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Kai Li, Xiuting Wei, Zhenxian Wei and Leian Zhang

College of Mechanical Engineering, Shandong University of Technology, Zhangdian, Zibo, China

Abstract

According to the nonlinear and strong coupling characteristics of water-injecting process of large displacement and high pressure
reciprocating pumps, the system for monitoring water injection with constant pressure was constructed and then the fuzzy rules for
constant pressure control was obtained through site test. Furthermore, fuzzy Proportion Integration Differentiation (PID) gain conditioner
(FPGC) control algorithm was put forward, with the error and its changing rate of outlet total pressure of injection station as input
variables. Finally, the water-injecting experiments using conventional PID control algorithm and FPGC control algorithm were carried out
respectively. Practical application proved that the former algorithm can ensure the outlet main pressure error (less than 0.1 MPa) and
depress the system oscillation, with its feasibility applied to injection station of large displacement and high pressure reciprocating pump
verified.
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INTRODUCTION

In the oil field, to compensate for the loss of the
underground reservoir pressure after producing oil and to
ensure the stable and high oil production, high pressure water
is usually injected into underground through water injection
system to obtain higher oil productivity (Xu et a/, 2009, 2011).
Because of the randomness of underground reservoir, the
characteristics of systemincluded nonlinear, sluggish and time
varying have showed. Controlling of outlet main water
pressure will directly affect productivity and service life of the
injection system (Liu, 2013; Wang, 2014). At present, the
frequency conversion technology has become an important
means to achieve constant pressure and the stability was
improved. At the same time, effect of saving resource was
more significant. Conventional PID controller with simple
structure has been applied to system of large displacement
and high pressure reciprocating pump injection station
(Wang, 2007; Cheng et al, 2013; Pandey and Laxmi, 2014;
De and Mudi, 2013), but the exact mathematical model of
water injection station need to be known. For the
characteristics of water injection system contradiction
between static and dynamic has not solved, meanwhile,
controlling performance was poor. The system without
knowing the exact model has been good controlled by fuzzy
controller and has been used in the water injection system
(Luo er al, 2014; Zhang et al, 2013; Qin and Tan, 2005).
However, only using fuzzy controller, the static performance
of process of constant pressure water injection was not good
(Patil et al, 2007; Sahraoui et al, 2012).

In this study, the process of injection was studied and
FPGC control algorithm was designed, which retaining the

advantages of conventional PID control and adding people’s
experience of adjusting the PID parameters. In order to verify
the superiority of FPGC control algorithm, a set of
experimental platform of constant pressure injection station
was set up. Meanwhile, controlling performances of two
control algorithms respectively tested through this platform.
Finally, the effectiveness of the FPGC control system was
verified by simulation experiments and this algorithm was
successfully applied to water-injecting process of large
displacement and high pressure reciprocating pumps. This
study aims to design an effective control algorithm to reduce
the outlet main pressure controlling error of constant pressure
water injection station.

MATERIALS AND METHODS

Composition of monitoring system of large displacement
and high pressure reciprocating pump injection station:
Monitoring system was mainly composed of pump group,
inverter, reservoir, injection pipe network, pressure
transmitter, control system and other components, etc. Water
injection pump group consist of three large displacementand
high pressure reciprocating pumps and one was variable
frequency pump. When the variable frequency pump working,
motor was driven by inverter and the crankshaft was driven by
reducer. Then, reciprocating movement of the plunger was
achieved and high pressure was formed. The function of the
water injected into underground has been achieved. The
control system composed of controllers and man-machine
monitoring interface which designed as a distributed structure
include intelligent monitoring terminal, main control unitand
data acquisition unit. Figure 1 showed the structure of
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monitoring system. Using the pressure sensor whichinstalling
at the end of water injection network, the change of outlet
main water pressure was measured and the pressure signal
was transmitted to the main PLC controller. According to
different pressure demand at different times and the changing
of outlet main pressure, after algorithm calculated, controlling
signal was imported into inverter. Then, the speed of
reciprocating pump motor was adjusted and adjustment for
outlet main water pressure of injection station system was
completed.

Mathematical model of water injection station: Analysis
of mathematics transfer function of each component
showing in Fig. 1, then the mathematical model of all system
was got.

When the water from the initial state to the outlet pipe
network, water injection process can be divided into rising
pressure process and the constant pressure. The process of
water pressure rising was approximated as afirst-order inertia
link with a large time constant. So the mathematical model of
water pipe network is e=™. Where, e™ is a pure lag process
and T is the time of pure lag process.

The transfer function of water pressure sensor was
regarded as a proportion link because the bandwidth of water
pressure sensor can meet the requirements of general system.

The working frequency range of inverter was 20~50 Hz.
Under the condition of high frequency converter, rotor
leakage impedance was ignored and controlling of frequency
ratio of inverter was constant voltage. So, the mathematical
model of inverter was expressed by Eq. 1:

—gzgza(constant) (M
1 fl

where, f; is the working frequency of the inverter, E; is
electromotive force of the inverter, U is voltage of motor
stator phase and a is constant.

For the process of adjusting motor speed was nonlinear,
so it was not realistic to obtain a precise mathematical model
to describing the whole dynamic working process. Making
some assumptions on the motor, the mathematical model of
the motor was obtained by the partial-differential linearization
near the point of the steady working state. And this point was
obtained through mechanical characteristic equation of the
motor properties. When the rotor resistance (R,") was large, it
considered that:

and:
o’ (L, +L,) << R,
s

In other words, R, and w,, (L;+L",) were all zero while
comparing with the R,/s. On this condition, Eq. 2 turned into
Eq. 3:
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where, from Eq. 2-3, T, is the electromagnetic torque of
approximate linear mechanical properties of motor, R, and R,
are resistances of motor, U, is the stator voltage, n, is the
speed of motor, w, is the angular velocity of motorand sis slip
of motor.

Supposing the point of M was a steady working point on
approximate linear mechanical properties of the motor and
existing a small deviation in this point, then the specific
relationship of parameters was expressed by Eq. 4. After
content of Eq. 4 introduced into Eq. 3, then Eq. 5 was got. The
polynomials which containing AU,,and AU,As ignored, Eq.6-7
was gotten:
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Fig. 2: Structure of approximate partial-differential
linearization dynamic of asynchronous motor
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The ratio of between the difference value of
asynchronous motor synchronous speed and rotor speed and
synchronous speed is called slip. Using electrical angle, w was
synchronous angular velocity and w, was practical angular
velocity. So, the slip was expressed by Eq. 8. Combining Eq. 7
with Eq. 9, the relationship on the point of steady state
operating between micro deviator (ATe), AU, and Aw was
expressed by Eq. 10:

2

3n,(2U,,s,AU, - Ui Aw)

AT, ~ ‘ ®; (10)
oR,
do
Ty -Ty = —M
eM IM np dt
TeM+ATe_(T|M+AT|):i'd(mM+Aw) (1)
n, dt
AT, AT = 2 da0)
dt

If small deviation existing near the point of M, the motion
equation of electric drive system with constant torque loading
at the point of M was expressed by Eqg. 11. Ignoring the
electromagnetic inertia and combining Eq. 11 with Eq. 9, the
approximate partial-differential linearization dynamic
structure of motor was got, as showed in Fig. 2:
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where, from Eq. 4-13, letters including A are the
corresponding different value. The letters including M are the
corresponding value at the point of M. The Ky, is transfer
coefficient of asynchronous motor. T, is the electromechanical
time constant value of asynchronous motor driving system.

Considering only the transfer function between the AU,
to Aw, AT, was defined zero and the closed-loop transfer
function in Fig. 2 was expressed by Eq. 12. Then, the
approximate linearization transfer function of asynchronous
motor was expressed by Eqg. 13. In the system of constant
pressure water injection, some control and detection section,
such as the control conversion to relay and the time constant
of the pressure conversion can be regarded as the proportion
link. Therefore, the mathematical model of system can be
equivalent to two inertial linking in series with pure lag and
the dead zone. Finally, the mathematical model of the water
injection system was expressed by Eq. 14:

Kefts

G =———"
(Ts+1) (T,s+1)

(14)

where, Kis the overall gain of the water injection system, T, is
the inertial time constant of system, T, is the time constant of
motor and converter and T is the pure lag time of system.

Design for constant pressure control algorithm for large
displacement and high pressure reciprocating pump:
Figure 3 showed the structure of FPGC controller. Using fuzzy
rules and reasoning to adjust the three parameters include K,
K; and Ky, FPGC control algorithm was very suitable for the
object of constant pressure injection system (Ning et a/, 2010).
According to the linear relationship between the speed of the
reciprocating pump and the change of the outlet main water
pressure, the pressure control can be transformed to the
control of the motor speed of the reciprocating pump. Using
two-dimensional FPGC controller, the signal of input control
was error (e MPa) and error rate (ec), meanwhile, the signal of
output control was the motor speed (V, rpm).
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Fig. 3: Structure of FPGC controller

Table 1: Fuzzy adjustment rules of K.’

de (k)

NB NM NS ZE PS PM PB
e (k)
NB B B B B B B B
NM S B B B B B S
NS S S B B B S S
ZE S S S B S S S
PS S S B B B S S
PM S B B B B B S
PS B B B B B B B
Table 2: Fuzzy adjustment rules of Kd’

de (k)

NB NM NS ZE PS PM PB
e (k)
NB S S S S S S S
NM B B S S S B B
NS B B B S B B B
ZE B B B B S B B
PS B B B S B B B
PM B B S S S B B
PS S S S S S S S
Table 3: Adjustment rules of

de (k)

NB NM NS ZE PS PM PB
e (k)
NB 2 2 2 2 2 2 2
NM 3 3 2 2 2 3 3
NS 4 3 3 2 3 3 4
ZE 5 4 3 3 3 4 5
PS 4 3 3 3 3 4 5
PM 3 3 2 2 2 3 3
PS 2 2 2 2 2 2 2

The range of outlet main pressure was 0-P,,,. Therefore,
the basic theory of the pressure error was set as [-P ., Pmax
and the discrete domain of e (error) was defined as
{-6,-5,-4,-3,-2,-1,0,1,2,3,4,5, 6}. The change error rate was
set as [-5, 5] and the discrete domain of ec was defined as

K| K| «
vV VvV Vv i
> i Output
Error rate _’[ PID controller —>
3 Ji

.......................

<

{-6,-5,-4,-3,-2,-1,0, 1, 2, 3,4, 5, 6}. The lingual variables of e
and ec were forest as seven fuzzy subsets {NB, NM, NS, ZO, PS,
PM, PB}. Triangle function was applied to subordinate function
of e and ec (Feng et a/, 2010; Johnson and Smartt, 1995). The
fuzzy rules were expressed by conditional statements (if e(k)
is A;and ec(k) is B;then K, is C, K4 is D;, ot is o). A; B; Giand D,
were in the corresponding fuzzy sets and o was a constant.
Table 1-3 were the fuzzy rules of K,’ K4 and a.

The K, Ky and awere got from Table 1-3. The parameters
of FPGC controller were obtained from Eqg. 15 (Ning et a/,
2010):

Kd:(K _Kd,min)Kld+K
Kp = (Kp,max _Kp,min)Klp+K
K, =K,*/ (oK)

d,max d,min

(15)

p.min

Under proportional controlling, K,was the period of gain
and the T,was the period of oscillation. The range of K,and K
were obtained from Eq. 16 (Qin and Tan, 2005):

(16)

—0.15K T,

d,max

RESULTS

Results of numerical simulation: The test process of control
system was simulated by Matlab/Simulink (Yan et a/, 2006;
Xue and Chen, 2007). In Eq. 14, K was set 20, T, was set 10, T,
was set 0.6, T was set (-4). A set of ideal PID parameters were
selected: K, = 0.082, T, = 0.065; T4 = 0.065. The test main
pressure was set 12.5 MPa and the simulation time was set
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Table 4: Parameters of system

Parameters Values
Reciprocating plunger pump 3
Flow rate (L min~") 120
Plunger diameter (cm) 30
Number of water pump plunger 6
Power of induction motor (KW) 120
Max speed of motor (rpm) 1500
Temperature (°C) 27
Humidity (RH) 32

250 sec. The jamming signal occurred at the time of 150 sec.
Simulation result was showed in Fig. 4. As the Fig. 4 showed,
with the algorithm of conventional PID controlling, the
overshoot o was 8.33% and the settling time t, was 73 sec. By
contrast, with the algorithm of FPGC controlling, overshoot of
o was 2.4% and settling time was 56 sec.

Industrial experiment: As Fig. 5 showed, conventional PID
control algorithm and FPGC control algorithm were test in
water injection station. The monitoring system was composed

of two parts, the data acquisition system and the upper
computer monitoring system. Control system consisted of a
main controller (PLC S7-200) and three subordinate
controllers. And communication between them were realized
through CAN bus network. The PC monitor interface was
developed by Kingview software. The communication
between main controllerand PC were realized through R5485
bus. After A/D conversion and filtering jamming signal,
the signal of control system collecting by many sensors (water
pressure sensor, lubricating oil pressure sensor, temperature
sensor and so on) will transmit to PC monitor interface.
Parameters setting: Parameters setting of constant
pressure controlling were realized in the main PLC and the
man-machine information real-time was exchanged on
monitoring interface.In the industrial experiment, outlet main
water pressure was set as 12.5 MPa and PID parameter:
K, = 0.148, T, = 0.107, T4 = 1.672. Other experimental
parameters were shown in Table 4.
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Result of industrial experiment: When the system stable, the
value of outlet main water pressure was random selected from
sample database. The curves of pressure change and pressure
error under two algorithms were, respectively showed in
Fig. 6-8.

As these curves showed, in the test of constant pressure
injection, the outlet main pressure error under conventional
PID algorithm control was 0.4 MPa. The outlet main pressure
error under FPGC algorithm control was 0.1 MPa, which
keeping in the vicinity of the preset pressure (12.5 MPa) and
changing smoothly. So, FPGC algorithm can meet the
control requirement of constant pressure control of oilfield
injection-production.

DISCUSSION

At present, majority of oil field has entered the period of
high water content and the water injection system must work
day and night. So, the system consumed a lot of energy. In the
whole oil field, the annual energy consumption of water
injection system accounts for 33-56%, while in some, even
more than 50% (Huang et a/, 2012; Chang et a/, 2013;
Sahraoui et a/, 2012).

In the oil field, water injection pump is usually two
kinds-reciprocating pump and centrifugal pump (Wu et a,
2014). Changing fluid pressure in the volume of suction trap,
the outlet main water pressure was increased by the



Inform. Technol. J, 15 (1): 1-9, 2076

Conventional PID
Fuzzy PID gain conditioner

lJM |

Error (MPa)

i

100 200 300 400

500 600 700 800 900 1000

Time (sec)
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reciprocating pump through periodically compressing the
water flow. Through elevating the speed of centrifugal pump,
the centrifugal force of water was increased. Then, the outlet
water pressure of the centrifugal pump was promoted by
the flow of kinetic energy. The reciprocating pump was paid
more attention to because of higher efficiency (Liu, 2013;
Wang, 2014). Large displacement and high pressure
reciprocating pumps which were energy-saving and efficient
were used widely and even has the trend of replacing the
centrifugal pump (Wu et a/, 2005, 2014).

The dead zone was existed in pipe network of water
injection system and the water pipe laying was more complex.
In addition, there were many unstable factors in the
underground oil reservoir. The variable frequency pump needs
to carry out the conversion between power frequency and
variable frequency when the outlet main water pressure needs
to be changed. So, the outlet main pressure value was
influenced by many factors. Compared to previous research,
the mathematical model of system was analyzed in detail in
this study (Xu et a/, 2009, 2011; Ning et a/, 2010; Feng et al,
2010). In this study, an effective constant pressure control
algorithm and monitoring system was designed. The
unmanned injection station and intelligent monitoring were
achieved, such as online reflecting the operation of water
injection station, realizing visual monitoring, fault automatic
alarming and stopping pump, automatic collecting and
recording field data. The function of artificial intelligence have
a great progress compared to previous research (Xu et a/,
2009, 2011; Liu et al, 2014; Wang, 2007).

Inthe large displacementand high pressure reciprocating
pump injection station, the goal of keeping outlet main water
pressure stably was most important. Conventional PID

controller and fuzzy controller have been applied to more
injection station, but the controlling performance for outlet
main constant pressure were not ideal (Cheng et a/, 2013;
Pandey and Laxmi, 2014; De and Mudi, 2013; Wang, 2007;
Luo et al, 2014; Zhang et al, 2013; Qin and Tan, 2005;
Patil et a/, 2007; Sahraoui et al, 2012). As it is found through
this study, controlled by conventional PID algorithm, the
outlet main pressure error was +0.4 MPa. In contrast, the
outlet main pressure under FPGC algorithm control can keep
in the vicinity of the preset pressure 12.5 MPa (the error is less
than 0.1 MPa).

CONCLUSION

On account of the problem that complex nonlinear and
strong coupling process of constant pressure control of large
displacement and high pressure reciprocating pump, the
system of constant water pressure injection was built and the
control law about system was obtained by field test. Then
algorithms of conventional PID control and fuzzy gain
conditioner PID control designed in this article were simulated
and experimental analyzed and the algorithm of fuzzy gain
conditioner PID control was applied in the constant pressure
water injection control system successfully. Test results and
theactual application showed that the algorithm of fuzzy gain
conditioner PID control can greatly improve the stability of
outlet main pressure of water injection station and control
accuracy and meeting the demand of the oil field. Theoretical
basis and detailed test data were provided for the next step of
researching and designing for large displacement and high
pressure reciprocating pump.
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