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Abstract:

In order to finally achieve the purpose of online detection of scraper conveyor jam and chain breakage fault,
this paper proposes a method to determine the occurrence of scraper conveyor jam and chain breakage fault
by identifying the sudden change characteristics of drive motor current. In this paper, radial basis function
neural network is used as the basis for the kernel algorithm calculation of the scraper conveyor drive current
characteristic recognition model, and the expansion principle and data fusion method are used to complete
the diagnosis and fault tolerance control of the speed sensor, and the diagnosis and fault tolerance of the
current sensor are realized by the expansion observer compensation state formula. To verify the feasibility of
the method, the current data simulation of the scraper conveyor operation process is combined with the field
provided. The simulation results show that the control strategy proposed in this paper can achieve power
down diagnosis and fault-tolerant control of speed and current sensors, which is of practical significance for
the stable operation of the scraper conveyor.
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1 INTRODUCTION

The space of coal mine comprehensive mining working face is narrow but the production volume is high, and
the equipment is mostly installed and operated under harsh environmental conditions, so the replacement of
equipment parts and the handling of accidents can be quite difficult. Reliable operation of machinery and
equipment is the premise of normal production of comprehensive mining working face. As a typical equipment
of scraper conveyor, the working environment is harsh, heavy load is frequently started, and the electric energy
loss is large, which seriously affects the operation reliability of the whole comprehensive mining working face
and wastes a lot of electric energy at the same time.

For the coordinated control of motor power of multi-scraper conveyor of coal mine conveying equipment,
foreign scholars have carried out relevant research earlier. Literature [1] has conducted in-depth analysis and
research on the load balance of the scraper drive system, and pointed out that it is necessary to realize the
coordinated power control of the drive system; Document [2] points out that in the process of coal mining, the
load of the scraper is disorderly and unpredictable, and the real-time change of the load affects the power of the
scraper conveyor motor of the drive system, and adopts the method of adjusting the power supply voltage
frequency of the scraper conveyor motor to control the operating parameters of the scraper, and develops a
control algorithm based on the rule description, By adjusting the frequency, the two drive scraper conveyor
motors at the head and tail of the machine can operate in coordination to prevent the overload operation of a
single scraper conveyor motor. This algorithm is conducive to reducing the friction loss and power down
frequency of the scraper, and improving the operation of the scraper; In reference [3], aiming at the dynamic
phenomenon of uneven load distribution on different drives observed in practical applications, the factors
affecting load distribution were studied and analyzed through the establishment of a physical model of scraper
conveyor and a large number of computer simulation experiments, such as the slip rate of scraper conveyor
motor, the change of power supply voltage drop and frequency of scraper conveyor motor, and the difference of
transmission gear ratio.

Literature [4] constructs the finite element dynamic simulation model of the scraper machine based on AMESim
software, compares the influence of different starting modes on the tension of the scraper chain of the scraper
machine and the load coordination of the motor of the scraper conveyor under heavy load conditions, and
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verifies the necessity of using the motor sequence of the two scraper conveyors at the head and tail of the
scraper machine to start and select the appropriate starting time difference; Literature [5] derives from the
simplified chain drive physical model that the rated speed and synchronous speed of the motor of the scraper
conveyor affect the power distribution of the motor of the scraper conveyor at the head and tail of the scraper
conveyor. At the same time, by means of field investigation and theoretical analysis, it is pointed out that the
starting mode of the motor of the scraper conveyor at the tail running first and the appropriate starting time
difference between the two scraper conveyor motors can help to improve the power imbalance; Literature [6]
uses the controllable start device CST controlled by fuzzy PID to realize the soft start of heavy scraper. Its CST
hydraulic servo mechanism is modeled by the AMESim platform, and the fuzzy PID regulator is completed by
MATLAB/Simulink. In the process of studying the power coordinated control of CST system, the influence of
the load size and distribution of scraper and the starting time difference between the head and tail scraper
conveyor motors on the power uncoordinated phenomenon is analyzed; Document [7] has made and calculated
the combined characteristic curve and equation of the scraper conveyor motor and hydraulic coupler. On the
premise of considering the effect of the scraper conveyor motor's own characteristics and the chain pitch change
on the power of the head and tail scraper conveyor motor, the influence of rigid connection and hydraulic
coupler connection on the power distribution is calculated and analyzed respectively, It is pointed out that the
use of hydraulic coupler is helpful to improve the power balance of the scraper conveyor motor at the head and
tail of the scraper machine; Literature [8] studies the load characteristics of the scraper conveyor. On the
premise that the frequency converter drives the scraper conveyor motor, the master-slave control mode of the
torque driven double scraper conveyor motor is adopted to achieve the speed coordination and torque balance of
the drive system head and tail scraper conveyor motor, and then the fuzzy control rules are used to adjust the
speed of the scraper conveyor motor in real time to achieve the goal of the scraper unit load balance; Literature
[9] uses the electrical parameter acquisition module to extract the current data, and collects the dynamic tension
value of the scraper when it passes through the sprocket through the strain gauge. The current value is input to
the fuzzy PID regulator through comparison and calculation to complete the continuous adjustment of the motor
speed of the tail scraper conveyor, thus compensating the output torque of the motor of the other side scraper
conveyor, and making the tension difference between the front and rear sprocket of the scraper closer, The
intelligent coordinated control of the motor power of the scraper conveyor is realized; Through the derivation of
the mathematical model of the scraper dynamics and the construction of the simulation model, the paper [10]
analyzed and concluded that the factors affecting the power of the scraper conveyor motor are the mechanical
characteristics of the scraper conveyor motor, the load change, the structural parameter change of the sprocket
chain, etc., and adjusted the output speed of the scraper conveyor motor according to the load torque ratio to
achieve the coordinated control of power; In reference [11], aiming at the power imbalance of the three-drive
scraper conveyor system, the real-time load is determined according to the torque current of the scraper
conveyor motor, and then the output torque is adjusted by changing the speed of the head and tail scraper
conveyor motor through the frequency converter with the direct torque control function. A simulation model is
established based on the AMEsim platform, and experiments are carried out under the conditions of load
stability and load fluctuation respectively according to the above scheme, The results show that the head
equivalent scraper conveyor motor and the tail scraper conveyor motor both reach the rated power distribution
ratio, which proves the correctness and rationality of the established scheme. The master-slave regulation
method is also adopted for the dual-drive scraper system using MATLAB/Simulink software tool, that is, the
overall loop is speed closed-loop vector regulation, and the corresponding torque is calculated by PI regulator,
The torque of the slave machine is calculated based on the given torque distribution ratio, and then the master
and slave circuits respectively complete their respective torque closed-loop regulation to achieve power
coordinated control. Based on the sliding mode variable structure control principle, a motor flux and output
torque regulator of the scraper conveyor is implemented, which is used in the direct torque control system of the
scraper conveyor motor of the double-drive scraper machine to complete accurate torque signal tracking, With
the help of modeling analysis, the controller can realize the purpose of fast and accurate tracking of the given
torque distribution of the scraper conveyor motor at the head and tail of the scraper conveyor; Document [12]
proposes the power coordination control scheme of the scraper drive system based on the magnetic coupling soft
start device, uses MATLAB/Simulink to build the simulation model of the control system, adjusts the size of the
magnetic coupling air gap according to the load change reflected by the current value of the scraper conveyor
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motor, so as to increase or decrease the torque given by it, and then adjusts the output power of the scraper
conveyor motor to achieve proportional output.

Literature [13] has studied the load non-uniformity of the drive device of the scraper conveyor, and considered
that the drive device must have a certain power balance. Literature [14] studied the nonlinear vibration
characteristics of the drive device of the scraper conveyor, and put forward suggestions on reducing vibration
and improving the reliability of the drive device. Literature [15] conducted relevant experimental research on
the starting characteristics of the hydraulic coupling of the scraper conveyor, and obtained data on the dynamic
load of the transmission device and the voltage drop of the motor power supply, which proved that the hydraulic
coupling has better performance than the elastic coupling. At the same time, Dolipski. M studies the starting
dynamics characteristics of TN plate conveyor under the hydraulic coupling drive system. Literature [16]
analyzes the dynamic performance of the scraper conveyor under startup, abnormal load and other working
conditions in view of the hydraulic coupling and controllable slip CST drive used on the scraper conveyor.
Literature [17] has studied the key technology of hydraulic coupler and developed valve-controlled products,
which can realize the soft start of high-power heavy-duty scraper conveyor. It is believed that the soft start
technology can reduce the impact of starting current on the scraper conveyor. Document [18] analyzed the drive
characteristics of the scraper conveyor coupling system, believed that CST can promote the stable operation of
the scraper conveyor, studied the performance of the two-speed scraper conveyor motor drive system of the
scraper conveyor, and proposed three schemes to improve the drive performance.

In order to finally achieve the purpose of online detection of scraper conveyor jamming and chain breakage, this
paper proposes a method to determine the occurrence of scraper conveyor jamming and chain breakage by
identifying the sudden change characteristics of driving scraper conveyor motor current, and simulates the
scraper conveyor driving current characteristics by radial basis function neural network to improve the operating
stability of scraper conveyor.

2 CURRENT SENSING SENSOR MODEL BASED ON RADIAL BASIS FUNCTION NEURAL
NETWORK

2.1 Approximation control of RBF neural networks

The output of the sign function, time-varying parameters and external disturbances can cause large deviations
and jitter in the fractional-order sliding mode control rate, which makes the observation of the magnetic chain
and current based on the implementation less effective. In this paper, we use RBF neural network to
approximate the optimal control rate in real time, so as to suppress the jitter caused by the sign function and
parameter time-varying factors. The structure block diagram is shown in Figure 1.
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Figure 1 The structural diagram of the RBF neural network

Then, the optimal control rate should be[19]:

o
P=P=0

In the formula, f'is the error of the control rate.

We use RBF neural network to approximate 0 , and its approximation algorithm is:
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If the input of the neural network is defined as x=[ x1, X2], its output is:

f(x) :V\7Th(x) o)

We use formula (3) to approximate the optimal control rate and obtain a new control rate:

y e e sign(s, .
pf __k + 8 pe| e | Fo ) ( )—f(x)
Pyl k& | ck & | ck|sing(s,) 4)
By combining the obtained optimal control rate formula (4) and formula (1), we get:
e e sign(s, .
A P b ()
Py k. |e | ck & | ck|sing(s,)
i 5
k.|e | ck & | ck|sing(s,)

In the formula,

Voo f — £ (x)=WTh(x)+e-WOh(x)+e

(6)
and we define Wo=W™" —WT
Substituting formula (5) into the above formula, we can get:
M sign (s, )
Eecll || +ekWoh—cke
sing(s,) -

In order to obtain the stable ideal approximation weight W , the following Lyapunov function is selected:

L =152+ 1o

In the formula, y >0.

By deriving the Lyapunov function L, and substituting formula (7) into the above formula, we get:
1 = s y\/%\ﬁ%
M W
=claf |t ||+ c.k WO h —c k,es + y\WO

)
M
= (clkl[ \ }—,uo |S|J +Wo (clklsh + y\/@gﬁ

According to the result obtained in formula (9), the adaptive rate of the following formula is selected[20]:

Vol: 2024 | Iss: 10 | 2024

78



Computer Fraud and Security
ISSN (online): 1873-7056

W= E ck;sh
7 (10)

|§L <0 can be obtained by substituting formula (10) into formula (9), which shows that this adaptive law can
make the system stable and achieve good approximation effect.

Therefore, by substituting the optimal control rate obtained by RBF neural network approximation into the
formula, the optimal observed current can be obtained, and then the observed value of rotor flux linkage can be
obtained by integrating it. The relationship is as follows:

_& * o

|

Sa — kl pz —k2 :a +k3 {#Sai|
Isﬂ Pp Is/f Hsp

A

] Lo (n

Finally, the observed current and flux values are substituted into the speed formula in the formula, and the final
motor speed of scraper conveyor is obtained:

2
C§rL: n\;ll:m (V;rafsﬁ _l/’}rﬂlsa)_

n pTL
J

Il

(12)

2.2 Power down-tolerant control of motor sensor power down of bearingless asynchronous scraper
conveyor

Extended observer, also known as state reconstructor, is a control system that dynamically realizes the
progressive estimation of the corresponding state variables according to the operating variables of the original
system. We assume that there is a controlled object:

e f(x,v(t))+ ku (t) 13

When a(t) =f (X,V(t)) , it can be extended to a first-order state, and together with formula (13) to form a

second-order system:
Be=a(t)+ku(t)
a®=b() .,
Therefore, formula (14) can be constructed, and the extended observer is:
£ a(t)+ku(t)+g, (R-x)
éQ(t):g?.(f(_x) (15)
The feedback function shown in the following formula is chosen:

c|x|"sgn(x),|x|> o
9(X)=1 cx
o

X <6
(16)

Based on the study of BL-IM mathematical model, with the current observation error as the system input and the
rotor magnetic chain as the unknown term, the second-order expansion observer of the scraper conveyor motor
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speed can be constructed as follows:

Sa

I

I, =—kI

B

a(t) =g, (i,

f& = _kZi\S’; + k3usa - kla (t)+ gl (isa
i)

g + k3us/;’ - klb(t)+ gl(iS/f o

Dk
IS(X

o

i)

b(t):gz(isﬂ—i;) an

The input current and the uncertainty terms a(t) and b(t) can be well approximated by adjusting the three
parameters ¢, # and 0 in the feedback function, and the uncertainty terms can be integrated to obtain the

estimated magnetic chain value:

. t
v, =| a(t)dt
I‘i (18)

Wy = [ b(t)dt

Substituting the observed magnetic chain and current into formula (1), the formula for the derivative of the
rotational speed can be obtained as shown in the following formula:

: n’L, nT,
_ p &A _:‘ A _ p'L
r JL (Isﬁl//ra ISal//rﬁ) J

" 19)

By integrating formula (19), the following observed velocities are obtained:

(20)

When the scraper conveyor motor is running normally, the observed rotational speed obtained by the designed
expansion observer is close to the rotational speed observed by the sensor, and the error between the two is
small at this time.

The simulation is built based on the designed expansion observer to obtain the speed error value of the
expansion observer and the sensor during the power down-free operation of the scraper conveyor motor. We set
the speed to 3000r/min and set the speed of the scraper conveyor motor to 4000r/min at 0.15s and add 2N-m
load at 0.2s to obtain the error curve as shown in Figure 2. It is not difficult to find from the figure that in the
no-load starting stage of the scraper conveyor motor, the speed error reaches a maximum value of about
130r/min. Therefore, on the basis of leaving a certain deviation, the judgment threshold of rotational speed is set
at 150r/min.
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Figure 2 Speed error curve of expansion observer and sensor

The error diagnosis of the speed sensor is performed according to the designed threshold, and when it is in error,
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if the speed sensor speed is directly used as the output, the speed closed loop will be broken, thus making it
impossible to quickly tolerate the error after a speed sensor failure. Therefore, in this paper, the sensor speed and
the observed speed are proportionally added to obtain the feedback speed after fusing the data, as shown in
formula (21), and it is used as the feedback of the closed loop of the speed, so as to solve the problem of the
closed loop breaking when the power down occurs.

C?)r = éjla)r +é:26?)r
21)
Choosing the appropriate fusion coefficient will accelerate the convergence speed during acceleration and
deceleration. &, = 0.8 and ¢& , =0.2 are selected through a large number of simulations, thus obtaining the

power down-tolerant control flow chart of speed sensor as shown in Figure 3.

Speed estimation

Failure
diagnosis
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£

[owrozn | [a ]
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End

Figure 3 Flowchart of sensor power down-tolerant control

For the equation of state of BL-IM in the stationary coordinate system, we set the output variable as:

Y:[Wrﬂ Iy, isﬁ:IT (22)

Among them, the state variable is:

X:[V/ra Wy g, isﬂT 23)

The input variable is:

LJ:[a> T ug, uﬁjT 24)

By inputting known input variables into the state equation, the set output variables are obtained, allowing the
observation of current in the stationary coordinate system.

o

- Dk - Dk
When the sensor is operating normally, the error §; (Is =1 ) of the current and the derivative {, (Is —1 )

of the uncertain magnetic chain containing both the magnetic chain and the total disturbance in the ideal state
can be obtained according to formula (17).

The derivative of the observed magnetic chain is expressed by the formula:
gZ(iSa _Isa)zlﬁl;a + fa
gz(lsﬂ _Isﬂ)zlﬁrﬁ + f/;

(25)
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Therefore, the error of the observed flux derivative can be obtained as follows:

£ =0, (i~ )~ = 0 (i - )+ 07 2 vl
r r (26)

. D - Dk 1 AKx L Dk
fﬁ = gz(ls,b’ _Isﬂ)_lﬁé’ = gz(lsﬁ _Isﬁ)+T_Wrﬂ _-I-_mlsﬁ +a)rl£ia
r r (27)

Using current error and flux derivative error for two-phase compensation, the state equation of new scraper
conveyor motor for current observation can be obtained as follows:

fs% = _k1§§rLa - kZi;a + k3usa + gl(isa - f* )

Sa

ff; = —kllﬁgr‘ﬂ —Kylyy + Ky, + gl(isﬁ - fsﬂ)

1 L .
‘éLa :_-I-_ ra _a)rs§rL/} +f|sa + fa

r

1 L o«
xﬁg,‘ﬁ =—_|_— B —wrzﬁgr‘a —I—T—mlsﬁ + fﬁ

r

(28)

Since the current observation equation of state is based on the stationary coordinate system, the sensor and the
feedback current are three-phase currents. Therefore, it is necessary to convert the currents in the stationary
coordinate system and the currents in the three-phase coordinate system to each other. Usually, there are two
conversion methods, and the coordinate system position relationship is shown in Figure 4.

Figure 4 Position relationship between stationary and three-phase coordinate system

When the axis of phase a is in the same direction as the axis of A-phase, the relationship between iaﬂ and

l,gc  can be obtained as:

3
2
1
V2 29)
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When the a-phase axis is in the same direction as the B -phase axis, the new relationship between | o and

I \gc can be obtained as:

V2 €2))

St

A NN

A2

Ig, | = g 0

i 3

Cc2 1 1
—— = | 32
B V2

Under normal conditions, the first coordinate transformation is chosen as the conversion between currents in this

paper. The feedback three-phase currents are converted to the stationary coordinate system to obtain isab , and

then the observed currents in the stationary coordinate system are obtained by using formula (28), and finally
converted to the three-phase coordinate system to obtain the observed three-phase currents.

When the sensor is power downy, the feedback three-phase current is not perfect, and the current in the
stationary coordinate system cannot be solved directly by formula (28) at this time. Therefore, when the power
down occurs in the A-phase current sensor, the single-phase compensation can be performed according to the

correct i, and then the compensated three-phase current 1,5:, can be obtained using formula (32). similarly,

when the power down occurs in the B-phase current sensor, the compensated three-phase current 1,50, can be

obtained using formula (30). At this point, the equation of state of the scraper conveyor motor used for current

observation after single-phase compensation is:

&

r

IS(x = _kl ra kZISzx + k3usa + gl (Isa - Isa)

fsg/:z_kl‘ﬁ%ﬁ_k ]

2'5/)’ + k3us/>’

‘ﬁ& 1. . Ly
to = = Vi T O Wi +-|-_|5a + fa

Tr r
(’§L _ 1 ~ N Lm IA
w7 VT OV +T_ 5 (33)

r

When solving for fa , the ideal magnetic chain l;}ﬂ in formula (26) is affected by the | 4 -power down cannot
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be measured by the expansion observer and can be replaced by using the equation of state observations that do
not differ much from it.

When a two-phase power down occurs in the current sensor, the compensation of both the current and the
magnetic chain fails, and the current can only be solved using the ideal state equation.

The current error diagrams for full compensation when the current sensor is not power downy and for
single-phase compensation when a single-phase power down occurs are obtained by simulation, as shown in
Figure 5. We set the current sensor power down diagnosis thresholds for A-phase and B-phase to 0.3A and
0.35A, respectively, when the current sensor is not power downy. When the current sensor is single-phase power
downy, the power down diagnosis threshold of the current sensor is 0.3 A for both A-phase and B-phase.
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Figure 5 Observation error curve of current sensor

When using single-phase power downs, we perform power down tolerance based on the power down phase
Il Il
currents lg; and l,; obtained from the equation of state of the scraper conveyor motor after single-phase

fal I

compensation and the power down phase currents 1, and I obtained from the ideal state equation at full

power down.

3 SIMULATION OF DRIVING CURRENT CHARACTERISTICS OF COAL MINE SCRAPER
CONVEYOR

This paper takes coal mine scraper conveyor as the research object, and carries out the technical base research
with the goal of finally realizing online power down targeting of scraper conveyor and finally realizing power
down detection. The scraper conveyor's broken chain scene and the scraper fracture diagram caused by the
broken chain are shown in Figure 6.
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(a) Scraper conveyor's broken chain scene (b) Scraper fracture caused by broken chain
Figure 6 Scraper conveyor's broken chain scene and the scraper fracture diagram caused by the broken chain

The scraper condition monitoring system is composed of the permanent magnet variable frequency integrated
machine condition monitoring system and the scraper chain condition monitoring system, and its overall scheme
is shown in Figure 7.
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Figure 7 Overall scheme of the condition monitoring system

In order to verify the effectiveness of the speed and current power down-tolerant control system, a simulation
model is built using MATLAB/Simulink and a simulation study is carried out.

Since the scraper conveyor motor is in no-load and load conditions most of the time in daily applications, the
simulation was carried out for both cases to obtain the speed simulation curves in Figure 8. Figure 8(a) and
Figure 8(b) represent the speed curves under power down-tolerant control when the scraper conveyor motor is
running at no load and at load, respectively. Figure 8(c) shows the rotor position curve under power
down-tolerant control during load operation.
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Figure 8 Simulation diagram of speed sensor failure

In this paper, the simulation was verified for sensor power downs in three cases, A-phase, B-phase and A- and
B-phase, and the simulation results shown in Figure 9, Figure 10 and Figure 11 are obtained.

Figure 9 shows the simulation results of the A-phase current sensor when the power down occurs at 0.15s, and
then switch to the second current coordinate transformation method. Figure 9(a) shows the error curve between
the observed value of A-phase current with and without compensation and the actual current value. Figure 9(b)
shows the observed values of the A-phase current before and after the power down, which is affected by the
power down after 0.15s with some disturbance, but the overall effect is not significant. Figure 9(c) shows the

speed curve of the scraper conveyor motor. The scraper conveyor motor runs normally when there is no power
down, but after the power down, there is an error fluctuation of 1.5r/min due to the observation current error.
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Figure 9 Simulation diagram when the A-phase current sensor fails

Figure 10 shows the simulation results of a power down in the B-phase current sensor at 0.2s. In this case, the
first current coordinate change method is chosen. Figure 10 (a) and 10 (B) are the error curves between the
observed value of B-phase current and the actual current value with and without compensation, and the observed
value of B-phase current, respectively. Figure 10 (c) shows the speed curve of the scraper conveyor motor.
Before the power down, the scraper conveyor motor runs normally, but after the power down, the speed
decreases first, and then recovers to fluctuate within the error of 2r/min.
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Figure 10 Simulation diagram when the A-phase current sensor fails

Figure 11 shows the simulation diagram of BL-IM in 0.15 s and 0.2 s when the A-phase and B-phase current
sensors fail respectively. Figure 11(a) and Figure 11(b) show the observed values of A-phase and B-phase
currents, respectively. The overall waveform is not much different from that of the single-phase power down,
but the burr increases due to the larger error. Figure 11(C) indicates the speed curve of the scraper conveyor

motor.
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Figure 11 Simulation diagram when the two-phase current sensor fails

The above simulation results verify that the simulation method of scraper conveyor drive current characteristics
based on radial basis function neural network proposed in this paper can effectively improve the analysis effect
of scraper conveyor drive current characteristics, which has some practical significance for the power down
detection of scraper conveyor.

4 CONCLUSION

In order to adapt to the development direction of scraper conveyor, this paper adopts multiple scraper conveyor
motors for load drive, which has gradually developed into the main driving mode of scraper conveyor. In this
paper, a power down-tolerant control strategy based on radial basis function neural network for driving current
characteristic sensor of scraper conveyor is proposed. The diagnosis and power down-tolerant control of the
speed sensor are realized by using the expansion principle and data fusion method, and then the diagnosis and
power down-tolerant control of the current sensor are realized by the compensation state equation of the
expansion observer. On this basis, the power down tolerance of speed sensor under no-load and load conditions,
and the power down tolerance of single-phase current and two-phase current sensors are simulated. The results
show that the proposed control strategy can not only realize power down diagnosis and power down-tolerant
control of speed and current sensors, but also avoid the influence of long-time sensor power down on rotor
suspension, which shows that the power down-tolerant control method designed in this paper is effective.
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