due tomany
rotor segments and the large proportion of the total flux
leakage between segments, the flux leakage between them and
the end flux leakage must be fully considered and calculated.

Cogging torque is a vital parameter of the main drive
motor of the high-voltage circuit breaker. Its simulated
image is present in Figure 7. It can be seen that the cogging
torque is 0.006Nm, which is small, implying that the cogging
effect of the designed main drive motor is small.

)e torque output dynamic curve of the high-
power-density permanent-magnet motor, driven by the high-
voltage circuit breaker, is shown in Figure 8. We can see that
the output torque in the initial stage can reach 276 nm and
the output torque of the main drive motor becomes stable at
120 nm after 20ms, which meets the requirements of the

Table 1: Main parameters of the driving motor.

Motor parameters Numerical value remarks
Rated power 30 kW
Supply voltage DC200V
Polar logarithm 10
Core length 200mm
Maximum speed 1000r/min
Corner range 60–80°
Magnetic load 1.4 T
Force energy density 5.1 kW•Nm/kg2 product of power density and torque density
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Figure 2: Curve of the relationship between motor angle and contact stroke.
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theoretical design value and verifies the correctness of the
theoretical analysis and design.

3. Mechanical Properties of HTPPM

While making the electromagnetic design, we solved the
design and calculation of the mechanical part simulta-
neously. Doing this ensured the economic rationality and
operation reliability of motor design and manufacturing
from the structure. Figure 9 shows the stress profile of the
HTPPM stator core. )e finite element analysis plus con-
straint and the radial load diagram of the HTPPM rotor
structure are shown in Figure 10. We established the finite-
element analysis model and then enter the finite-element
analysis environment, the model mesh. According to the
shape, size, and stress mode of the model, we divided the
mesh. We transformed the geometric model into the finite-
element model and defined the material properties. We
selected the material of the model from the material library,
defined its properties, and applied the load and boundary
conditions. According to the force condition of the model,
we applied the load, defined the constraint conditions, and
output the analysis results.

We calculated the high-power-density permanent-
magnet synchronous motor designed in this paper when it
operates at an over speed of 20% (1300 rpm). )e main
parameters of the rotor are as follows: the outer diameter of
the rotor punching piece is D� 548mm; the inner diameter
is d� 170mm. )e material properties are as follows: elastic
modulus of silicon steel sheet� 2.1× 105MPa, Poisson’s
ratio� 0.27; the elastic modulus of the permanent
magnet� 1.13×105MPa, Poisson’s ratio� 0.23. )e partial
enlarged drawing of Von Mises stress contour, calculated by
the noncontact finite-element method, is shown in Fig-
ure 10. We can see that the two most dangerous areas are
located in the rotor slot and the magnetic isolation bridge.
)e maximum Von Mises stress at the slot is 232MPa, and
the maximum Von Mises stress at the magnetic isolation
bridge is 206MPa, lower than the yield stress of the silicon
steel sheet used (i.e., 431MPa), meeting the strength
requirements.

4. Establishment of the Fault Prediction
Model for the High-Voltage Circuit Breaker

Dynamic data for the opening and closing coil current are
obtained in the operation of a circuit breaker. We can find
the latent fault of the high-voltage circuit breaker to predict
and realize the future values. We use Y(t) to represent the
operation curve of the opening and closing coil current of
the circuit breaker. Since every action of the circuit breaker is
not continuous and the time interval between each operation
is long, every operation is taken as a sample
Y(t − n + 1), . . . , Y(t − 1), Y(t)of the current feature data of
the opening and closing coils. At n consecutive times, it is
taken as the input, and Y(t + 1) is taken as the output of the
prediction model, where n corresponds to the number of
input layers. )e mathematical expression of the prediction
model is

Figure 5: Distribution diagram of main driving magnetic field
strength of HTPPM.
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Figure 4: Equivalent magnetic circuit of magnetomotive force
source of a permanent-magnet motor.

Figure 3: Main drive simulation model of HTPPM.
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Y(t + 1) � ( Y(t − n + 1), . . . , Y(t − 1), Y(t){ }). (5)

4.1. Establishment of the Model. Unlike the input of the
general neural network, the input of the LSTM recurrent
neural network is a time series, input in the form of a
tensor. )e training accuracy of the network also differs
while taking different input batch data. )e number of
LSTM units used has a direct impact on the prediction

accuracy of the model during the training. If we choose too
little, the model will appear to be underfitting; it may not fit
the stroke curve well. If we choose too much, it will appear
to be overfitting; it will affect the generalization ability of
the model. Currently, there is no clear method to select the
number of hidden-layer elements obtained by the empirical
formula. )e number of hidden-layer elements with the
smallest prediction error is selected as the prediction model
by the formula primary selection with a slight increase or
decrease. [17–20].
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M �
�������
(n + m)


+ z. (6)

In equation (6), m and n are the number of nodes in the
input and output layers and Z is the constant in [0, 10].

4.2. Building a Fault Prediction Model under the TensorFlow
Framework. We select 600 groups of samples. Each group of
specimens is 40 sampling points. We divide them into 300,
150, and 150 training sets, test sets, and verification sets,
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respectively. )e current action curves of the opening and
the closing coil of the circuit breaker are shown in Figure 11.

)e training process of the CAS-optimized LSTM pre-
diction model is as shown in Figure 12. We can see from
Figure 12 that the training error of the model is small at

about 50 steps. Due to the GPU version of TensorFlow
simulation training, the average training time of an 800-step
model is less than 12min.

)e prediction model is used to predict the opening and
the closing coil current in time series, and the prediction
results are as shown in Figure 13. From Figure 13, it is clear
that the model can effectively determine the opening and
closing coil current of the circuit breaker, and the prediction
curve can accurately reflect the characteristics of each stroke
of the circuit breaker, which can be used as the basis for fault
determination of the circuit breaker.

5. Conclusions

(1) )e high-power motor of the high-voltage circuit
breaker and motor operating mechanism are ana-
lyzed as the operating mechanisms of the high-
voltage circuit breaker. By analyzing the relationship
betweenmotor angle and contact stroke, the working
characteristics of a permanent-magnet motor with
the high power density and high-power motor are
developed.

(2) By optimizing the design of the magnetic circuit, we
provided the cogging torque simulation diagram and
the motor output torque dynamic curve to fulfill the
performance requirements of the high-voltage cir-
cuit breaker. We established the finite-element
analysis model, and the stress profile of the HTPPM
stator core and the finite element analysis of the
HTPPM rotor structure with constraints and radial
loads were given, which meet the strength
requirements.

(3) We established the model of fault prediction for a
high-voltage circuit breaker. )rough the loss value
of the training function and the resulting chart of the
prediction curve, we verified that CAS optimization
training the LSTM recurrent neural network is an
effective method.
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