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Abstract: It is necessary to develop new drilling and breaking technology for hard rock construction.
However, the process of high-voltage electro-pulse (HVEP) rock-breaking is complex, and the se-
lection of electro-pulse boring (EPB) process parameters lacks a theoretical basis. Firstly, the RLC
model, TV-RLC model, and TV-CRLC model are established based on the characteristics of the HVEP
circuit to predict the EPB dynamic discharge curve. Secondly, the parameters are identified by the
Particle Swarm Optimization Genetic Algorithm (PSO-GA). Finally, due to the nonlinear and complex
time-varying characteristics of the discharge circuit, the discharge circuit prediction models based on
Bayesian fusion and current residual normalization fusion method are proposed, and the optimal
weight of these three models is determined. Compared with the single models for EPB current
prediction, the average relative error reduction rates based on Bayesian fusion and current residual
normalization fusion methods are 25.5% and 9.5%, respectively. In this paper, the discharge circuit
prediction model based on Bayesian fusion is established, which improves the prediction accuracy

check for
updates and reliability of the model, and it guides the selection of process parameters and the design of pulse
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Academic Editor: Hossein Hamidi Deep resources exploitation mostly depends on deep and ultra-deep well technol-
ogy [1]. To avoid bit loosening or loss, traditional rotary drilling requires frequent lifting in
drilling deep wells, which wastes time and incurs high costs. For example, it takes about
10 h to pull the drill string in drilling a 3000 m deep well. At the same time, the drilling and
blasting method is often used for hard rock breaking in the construction of deep foundation
pits and tunnel sections. Drilling and blasting methods have some disadvantages, such as
serious disturbance and damage to surrounding rock, great environmental pollution, and
great impact on surrounding buildings [2]. Therefore, it is necessary to develop new break-
ing technology for hard rock. HVEP rock-breaking technology, with the characteristics of
controllable energy and high rock breaking efficiency, has been proved to be feasible in the
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research [3,4]. Usov et al. [5] compared the energy loss of the existing rock-breaking drilling
methods in the drilling process and found that the specific energy for HVEP breaking was
100-300 J/cm?3. Compared with the specific energy of the water jet (1000-2000 J/cm?) and
This article is an open access article  1aser drilling (5000-12,000 J/ cm?), the specific energy of HVEP rock-breaking was lower.
distributed under the terms and Meanwhile, tensile stress could be produced in HVEP rock-breaking processes, which
conditions of the Creative Commons  introduced great advantages in hard rock drilling. Schiegg et al. [4] compared the costs of
Attribution (CC BY) license (https:// ~ mechanical rotary drilling and high-voltage EPB and found that the rotary drilling cost
creativecommons.org/licenses /by / exceeded 2000 EUR/m when drilling depth exceeded 5 km. When the depth exceeded 8 km,
40/). the cost of rotary drilling exceeded 30,000 EUR/m. Nevertheless, the cost of high-voltage
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EPB was still about 100 EUR/m, which was not limited by the required drilling depth.
Therefore, HVEP rock-breaking has broad application prospects in the aspects hard rock
drilling relative to deep and ultra-deep wells and hard rock excavation of large sectioned
tunnels. However, the process of HVEP rock-breaking is complex, and electrode bit designs
and EPB process parameter selection lack a theoretical basis, which impede the engineering
process of HVEP rock-breaking [6,7]. Meanwhile, physical-mathematical models do not
accurately predict real-time parameters and the crushing effect of the HVEP rock-breaking
process [8].

With respect to the HVEP rock-breaking prediction model, Zhu et al. [9] used dis-
crete element software PFC to study the rock electric fracture process and adopted the
dielectric breakdown model (DBM) to discuss factors affecting the development of plasma
channel and established a numerical model of rock fracture in consideration of three fields
of electricity, heat, and force. Zhu et al. [10] proposed a new model of rock dielectric
breakdown with a probability development model (PDM) based on energy conversion effi-
ciency. Burkin et al. [11,12] established the models of the electric explosion to analyze the
relationship between discharge circuit parameters and wave power characteristics. Walsh
and Vogler [13] adopted Moose software to simulate the flow channel of pulse currents in
rock and a new method to simulate the electric fragmentation of rock was proposed. The
method was divided into two stages. Firstly, the electric breakdown of rock was simulated
by tracking resistance heating and increasing conductivity. Then, the heating effect was
simulated by the thermo-mechanical response in rocks. Lopatin et al. [14] and Usmanov
et al. [15] built the mathematical models based on the stochastic deterministic method, the
voltage and current characteristics of the breakdown process were obtained. Kuznetsova
et al. [16] established a physical and mathematical model of HVEP rock-breaking, which
described the operation of discharge circuit, the expansion of the plasma channel. Hu [17]
established an energy transfer model to analyze energy injection and consumption pro-
cesses. The solid-state pulse power supply with 100 ns rise time was developed. Li et al. [18]
established a mathematical model of HVEP breaking and simulated and analyzed the influ-
ence of continuous change in discharge parameters on high-voltage EPB. Due to the on-off
time delay of the gas discharge switch in the HVEP rock-breaking test system, Li et al. [19]
established a discharge model based on variable resistance in the circuit. EPB tests and
electric parameter curve acquisition in different rock samples were carried out, and then
the least square method was adopted to identify model parameters, and the parameters
of the discharge circuit model in different rock samples were obtained. In conclusion, the
established prediction model of HVEP rock-breaking is based on commercial software or a
single physical and mathematical model, and the prediction accuracy of the model still has
great room for improvement.

In consideration of the on—off time delay of the discharge switch and the stray capac-
itance in EPB circuit with steep front waveform, the discharge circuit prediction model
including the RLC, TV-RLC, and TV-CRLC models was established. The parameters of
these three models were identified and the discharge process curve was fitted. Compared
with the test curves collected during EPB rock-breaking in granite and red sandstone, the
error characteristics of each model in the discharge process parameter prediction were
analyzed. Due to the nonlinear and complex time-varying characteristics of a high-voltage
pulse discharge circuit, the prediction method based on a single equivalent circuit model
cannot accurately predict discharge process parameters. A discharge circuit prediction
model of EPB rock-breaking based on Bayesian fusion is proposed to improve the practical
application performance of the prediction model. In particular, the probability method
based on the Bayesian theorem is used to obtain the models” weight, and it is then compared
with the current residual normalization fusion method for prediction effects. The accuracy
improvement rate of the discharge circuit prediction model based on Bayesian fusion is
verified. By conducting research, the selection and design of pulse power supplies, EPB bit,
and EPB process parameters can be guided.
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2. Prediction Model of Discharge Circuit in EPB

According to the characteristics of discharge circuit in EPB process, the prediction
model of discharge circuits in high-voltage EPB rock-breaking based on constant resistance
(RLC model for short), the prediction model of discharge circuit in high-voltage EPB rock-
breaking based on time-varying resistance (TV-RLC model for short), and the prediction
model of discharge circuit in high-voltage EPB rock-breaking based on time-varying resis-
tance and distributed capacitance (TV-CRLC model for short) were built. The equivalent
circuits of these three models are shown in Figure 1.

C | Uo l( ClUo

(@) (b)

S
_¢_,w~ | C-Energy storage capacitor, S-Discharge switch,
_I_

R-Electric circuit resistance, Rt-Time varying
clu resistance of electric circuit, L-Inductive inductance,

R Ru-Discharge channel resistance, Cs-Distributed
L+ capacitance, 1-Insulating medium, 2-Rock, 3-High- and

low-voltage electrode

Figure 1. EPB Equivalent circuits of these three models, (a) RLC equivalent circuit model, (b) TV-RLC
equivalent circuit model, and (c¢) TV-CRLC equivalent circuit model.

2.1. RLC Model

EPB discharge system can be equivalent to the circuit shown in Figure 1a, the following
equation can be obtained based on the Kirchhoff voltage law:

Uc(t)+Lx%+(R+th)xi(t):0 (1)

where symbol i represents the current in the loop for capacitor C.

C x dbgt(t) —ih) o)

The direction of charging voltage U is opposite to the direction of the discharge
voltage. The following results can be obtained by integrating both sides.

di’ Uy 3)

ﬁ\'—‘
O\H.

The Weizel-Rompe model [20-23] was adopted for the discharge channel impedance
model, and it can be expressed with the following formula:

Kig X Iy

V (foi2(B)at)

where K;; and [;; represent the resistance coefficient and the discharge channel length
respectively. In this model, the equations can be solved simultaneously by using variable-
order differential equations.

Rya(t) = (4)
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2.2. TV-RLC Model

A gas discharge switch has time delay characteristics during on-off. After the gas
switch turns on, the electrical circuit’s resistance drops rapidly [24], and the resistance
model can be expressed with the following formula:

—t

Rt = Ry + (Ro — Rp)e® ®)

where symbols Ry, R1, and 6 represent initial resistance, limit minimum resistance, and
resistance drop time constant, respectively.

According to the equivalent circuit and Kirchhoff circuit equation in Figure 1b, the
following formula can be obtained.

di ,
Ue(t) + L x d—;+(Rt+th) xi(t) =0 ©)
The equations in the model can also be solved simultaneously by solving variable-
order differential equations.

2.3. TV-CRLC Model

The pulse voltage with an increasing edge that is less than 500 ns is a prerequisite
for HVEP rock-breaking [25-28], so it can achieve HVEP rock-breaking instead of hydro-
electric rock-breaking. To induce a fast leading edge in the output high-voltage pulse of
the pulse power supply, one of the essentials is to decrease the loop inductance. At the
same time, the favorable distributed capacitance in the loop should be rationally used and
the unfavorable distributed capacitance should be eliminated [29,30] to generate higher
overvoltage at both ends of the discharge switch and to rapidly conduct the switch. It is
ensured that the establishment process of the steep front waveform is not affected by the
slow action of the switch. The following equation can be obtained from the equivalent
circuit in Figure 1c and the Kirchhoff circuit equation:

Uc(t) + Ug,(t) + UL(t) + U(t) =0 )

where U, (t) is the capacitor voltage, Ug, (t) is the voltage of Ry, and Uy (t) is the voltage of
L. Uy4(t) is the voltage on both sides of Cs, which can be expressed as:

. duy
utd(t)_(l Cs dar

) X th (8)

The equations in the model can also be solved simultaneously by the finite element
method.

3. Parameter Identification and Bayesian Fusion Algorithm
3.1. Parameter Identification for the Prediction Model

According to these three prediction models of the EPB process, the parameters to
be identified include dispersion capacitance cs, inductance J, electric circuit resistance 7,
initial impedance rp, minimum limit resistance r; and resistance drop time constant 6,,
plasma channel length /;;, and resistance coefficient k;;. Combined with the variable order
differential equation method and finite element method, the parameters of these three
models were identified by PSO-GA. In the hybrid intelligent algorithm of PSO-GA, the
solution space is used for real number coding, and the roulette algorithm [31,32] is used.
The fitness function is established in this algorithm, which refers to the simulated annealing
process [33].
f(xi) _ e—betaxpcost (9)

where f(x;), beta and pcost represent the fitness function value of Individual i, the exponential
coefficient and the error, respectively.
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The hybrid intelligent algorithm of PSO-GA for parameter identification includes three
parts: the first one is initialization, the second one is GA identification, and the third one is
PSO identification. Firstly, the learning factor, crossover probability, and other coefficients
such as particle position, velocity, and other space were initialized in the hybrid intelligent
algorithm of PSO-GA. The PSO is used to traverse all particles, and the parameters to be
identified are obtained as the initial values. Secondly, the GA is run. When the evolution
times are less than the maximum evolution times, the genetic evolution is continued.
Finally, the particle velocity and position are updated in the range of iterations, and the
individual optimal value and global optimal value are updated until the maximum number
of iterations is reached, and the parameter value corresponding to the minimum relative
error is returned.

3.2. Fusion Algorithm based on Bayesian Theorem

To improve the prediction accuracy of high-voltage pulse discharge circuit parameters,
a fusion method for the multi prediction model was proposed. As shown in Figure 2, the
multi-model fusion framework of discharge circuits for high-voltage EPB rock-breaking
is presented. After filtering and identifying the parameters of high-voltage EPB process,
parameter identification array z; is obtained. Symbol j is the number of the parameters to
be identified. The values are 5, 6, and 7 for the RLC model, TV-RLC model, and TV-CRLC
model, respectively. Then, according to the predicted current as the basis of fusion, the
parameters of the high voltage pulse discharge process can be predicted by weighing the
fusion module.

[—>] Solution and

Original current signal RLC Z5. %,
— nodel FM parameter
S : identification
g
%o T C ] — : > _{.‘ ~ ~ =~ .
Time(us) TV-RLC A Solution and | Z5. Y, / Data 4 Fusion EPB Process
) . parameter Center Center parameter
Filtered current signal model identification / prediction
—~10 .o,
g" @, 0,0
3 /\/V\/\/\ TV-CRLC —>{ Solution and |2, X, Xp. %, X5 Fusion
ol | ™ model parameter rules
Time(us) identification

Figure 2. Multi-model fusion framework of discharge circuit for high-voltage EPB rock-breaking.

The result of model fusion prediction is the weighted value of the real-time prediction
results of each model. Equation (10) can be obtained, where %1, £2, and %3 are the current
prediction values of the RLC model, TV-RLC model, and TV-CRLC model, respectively:

ﬁfn = w1X1 + wyriy + w3k (10)

where w; is the fusion weight, and the sum of the weights is 1. The core of the fusion
algorithm is to determine the weight of each model. The weight of the model can be
obtained by using the residual current and Bayesian theory. By conductin a comparative
analysis of the current curve predicted by different fusion methods and the actual current
curve, the fusion method suitable for the prediction model of high-voltage EPB rock-
breaking was obtained. The error can reflect similarities between the prediction current
and the actual discharge current.

Ei(k) = x(k) — £(k) (11)
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Symbol E;(k) represents the current error, x(k) and £(k) represent the actual and
predicted current value at Moment k respectively. The current residuals of different models
are normalized to obtain the performance index function [34,35], as shown in Equation (12):

(12)

3
where S(k) = Y E?(k), and w;(k) is the weight value of i-th model. The weight of each
i=1

model can be obtained by using the current’s residual. The more accurate the model predic-
tion value, the smaller the corresponding residual error, and the larger the corresponding
weight value.

Meanwhile, the probability can be used to describe the closeness between the predicted
and actual current value in different models at a certain time. According to the Bayesian
theory [36,37], the following equations can be obtained.

P(p1|x(k)) — 3f(x(k)|Pz)P(Pz) (13)
£ G0 1p)P(po)
P(pixi — 1)) = P PR ()

Because P(x(k —1)|p;) = P(x(k — 1)) is a certain event, its probability is 1. Formula (12)
can be expressed as follows.

fx(k)|pi) P(pilx(k — 1)) (15)

wi(k) = P(pi|x(k)) = =
iglf(x(k)\Pi)P(Pilx(k—1))

The weight of each model can be obtained by using Formula (15), and the real-time
predicted value can be obtained by using Formula (10).

4. Results and Discussion
4.1. High-Voltage EPB Process Test

High-voltage EPB rock-breaking experiments were conducted in red sandstone and
granite, and the real-time current parameters of the EPB process were collected. The
schematic diagram of the high-voltage EPB rock-breaking test system is shown in Figure 3.
The transformer boost type pulse power supply is adopted for the EPB test system. The
energy storage capacitor and maximum storage energy are 20 nF and 400 J, respectively [38].
The output peak voltage is 200 kV, and the step-up ratio of the transformer is 1:40. EPB ex-
periment system can achieve EPB experiment and electric parameter detection experiment
in different rock samples. Rogowski coil and RTD1004 oscilloscope are used to detect the
current parameters in the EPB process.

It has a great interference on the collected current signal. The current signals in
different rock samples are collected by the electrical parameter detection subsystem. Con-
sequently, it is essential to use a software algorithm to filter the current signals in order
to extract and analyze the current signals of different rock samples. Under the intense
interference of the pulse power supply, the filtering performance of traditional filtering
algorithms [39,40] is restricted. Singular value decomposition (SVD) filtering algorithm
has an excellent filtering effect [41,42]. Before SVD filtering denoising, it is necessary to
construct the matrix of the original current signal collected by the electrical parameter
detection subsystem, including the Toeplitz matrix and Hankel matrix [43,44]. Toeplitz
matrix can helps speed up the filtering process. A SVD filtering algorithm based on the
Toeplitz matrix is proposed. The original and filtered signals are shown in Figure 4.
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Figure 3. Schematic diagram of EPB test system.
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Figure 4. Original signals and filtered curves: (a) red sandstone and (b) granite.

4.2. Parameter Identification Results of EPB Prediction Model

The parameters of the RLC, TV-RLC, and TV-CRLC model are identified by PSO-GA.
When the models with identified parameters are used to predict the EPB process curve,
the error between the predicted and experimental current values is minimized, and the
objective function is globally optimal. With EPB current curves in red sandstone and granite
as the model prediction target, the identified parameters of different models are obtained,
as shown in Table 1. The resistance coefficient K;; of granite increases and the length of
plasma channel /;; shortens compared with red sandstone.

The identified parameters are substituted into each model. As shown in Figure 5, the
current prediction curve of different circuit models and the test curves of high-voltage EPB
were compared. The overall prediction accuracy of the TV-CRLC model is the highest,
followed by the TV-RLC model, and then the RLC model. This means that the weight of
the TV-CRLC model is higher when Bayesian fusion is adopted. Different models have
different prediction accuracy distribution in different time intervals. The difference of
models directly affects the prediction accuracy, so the model fusion is required to improve
the parameter prediction accuracy in the high-voltage EPB rock-breaking process.
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Table 1. Parameter identification results of RLC, TV-RLC, and TV-CRLC model.

Model Red Sandstone Granite
L =347 uH L =328 uH
R=4.070Q R=0540
RLC I,; =19.72 mm l,; =10.1 mm
K., =12538V-S/2/m K,; = 20076 V-S/2/m
L=34uH L=33uH
Ry = 1.7 MO Ry = 41 MQ
R; =340 Ry =0.020Q
TV-RLC fg =3.0 x 107 Og = 1.0 x 10710
Iy =271 mm Iy = 19.8 mm
Ky = 1899V -SY2/m Ky =272V -SY2/m
L =3.352 uH L = 33139 uH
Ry = 1.7 MQ Ry = 2.65 MQ)
Ry =034 0 Ry = 0.002 )
TV-CRLC Or = 3.3415 x 10710 Or = 3.6826 x 10712
l;y = 40.4 mm I = 11.8 mm
K;q = 240.805V - S!/2 /m Ky = 3174474V -S/2 /m
Cs = 0.2nF Cs = 3.5341 nF

4.3. Model Fusion Results of EPB Prediction Model

The current curves predicted by different models and different fusion methods are
shown in Figure 5. The legends of RLC, TV-RLC, and TV-CRLC represent the prediction
current curves of the high-voltage EPB based on a single model. The legend normalized
fusion represents the current prediction result based on the current residual normalized
fusion method. The legend Bayesian fusion represents the current prediction results of
the proposed method based on Bayesian fusion. It is evident from the enlarged figure in
Figure 5a(A) for the current prediction curve of red sandstone that TV-CRLC prediction
accuracy is higher at this stage, and its weight value is larger when the model is fused. In
view of the enlarged Figure 5a(B) of the red sandstone current prediction curve, the current
prediction accuracy of Bayesian fusion is the highest, followed by normalized fusion, and
then TV-CRLC at this stage. Observed from an enlarged Figure 5b(A) of granite current
prediction curves, Bayesian fusion and TV-RLC on the left side of the peak have the same
prediction accuracy at this stage, Bayesian fusion and TV-CRLC on the right side of the
peak have the same prediction accuracy, and the Bayesian fusion method has the highest
current prediction accuracy at this stage. As seen from an enlarged Figure 5b(B) of the
granite current prediction curve, TV-RLC on the left side of the trough has higher prediction
accuracy, while Bayesian fusion and TV-CRLC on the right side of the trough have higher
prediction accuracy.

The relative error percentage is used for error analysis to evaluate the single model
and the fusion method [45,46]. Table 2 shows the relative error reduction rate of EPB
current prediction value using the model fusion methods compared with the single model
method. The EPB current prediction accuracy of the Bayesian fusion method is the highest.
Compared with a single model for EPB current prediction, the maximum relative error
reduction rate by the Bayesian fusion method is 44.3% and the minimum relative error
reduction rate is 10.4%. In EPB in red sandstone, the average error reduction rate by the
Bayesian fusion method is 32.9%. In EPB in granite, the average error reduction rate of the
Bayesian fusion method is 18.1%. However, the average error reduction rate is 14.2% and
4.8%, respectively, when the normalized fusion method based on current residuals is used
for the current prediction of EPB in red sandstone and granite. In EPB in granite, compared
with the TV-CRLC single model for EPB current prediction, the relative error reduction rate
of the current residual normalized fusion method is —4.1%, which means that the prediction
accuracy of the current residual normalization method is lower than that of the TV-CRLC
model. In conclusion, the prediction accuracy of EPB currents based on the Bayesian fusion
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method is higher than the one based on the current residual normalization fusion method.
All in all, the model fusion method has higher prediction accuracy compared with the

single model.
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Figure 5. Comparison of current prediction curves of different circuit models and fusion models and
test curves for high-voltage EPB: (a) red sandstone and (b) granite.

Table 2. Relative error reduction rate of EPB current prediction of different single models and model

fusion methods.

Rock Samples Model vs. RLC vs. TV-RLC vs. TV-CRLC Average Reduction Rate
Red sandstone Bayesian fusion 44.3% 30.3% 24% 32.9%
Normalized fusion 28.8% 11% 2.9% 14.2%
Grani Bayesian fusion 28.4% 15.4% 10.4% 18.1%
ranite Normalized fusion 16.8% 1.7% —4.1% 4.8%
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5. Conclusions

RLC, TV-RLC, and TV-CRLC models are established in consideration of the time delay
and the stray capacitance. Based on the nonlinear and complex time-varying characteristics
of high-voltage discharge circuits, the prediction model of EPB rock-breaking based on
Bayesian fusion is presented. The predicted current results are compared with the current
curves collected from the EPB test, the predicted current curve of the single model, and the
predicted curve based on the current residual normalization fusion method.

1.  The parameters of the RLC, TV-RLC, and TV-CRLC model are identified by PSO-GA.
There is a bigger resistance coefficient and a smaller coefficient length parameter of
the plasma channel of granite by EPB in comparison with the ones of red sandstone
by EPB. The identified parameters are within a reasonable range and are consistent
with the actual EPB effects. At the same time, the effective drilling of red sandstone
and granite is realized by conducting the EPB experiment.

2. TV-CRLC model has the highest prediction accuracy for EPB current, followed by
the TV-RLC model, and then the RLC model. The weight of the TV-CRLC model is
higher when Bayesian fusion is used for current prediction. Different models have
different prediction accuracy distribution in different time intervals. Model fusion
is applied to improve the prediction accuracy of process parameters in high-voltage
EPB rock-breaking.

3. The prediction accuracy based on the Bayesian fusion method is more accurate than
that based on the normalization fusion method. Meanwhile, the model fusion method
has higher prediction accuracies compared with the single model for EPB process
parameters prediction. Compared with the single models for EPB current prediction,
the average relative error reduction rate based on Bayesian fusion and current residual
normalization fusion method is 25.5% and 9.5%, respectively. The validity of the
discharge circuit prediction model based on Bayesian fusion is proved.
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