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Abstract. Aiming at the difficulties in realizing the accurate control due to the nonlinearity of the
automatic drilling system of oil drilling rig, a design scheme is proposed by giving a constant
drilled-pressure to the rig for fuzzy control. Sampling error with changes in the signal was sent
into the fuzzy controller, which turned the signal into a fuzzy volume. Subsequently, a precise
volume was obtained accordingly and then added to an actuator for the motor control. According
to the MATLAB simulation results, the response could be faster and more stable compared with
the traditional control.
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1. Introduction

When the drill string is drilling downward, friction comes along. In the early stage, the drilling
system was controlled by manual feeding with a simple structure. An inevitable problem was the
difficulties in realizing precise control of nonlinear WOB, which was also complicated by a high
drilling intensity. With the development of the automatic feed technology under constant drilling
pressure, pleasant progresses have been made in the drilling speed, smoothness and drilling quality.

At present, an automatic drilling system under constant drilling pressure mainly involves the
use of the PID control technology [1-3]. During the drilling process, however, the drilling pressure
is influenced by the geologic structure, including such characteristics as multi-variable, strong
coupling and nonlinearity [4, 5]. It is not as easy as it looks to establish the time-delay, time-
varying and non-linear mathematical models. Therefore, even if the closed-loop control features
certain accuracy, stability and fastness, this conventional control method cannot effectively
overcome the large-scale variation of load parameters and the nonlinear effects, being unable to
achieve more accurate and stable control [6-8].

In this paper, the constant-weight-pressure automatic drilling control system was investigated
with the drilling rig based on fuzzy control. According to the characteristics of the pressure
variation, a fuzzy controller was designed and simulated experimentally. It has been verified that
the WOB control system with a reasonable structure, strong adaptability and stable drilling
response, being able to improve the control performance of the system [9].

The design method of control algorithm and system model based on the starting point and the
performance index is different, easily lead to large differences; but a system language control rule
has relative independence, using these fuzzy control rules between the connection, easy to find
compromise choice, the control effect is better than the conventional controller. The robustness of
fuzzy control system is strong, and the influence of disturbance and parameter change on control
effect is greatly weakened, especially for nonlinear, time-varying and pure time-delay systems.

2. Structure design of control system

The so-called automatic drilling refers to that the driller, in the normal drilling process, does
not rely on the personnel regulation, but follow the drilling process requirements, where the
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control system is counted on automatically adjusting the pressure and speed, while feeding into
the drill. The working process is as follows: The control system automatically detects the WOB
and then compares it with the given WOB value. If there is any deviation, the control algorithm
works for calculation, and then a brake signal (0-20 mA current signal) is given to the hydraulic
disc brake mechanism, which produces a certain braking force. Consequently, the drill tool begins
to change the speed. As the final speed gets stable, the drill WOB will reach the set point.

To improve the control precision, the whole control system may be taken as a three-ring control
system. The system block diagram is shown in Fig. 1.
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Fig. 1. Block diagram of automatic feed control system

Here, the outer ring is the WOB adjustment section, where the WOB regulator used a given
W1 and the deviation of WOB bit W2 for the calculation of a speed of a set point v1: the speed
set point vl was sent into the central ring, which acted as the speed adjustment part. After the
operation of the deviation of V1 and the actual speed V2, a pressure given P1 of the hydraulic
system was output. The central ring ensured that the output speed V2 was same as the given speed
V1. Hydraulic set point P1 was sent into the inner ring, which acted as the hydraulic pressure
regulating portion, ensuring that the actual pressure P2 output by the hydraulic mechanism was
the same as the given pressure P1. So, in the case of a given speed v1, the output weight w2 would
be the same as the given WOB w1, so as to achieve the purpose of constant WOB control [1].

3. Design of control algorithm
3.1. Control of hydraulic inner ring

According to the principle for hydraulic disc brake control, it is easy to get the block diagram
of the pressure control loop of the hydraulic system, as shown in Fig. 2.
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Fig. 2. Schematic diagram of hydraulic inner ring control
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where, P; is the given pressure target value, K|, is the pressure difference amplification factor, [
is the input of the electro-hydraulic servo valve, W(s) is the transfer function of the
electro-hydraulic servo valve, X is the main spool displacement, D (s) is the transfer function from
the spool displacement X to the cylinder output pressure P,, i.e., the mathematical model of the
hydraulic mechanism.
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Through the query parameters and calculation, we finally get:

000092 o 26 0t ) - 239
= 016s+ 1 P T (0165 + 1)(0.04s + D

Among them, all parameters of W (s), D(s) and G, (s) are obtained through experimental data.

3.2. Internal loop control strategy

As shown in Fig. 3, PI is a proportional-integral controller and D is a derivative controller.
Here we introduced the integral to eliminate the steady-state error of the system with an increased
overshoot value. To offset the overshoot caused by the integration, differential was introduced.
Additionally, the dynamic process and faster response of the system requires shorter adjustment
time at a proper ratio. The unstable inner loop may cause the entire system to oscillate frequently.
Measures should be taken to implement the idea of series-parallel differential correction +
negative feedback control strategy: the system’s negative feedback subject to the change trend of
input pressure shall be adapted for better dynamic performance. In this way, oscillation and
overshoot became much lower and correspondingly, more stable and robust. The derivative
pre-PID control system had a structure as shown in Fig. 3.

3.3. WOB Control of outer ring

The fuzzy control is adopted for the WOB control of outer ring.

The control system works with the “double-in-single-out” fuzzy controller [2]. The input value
is the deviation e between the WOB reference value and the measured value, and the deviation
rate of change ec; the output value is the input control voltage U of the inverter. Fig. 4 is a block
diagram of the fuzzy control system [3]. The control process is to compare the controller timing
sampling WOB value and the value of change therein and the set point. The obtained value of
WOB deviation ¢ and the rate of change ec are taken as an input variable of PLC controller, and
via the fuzzy controller, output frequency of control inverter n is obtained.
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Fig. 4. Block diagram of the fuzzy control system

R — given bit value; e — deviation signal; ec — rate of change; U — inverter control signal;
n — output frequency of frequency converter

3.3.1. Input blurring

In the fuzzy controller design, let E have the set of words [NL, NM, NS, Z0, PS, PM, PL] [4],
the domain is [, -3, -2, —1,0, +1, +2, +3,]; Ec has the set of words [NL, NM, NS, 0, PS, PM, PL],
the domain is [, -3, -2, 1,0, +1, +2, +3 ,,]; U has the set of [NL, NM, NS, Z0, PS, PM, PL], the
domain is [, -3, -2, —1,0, +1, +2, +3,]. Lete(k) = N(k) — NO, ec(k) = e(k) —e(k — 1), and
NO represents an expected value. Then, e, ec and U are fuzzified, the fuzzy quantization tables of
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variables ec and U are obtained according to the experience of pH control.
3.3.2. Fuzzy decision and fuzzy control rules

The experience in the control of the value of WOB is summarized to obtain the control rules,
as shown in Table 1. The principle of selecting the control variable is: when the error is large or
larger, the control quantity is selected to eliminate the error. When the error is small, attention
should be paid to prevent overshoot in the choice of control, subject to the stability of the system.
A total of 49 rules.

Table 1. Control rules
E
NL | NM | NS | ZO | PS | PM | PL
NL | NL | NL | NL | NL | ZO | ZO | ZO
NM | NL | NL [NM [NM | PS | PS | PS
NS | NL | NL [ NM | NS | PS | PM | PM
Ec| Z0 | NL |[NM | NS | ZO | PS | PM | PL
PS [NM|NM | NS | PS | PM | PL | PL
PM NS NS NS PM | PM | PL PL
PL | ZO | 7ZO | ZzZO | PL | PL | PL | PL

4. The stability of the fuzzy controller

Lemma 1. The following inequalities exist in every GFP subspace Dy:

i<j

1

i€ELg i,jELy iELy

Prove.
It is known from property 1 that most 2n rules are activated in every GFP subspace, so there
are:

i<j i<j

1 1
Zh%—zn_lz2hih,.=m2(hi—hj)zzo. ?)

i€ELg i,jELK i,jELK

Theorem 1.
Fuzzy system in sufficient conditions for equilibrium is globally asymptotically stable in the
D, memory in Py, and My, the 0 meet > 0:

{AiTij + Pdij — M <0,
ALPy + PeAy; + Py + (2™ — 1)M,, < 0, 3)
(Gij +Gyp) ..
ij = T,l <j€ely,k=1,..K.

Prove.
First, the following continuous piecewise smooth Lyapunov functions are constructed:

V(x(®) = 4xT(©)Pex(t), x(t) € Dy, 4 >0, k=1..,K,

4
Aix"Pix = 4;x"Pix,x(t) €D; N D;, i #j. “)

It is directly obtained from the upper form. For any x = 0, Lyapunov function constructed with
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V(x(T)) > 0. The Lyapunov function of the above structure is continuous at the boundary of the
adjacent GFP subspace, and the derivatives at the boundary are taken as the left and right partial
derivatives respectively:

. 1
V(x(t) = mz(va +4)—-V(D)

i<j (5)
= lkxT Z hlz(/l’lrlpk + Pk/lii) +2 Z hlh](/lgpk + PkAL]) X, x € Dk'
i€Ly i,jELy
By Eqgs. (1)-(5) available:
i<j
V < lkxT Z hlz(A’lI;Pk + PkAii) + 2 Z hlh]Mk x < /1kxT
i€ELy i,jELy
| D REATP A+ Pt + @0 = 1) ) M, |3 = 24T ©)
iELy IELy

: Zhiz(AiTiPk+PkAii)+(2"—1)Mk x<0, x€D,, x%0.

iELy
Therefore, the fuzzy control system is asymptotically stable at the equilibrium point x = 0.
5. Software design

During the control, the WOB signal acted on the tension sensor, and was judged by the
selection unit after A/D conversion. In the normal range, the sampling value of the WOB signal
was compared with the given WOB value. After the fuzzy control operation, the generated signal
was taken as the reference value of the speed controller. The speed-encoded signal mounted on
the winch was sent to the computer and compared with the reference signal produced by the WOB
control. After the speed control operation, the control signal was moved to the hydraulic controller,
and compared with the output pressure of the hydraulic controller. The results of the operation
through D/A conversion were transmitted into the frequency control unit, from which the voltage
signal of variable frequency was output to control the motor speed of the winch for automatically
drilling. Motor speed may change via the speed reducer and winch drum and other transmission
devices, and ultimately control the speed of the hook down to complete the closed-loop control on
a constant pressure.

6. Simulation

SIMULINK toolbox simulation was applied to observe the influence of the fuzzy control
system on the input step signal.

6.1. Hydraulic simulation of inner ring

Inner ring hydraulic control simulation structure is shown in Fig. 5. The simulation results are
shown in Fig. 6.

6.2. WOB simulation of outer ring

WOB Simulation of outer ring is shown in Fig. 7. The simulation results are shown in Fig. 8.
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In Fig. 7, fuzzy control is added. As can be seen from Fig. 8, we can see that the dynamic
performance of the system is significantly better than that of Fig. 6. The main reason is that we
applied the fuzzy control rule of 7*7. By comparing the simulation curves, we can clearly see that
the effect of Fig. 8 is better than that of Fig. 6.
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Fig. 5. IRH control-simulation structure Fig. 6. IRH control-simulation results
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Fig. 7. WOB control of outer ring-structure
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Fig. 8. WOB control of outer ring-results

7. Conclusions

In this paper, a fuzzy control system based on PLC is designed for automatic feed drilling
operation of oil rig. The innovation of the system is highlighted in the combination of the highly
reliable PLC and the advanced fuzzy control technology. This new system is available to provide
reasonable control schemes, high steady-state precision and small overshoot. As a strong addition,
it has a simple structure highlighted in impressive convenient debugging, anti-interference and
robustness.
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