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Abstract

Progressive Cavity Pumps (PCP) is an artificial fluid lift method widely used in oil wells of Colombia, Canada and
Venezuela, where the pump is driven by a rod connected to the motor located at the surface. Efficiency in energy
production is critical, and the current control techniques used are based on discrete changes, seeking for an operational
point. This approach can be improved, and optimization techniques proposed are presented in this paper. Strategies of
control based on continuous adjustments of motor speed and fuzzy logic together with a downhole pressure sensor are
simulated for this nonlinear system. Utilization of Kalman filtering, for estimation of the fluid level in wells that are
not instrumented, is proposed. Linear Quadratic Regulator (LQR) also is used to optimize production performance.
Results show good performance compared with current techniques.

Keywords: fuzzy logic, Kalman filter, linear quadratic regulator, oil production, progressive cavity pump.
Resumen

Las bombas de cavidad progresiva son un método de levantamiento artificial utilizado en pozos petroleros de Canada,
Colombia y Venezuela. En este método, la bomba de subsuelo esta conectada hasta el motor en superficie, por medio
de una varilla que la hace rotar. La eficiencia es un tema central, especialmente cuando se trata de produccion de
energia. Actualmente el enfoque de control para estos sistemas se basa en cambios discretos, y busca un punto de
operacion. En este articulo se simulan numéricamente estrategias de control continuas, incluyendo Idgica difusa. Se
utiliza un sensor de presion de fondo de pozo. Cuando dicho sensor no esta disponible, se estima el nivel de fluido
encima de la bomba por medio de la implementacién de un filtro de Kalman. Para la optimizacién de la produccion,
se utiliza un regulador cuadratico lineal (LQR, por sus siglas en inglés). Los resultados muestran un buen desempefio
al compararlo con las técnicas actuales.

Palabras clave: bomba de cavidad progresiva, filtro de Kalman, légica difusa, produccion de petroleo, regulador
cuadrético lineal.

1. Introduction lose energy, requiring to artificially lift the fluids out of
the wells up to surface.

There is a continuous search for efficiency in energy

production. Currently, oil accounts for 33% of the global ~ Several approaches to artificial lifting are used. There is

energy matrix [1]. As the oil fields are produced, they  rod pump where a motor drives a rod up and down which
in turn moves the pump. Electrical Submersible Pump
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(ESP) refers to when the motor is located downhole and
drives a centrifugal pump. Gas lifting is applied by
injecting gas into a column of fluid, increasing its
velocity and decreasing its density. Jet pumping increases
the produced fluids velocity by pumping at the surface a
hydraulic liquid down the well.

Another method used is the Progressive Cavity Pump
(PCP). In this system, a surface motor drives a rod, which
in turn drives the subsurface pump. The pump itself is
composed of a single helical metal rotor and a double
helical stator covered with elastomer. As the rotor turns,
it creates a series of sealed cavities that move upward,
driving the fluids in that direction [2], [3], [4], [5]. [6],
[71, [8]. A typical configuration of the system is exhibited
in Figure 1.

The system has a rotation sensor at the surface to measure
the RPM of the motor and the torque sensor. The RPM
and torque need to be controlled to avoid exceeding the
pump specification and the rating of the driving rod to
prevent a twist off. The normal range of operation of PCP
systems takes to wells up to 6521 ft (2000 m) deep. These
systems are widely used in oil wells of Canada,
Venezuela [6] and Colombia.

The level of fluid in the annulus in the outer side of the
production tubing determines the pressure drawdown
that is exerted over to the reservoir exposed at the
perforations of the casing. Reducing the fluid level will
increase the drawdown, but it could increase water and
sand production. Furthermore, the pump needs to operate
fully immersed in fluid otherwise it will overheat,
damaging the stator’s elastomer which would require a
workover to replace the pump.

Currently, the control systems driving these pump
systems rely on discrete changes of RPM [9], while
measuring the fluid level in the annular with a portable
ultrasound echo recorder and monitoring to torque
applied to the rod string.

In this work, it is proposed an alternate control strategy,
with continuous adjustments to RPM and downhole
measurement of the intake pressure of the pump. The
intake pressure provides a direct measurement of the
annular level [10]. Regarding the control itself, the use of
fuzzy logic to program the controller provides an
intuitive approach to control, which is robust, stable and
predictable. The fuzzy logic control for hydraulic
systems was proposed and developed in [11]. This fuzzy
logic approach was applied to develop a controller for the
PCP system [12] focused on controlling the annular level
and torque by adjusting RPM.

J. B. Ceballos, O. A. Vivas

This work is focused on the numerical simulation of the
proposed control strategy. A model is developed that
includes the fluid flow from the reservoir into the well,
the pump performance and finally, the pressure losses in
the producing tubular to the surface. The model is then
calibrated against data from a real well with a PCP.

Very often there is no direct measurement of the fluid
level in the annulus between the producing tubular and
the casing. These cases require an operator at the well site
with an ultrasound device that measures the fluid level.
This process is costly and lacks continuous data that
would ensure the submergence of the pump and the
optimum pressure drawdown. A Kalman filter [13], [14]
was implemented as an observer to generate an estimate
of the fluid level. This observer enhances the
applicability of the control system to wells that are not
instrumented.

The overall strategy of the controller aims to maximize
the oil production from the well. With this in mind, a
Linear Quadratic Regulator (LQR) is implemented [14].
For the LQR, a quadratic cost function is defined that
optimizes the annular level, i.e., manages the pressure
drawdown from the formation into the borehole. A
comparison for the discrete system used in the industry
with the continuous one proposed in this work is done,
both using the LQR. Stabilization time, torque and the
cumulative production are used for the comparison.

Flowline Z ®

i Prime Mover

Wellhead Drive

Coupling/Centralizer

Rod String

Production Tubing

Rotor
Stator

Figure 1: PCP Configuration. Source: SPE Petrowiki
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Figure 2: Block Diagram. Source: Own Elaboration

2. Mathematical model

A block diagram of the system object of this study is
shown in Figure 2. The reservoir delivers fluid to the
wellbore, filling the annulus. A PCP lifts the produced
fluid up the tubing to surface. The surface motor drives
the rod that turns the PCP.

There are several components of the system that need
numerical modeling in order to incorporate them into the
simulator. Starting with the PCP pump itself, which has
its hydraulic performance modeled in [15]. Other
components of the system are tubulars in the well that
connect the reservoir with the surface. The numerical
models for the pressure losses in the tubings are
developed by in the reference material of the Society of
Petroleum Engineers [16].

2.1. Pump rate and slippage

Modeling of the progressive cavity pump has been done
in [5]. In this paper, the author develops the equations
that relate pump rate to RPM and includes the slippage as
presented in Equation (1). Slippage is caused by the
backflow of fluid within the pump due to imperfect
sealing between the rotor and the stator.

O, =[2re (K -2 +ade] EIK-DN =-S5, (3

5, =(N=I)N5, +5,)

@

¢ b W AP

ZHL; (3)
. _ B AR
Tl (4)
h = }:l.'E
b (5)

Where:

Q, is the flow rate (in®/min)

d is the diameter of the rotor in inches

e is the eccentricity measured in inches

K is the number of lobes in the stator

P, is the pitch length of the stator in inches

N is the rotational speed in RPM

Srotal» Si, @nd Sy are the slippage total, longitudinal and
transversal respectively

w is the clearance between the rotor and the stator in
inches

L, and Ly are the depths of the channels where backflow
takes place. This has been iteratively computed in [5] to
be 1.65 mm (0.065 inches) for both the longitudinal and
transversal channels.

Pump torque: Torque at the pump has a hydraulic part
and a component associated with the friction as given
by Equation 6.

L =T, 11, (6)
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Figure 3. Friction factor. Source [2].

o= Ok, (7)
Where:

C is a constant that depends of the units used. For the case
of MKS, it is equal to 0.111

s is the pump displacement in m3®/day/RPM

Dpuise 1s the pressure differential across the pump

Ty is torque caused by friction at the pump, and it is
estimated at about 20%

2.2. Pressure losses in the producing tubing

The pressure changes along the tubulars are computed
based on the first law of thermodynamics together with
mass conservation. As the flow velocity and the fluid
level changes, there are changes between kinetic and
potential energies; hence, the authors arrive at differential
Equation 8. These equations are found in [16].

d vdv v?
W _ 9 sing + 2220 TP @)
dL " g. LdL " 2g.d
f=F(Re) 9)
dvp
R, = o (10)

Where:

@ is the inclination of the pipe
v is the flow velocity

p is the fluid density

u is the fluid viscosity

6 is the inclination of the pipe

g is gravity’s acceleration

g 1S a unit’s conversion factor; for the case of the
imperial system, it is equal to 32.174

F; is the Newtonian friction factor which is a function of
the Reynolds number, which depends on the type of the
flow inside the pipe (either turbulent or laminar) and the
internal rugosity. The graph that describes the function is
displayed in Figure 3.

R, is the Reynolds number

2.3. Darcy’s law

It is the differential equation that describes the flow of
monophasic fluid within the reservoir and is presented in
Equation (11).

q k dp
= 11
A udx (1)

where:

p is the fluid density

u is the fluid viscosity

k is the formation permeability
A is the unit cross section

q is the unit of flow

2.4. Fuzzy logic
Fuzzy logic refers to many-valued logic rather than

Boolean logic that has only the values of “true” and
“false”. When applied to control, the ranges of the values
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vary from completely false to completely true and are
defined by membership functions.

The application of fuzzy logic controllers for a two tank
system was presented in [3] where it was compared
against a PID controller. The fuzzy logic controller
presented a reduced overshoot and comparable settling
time to the ones obtained with the PID. Controllers based
in fuzzy logic for different applications are presented in
[7]. Application of fuzzy logic controllers in the oil
industry was not documented in the bibliography
reviewed.

3. System model

Based on the on the mathematical models presented in
the previous section, a numerical model for use during
simulation is developed.

For the modeled system, both the levels of the annulus
and the tubing have been defined as states, as presented

in (12).
r"ll-ll
r{r}=Lr:] .

Furthermore, inputs are defined as the RPM at the surface
motor, the pressure of the reservoir and the back pressure
set to the production at the surface (normally via a wing
valve) u(t) as presented in (13):

RPM

u(t) = f" (13)
e

The system si assumed to be Linear Time-Invariant (LTI)

within the operating ranges of the system and the

timeframes of operation of the PCP; thus, the system is

defined by the state-space representation presented in

(14).

i = Ax(1)+ Bu(r)
y=Cx(1)+ Duln) (14)

The outputs of the system that are instrumented for
measurement are presented in (15). All the outputs could
be affected by noise in its measurement.

T
'llu
I

)=

(15)
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To select the parameters for the model, genuine values
coming from an actual well in Colombia are used,
instrumented and fitted with a PCP. From the published
mechanical status of the well, it was used the actual
tubulars lengths, internal and external diameters (casing
& production tubing), depths of the perforations and PCP
location. For the fluid characteristics in terms of
viscosity, typical values from the oil produced in the
region were taken. Formation pressure and permeability
were taken from published values of the area.

The fluid parameters were used for the nonlinear
mathematical model:

Well and Reservoir Parameters:
Casing OD: 7’

Production Tubing OD: 31727
Permeability Damaged Zone: 0.0001 mD
Permeability of the formation: 0.01 mD
Viscosity of the Fluid: 20 cP

Damaged zone radius: 8”

Reservoir pressure: 250 psi
Perforations length: 82 feet
Pump depth: 3131 feet
PCP parameters (WTF 18.35-400 NU)
Diameter of PCP rotor: 1.875”
Clearance rotor stator: 0.0012”
Eccentricity: 0.0187”
Number of Lobes stator: 2

Length of Stator pitch: 35”

Pump displacement:
Friction factor:

0.0157 bopd/RPM
0.025

Regarding set points, it is used as the reference for
production 100 bopd. For torque, the set point is 350 Ib.ft,
and the reference of the level is 100 ft above the pump.

As the well is instrumented and has telemetry, its values
were used for calibration of torque and production
coefficients used in the mathematical model.

4. Results

The numerical models of Darcy’s Law, pump rate, torque
and pressure losses along the tubular were coded in
SimulinkTM. The model was calibrated against actual
data obtained from a well in the Llanos Province of
Colombia that has a PCP (WTF 18.35-400 NU) with
rotor spacing of 35 inches, installed at 3131 ft from the
surface, inside a 7 inches OD 23# casing with a 3 %2
inches OD EUE 9.3# producing tubing. The
specifications of the PCP are given by the manufacturer
in the corresponding datasheet.
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Data was sampled once every 5 minutes and is presented
in Figure 4. At 5230 minutes, the flow sensor (wedge) at
the surface was changed because it was operating outside
of its calibrated range, generating the sudden change in
flow rate at the surface.

In Figure 5, a cross plot of torque and the RPM measured
in the well are demonstrated. In this plot, the discrete
changes of RPM applied by the controller are evident. It
can be observed that values of torque increase
substantially at the mid-range of RPM values. Torque
must remain controlled; if it increases substantially, it
could cause a twist off of the rod, prompting a workover
to replace it.

The plant is simulated, and real data is compared with the
simulated plant as it is shown in Figure 5. A reasonable
fit was obtained.

A fuzzy logic controller was developed with four
membership functions, as follows: torque and annular
differences from their corresponding references and the
derivatives of those measurements. The membership
functions adopted a Gaussian distribution. Each
membership function for the measurements was divided
in low, medium and high. The membership functions for
the derivatives were divided in increasing, stable and
decreasing. The output controls the RPM, which can
increase fast, increase, no change, decrease or decrease
fast. The rules are defined in terms very similar to natural
language; for instance:

if (torquedif is low)
and (torqueslope is decreasing)

torguedif
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then (RPM increases fast)

The rules are described in surfaces. The surface that
describes the rules for torque is presented in Figure 7.
Fifteen rules were defined to set up the controller. The
simulation model, together with the Fuzzy logic
controller, as it was developed in SimulinkTM[17], is
illustrated in Figure 8.

A comparison was made between the response of the
fuzzy logic controller and a PID controller, with the same
references and parameters. The simulation is run for 400
seconds; the reference for torque is 350 Ib-ft, and for the
fluid level, it is 100 ft over the pump. The intention was
to obtain production at the surface as quick as possible,
while maintaining torque within its acceptable range and
managing the fluid level to ensure that the pump remains
immersed in liquid and that proper drawdown is given to
the formation, so that fluid flow into the well can be
ensured. These goals are straightforward to express in
terms of rules of fuzzy logic rather than reference values
of operation. The strategy adopted was conservative in
terms of torque value to avoid stressing the rod and fluid
level in order to prevent pump damage if operated
without being immersed in fluid.

In Figure 9, a comparison is presented between both
controllers for torque and fluid production at the surface.
In the case of the fuzzy logic controller, there is no
overshoot in torque. As the fuzzy logic controller is
programmatic, torque is given tighter conditions. In
Figure 9, the controllers are compared in terms of fluid
level. Here, the fuzzy logic rules are softer, as what is
critical is to avoid the pump from running without liquid.

Figure 7. Rules of torque differential and torque slope. Source: Own elaboration
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Figure 8. Plant model and fuzzy controller. Source: Own elaboration.
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The PID tends precisely towards the reference level,
stabilizing there. The fuzzy logic control stabilizes with
an offset from the reference values. The PID presents
overshoot in both torque and fluid level. The PID has an
undershoot for the fluid level. The fuzzy logic controller
does not have overshoot for torque but has an overshoot
in fluid level. The strategy used to set up the rules in the
fuzzy logic controller was to be conservative in terms of
torque and to ensure that the pump was fully immersed
in fluid in order to preserve the integrity of the system,
avoiding a rod twist off or pump damage and the
corresponding workover with its lost production.

In Figure 10, a comparison of the annular level is
presented for both the PID and the fuzzy logic controller.
It can be noticed that the PID is more accurate in reaching
the set point although the Fuzzy controller has bigger
overshoot and maintains an offset for this level.

In Table 1, a performance comparison of a PID controller
with the fuzzy logic controller is presented. It compares
how long it takes for production to reach surface, and

what production rate is reached in a steady state.
Furthermore, it is presented a comparison of the
overshoot both for torque and annular level. As the fuzzy
logic controller is set up to be conservative in terms of
torque, it eliminates torque overshoot, that is still present
in the PID.

Table 1. Comparison of PID and fuzzy logic controller

Controller

Metric Parameter [t PID F uzzy
Production surface second  BG.R 1022
Production rule barrels 1039 Q.3

per day
Owvershoot torgue Ib-fi 239 (.0
Owershoot level fi 13.4 720

4.1. Kalman filter
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Most of the wells fitted with PCP’s do not have a pressure
gauge in the annulus of the production tubing; hence,
there is no direct measurement of the drawdown. In order
to get an estimate of the annular level, a Kalman filtering
(Linear Quadratic Estimator - LTE) was implemented. A
Kalman filter estimates an internal state of a linear
system (LTI). The Kalman Filter is computed in such a
way that minimizes the steady-state error covariance
between the estimated and the actual state (16). The
optimal solution is the Kalman Filter.

£ —!JTE{{J—Iﬁ{J—xi' b (16)

The solution is computed to minimize the cost function
(17) using the set-up matrices as presented in (18) and
(19). Nw is set equal to zero. The coefficients are set by
trial and error.

J-:(.\:'I Q,x+u' R u+2x"N u)dt
17

2 I BN

w o o |
R,=| 0 01 0 J
o0 0l (19)

A linearized model is used in order to compute the
Kalman filter which then is simulated together with the
nonlinear model, and the results are showcased in Figure

{.’.‘..)REVISTA uis
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11. There is close tracking between the annular level
estimated and the one computed with the nonlinear
model.

This approach presents a valid approximation when there
is no instrumentation downhole the well to measure the
level at the annular. Most commonly this measurement is
done with an ultrasound transducer at the surface, which
requires an operator at the surface, or with pressure
sensor downhole. Most wells with PCP are not
instrumented permanently.

The annular level is one of the states controlled, as it must
be as low as possible to increase pressure drawdown,
therefore, increasing production. However, the PCP must
remain with liquid around it to prevent damage to the
stator. The annular level is used by the LQR, PID and
fuzzy controllers.

4.2. Linear Quadratic Regulator

Optimization of the production is the main goal behind
control for an artificial lift system. One optimization
approach that proved its applicability was the Linear
Quadratic Regulator (LQR). For the LQR, a quadratic
cost function (20) is defined, and the objective is to
minimize such function.

J{u'fl=jl:{r'_gr+u'_ﬂu+2.r'ﬁh:]dr 20)

For the modeled well, there are both the levels of the
annular and inside the tubing in x(t), as presented in (21).

Annular Fluid Level and RPM
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Figure 10. Comparison of annular level and RPM. Source: Own elaboration.
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O The fuzzy logic controller shows sensitivity to the noise

I{'}=LF"] and presents overshoot in torque, whereas the LQR

: (21)  controllers keep torque at lower values. Figure 13 shows

Furthermore, u(t) is defined as presented in (22): the transient response with the overshoot for both the
RPM | fuzzy and the PID. The comparison was run between the

ut)=|P PID, fuzzy, LQR and the LQR using the current industry

practice of discrete adjustments. The metrics are

| Fosice ) (22)  cumulative production, stabilization time, torque

overshot and steady state value of torque. The results are

The overall objective is to minimize both the annular ~ presented in Table 2.

level and RPM. Increasing the drawdown pressure

improves producibility. Reducing RPM improves  The results presented Table 2 demonstrate that the fuzzy
reliability of the system. Q and R are defined as presented ~ logic shows a substantial overshoot of torque and

in Equations (23) and (24). N is defined as equal to zero. ~ stabilizes at the highest value of torque. The continuous
LQR show the optimization in terms of production

‘1 o0 ) without exceeding in torque values. The current system
Q=L 0ol | used in the industry (LQR discrete) presents the longest
! (23)  stabilization time and reaches comparable flow rates in
steady state, as compared with the LQR continuous.
R= ;l, ,f, 3 J Table 2. Comparison of cumulative production
[ VI N (24) Fuzzy  PID LOR Controller
4.3. Comparison
Metric Unit Continous [ Mscrete
To compare the controllers, the nonlinear model of the
plant was used, and the annular level was estimated by Cummulative g, ie 2006 1188 1481 150
the Kalman filter. Noise, disturbances to the Production
measurements and backlash on the RPM adjustments, are Production  Hours 003 003 1.33 361
introduced in order to account for the characteristics of Stabilization
the actual system. The cumulative production is —
computed for 4.5 hours of simulated time. As the LQR Torque Lbh-fi 350 75 0 0
takes a long time to stabilize its production, an additional Owershoot
simulation of 55.5 hours was run for the LQR (discrete — Sl 400 309 460 ani
and continuous) in order to measure the stabilization chalh:lxtalc i -

time, and it is presented in Figure 12. It is worth noting

that the fuzzy logic controller stabilizes at a higher
production rate.

Annular level
Linear, Kalman and
Complete Model

Annular level {ft over pump)

25 s
Time {seconds) ~10%

Figure 11. Comparison of annular level from Kalman filter and nonlinear model. Source: Own elaboration.
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Figure 13. Transient response of Torque. Source: Own elaboration.

5. Conclusions

A mathematical model was built and calibrated against
actual data. The model includes the interaction of the
reservoir with the well, the pump response and the
pressure losses along the producing tubing. The model
was built into SimulinkTM.

The overall objective is to obtain the maximum
production of fluid at the surface as early as possible
without exceeding the torque ratings, while maintaining
the pump submerged in liquid and keeping the required
fluid level to draw down production from the reservoir.

The fuzzy logic controller presents a potential framework
to control a PCP system. The rules that apply to the fuzzy
logic controller are intuitive, simplifying
troubleshooting, and several inputs can be easily
combined with logical connectors to control a single
output (RPM). A concern remains in how the fuzzy logic
controller dealt with a noisy environment. The fuzzy
logic presented some challenges in terms of torque
management when noise is introduced into the system.

The dynamic response of the fuzzy logic controller is
comparable to a PID controller, with a limited overshoot,
under low noise conditions. The fuzzy logic controller
keeps an offset from the reference levels although it
reaches comparable values of production and response
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time. The fuzzy logic controller starts the RPM only after
having a fluid column on top of the pump.

PID controller is more precise in reaching the specific
references. The fuzzy controller could reach comparable
precision, with more granular membership functions, in
the case of low noise.

Having a downhole pump intake pressure sensor allows
closing loop in a continuous fashion to have more
accurate control of the system. The full range of RPM
was used to control, allowing a smoother control, a wider
range of controllers available and reduced noise in the
system.

Using the Kalman filter (LQE) as an observer of the fluid
level gives reasonable values, providing an alternative
when wells are lacking a downhole pressure sensor.

LQR shown is valued as an optimization technique,
seeking to maximize cumulative production. In the
comparison ran, a significant increase was obtained when
a continuous controller is used as opposed to the
traditional discrete.

As future work, the authors envision the applicability of
model predictive control (MPC) as an optimization
technique for the current time slot, while keeping future
timeslots into account.

LQR continuous controller presents good performance in
terms of production and transient response, as compared
with the discrete approach used currently in the industry,
fuzzy controller and PID.
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