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ABSTRACT

This article presents an in-depth exploration of the design, modeling, and control of an advanced inflow control device (ICD). Existing control systems for
ICDs are analyzed, highlighting their key features and assessing their advantages and drawbacks. Based on this analysis, the development of a new ICD
design is proposed incorporating an electro-hydraulic control system.

The mathematical description of the valve operation is provided, elucidating the principles behind its functioning. To simulate and evaluate the performance
of the proposed ICD, a comprehensive model is built using Simulink, integrating a matrix approach and neural networks. The model enables the qualitative
determination of the valve position based on the generated pressure drop, contributing to the optimization of the device’s performance.

The article emphasizes the importance of automatically adjusting the actuator’s position based on real-time measurements from various instruments. This
enhances the efficiency and reliability of the ICD in dynamically controlling the flow rate in production wells. The use of a neural network-based approach
aids in accurately determining the density of the flowing fluid and its impact on pressure drop, facilitating effective control strategies.

The results of their research are demonstrated, showcasing the successful operation of the developed ICD model. Through the use of 3D views and cross-
sectional diagrams, the article provides a visual understanding of the ICD’s components, including the overall device, central axis, and pressure sensor setting.

This article contributes to the advancement of inflow control devices by offering novel insights into their design, mathematical modeling, and control
mechanisms. The findings pave the way for improved reservoir management, enhanced production optimization, and more efficient utilization of oil and

gas resources.
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Introduction

Intelligent well completion systems have been utilized in the oil
and gas industry for several decades to address the challenge of
managing fluid flow from reservoirs, especially in complex wells
such as ERD, multilateral, or multibranch wells [1]. In the last
decade, awareness of the need to use intelligent completion systems
in the face of growing hard-to-recover oil reserves has increased
dramatically. The demand for intelligent completion systems has
significantly increased in recent years due to the rising importance
of hard-to-recover oil reserves. Technological advancements in
exploration and development have enabled the industry to target
challenging geological and technical environments, necessitating
the development of advanced intelligent completion tools. These
tools should allow access to multiple zones at higher pressures and
temperatures while minimizing costs and maximizing reliability

(2].

Traditionally, intelligent completion systems consist of control and
electrical lines, packers, permanent monitoring devices, inflow
control devices, and control systems for the inflow control devices
[3]. In recent years, the focus has shifted towards optimizing the

control systems of inflow control devices and developing new
designs for these devices, driven by advancements in technology
and electronics [4]. Various control methods, including hydraulic
and electric systems, have been developed and tested. Early
systems relied heavily on electronics, but their reliability was
limited by the available technology and susceptibility to leaks in
electronic connections. Subsequently, hydraulic systems became
the preferred choice due to their reliability, although they had
certain limitations [5].

The limitations of the electronics available at the time were the
primary cause of issues with these systems. Additionally, leaks
in the electronic connections and lines often contributed to the
problems. In order to address the reliability concerns, a shift
was made towards systems that relied solely on hydraulics for
control. However, this transition also imposed limitations on the
system’s capabilities [6]. Eventually, advancements were made
to enable control over multiple zones using fewer hydraulic lines.
Nevertheless, this led to an increased number of components,
higher costs, and added complexity to the well completion process

[7].

With the increasing popularity of smart completion systems and
the need for enhanced zone control, there has been a renewed
interest in incorporating electronics into well systems [8]. While
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the reliability of electronic components has significantly improved,
challenges remain regarding the protection of these components
from well fluids [9]. The solution lies in designing systems that
utilize robust and pressure-resistant electrical components [10].

Although hydraulic systems are traditionally favored in terms of
reliability and cost-effectiveness, their control capabilities are
limited, necessitating complex control systems to manage a higher
number of controlled zones [11]. Consequently, control schemes
incorporating electric or electro-hydraulic systems have gained
popularity due to their ability to offer greater zone control with
relatively simpler control system deployment [12].

This article addresses the need for an innovative design of an inflow
control device that minimizes the drawbacks of both hydraulic and
electro-hydraulic systems by incorporating minimal electronics
and employing a channel and flow restrictor-based system to block
the inflow channel. The hydraulic system is integrated directly
into the device, eliminating the need for hydraulic lines typically
found in traditional hydraulic and electro-hydraulic systems.

Design and Operation of the Electro-Hydraulic Inflow Control
Device

To address these challenges, the design of the inflow control device
must include two key areas: the fluid (mixture of oil, water, and
gases) characterization area and the direct control area. Figure 1
provides a 3D view of the final assembly of the device, figure 2
shows a cross-section along the central axis, and figure 3 depicts
a cross-section of the pressure sensor setting. The inflow control
device consists of a housing 7 with main and secondary channels,
throttle packages 1 and 2, flow restrictors 3, 4, 5, and 6, and
components of the actuator assembly (damper 8, piston rod 9,
threaded bushing 10, piston 11, spring 12, crosspiece 13, and nut
14). The housing is sealed by plugs 21 and 22. Throttle packages
1 and 2 are designed as assemblies comprising a body, a threaded
nut, throttle washers, and inserts [13].

Figure 1: - 3D Visualization of the Inflow Control Device

Figure 2: Cross-sectional View of the Inflow Control Device
Along its Central Axis

Figure 3: Cross-sectional View of the Pressure Sensor Setting
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The inflow control device, along with other devices, is installed
between the packers on the liner. It is lowered into the well so that
the packers divide the wellbore into independent sections. Once
the string is run, the packers activate and close off the selected
intervals. The fluid flow passes through the main channel, allowing
it to move from the reservoir into the production pipe. In the
secondary channel, as the fluid passes through throttle packages 1
and 2, a pressure drop occurs, which is influenced by the density
and temperature of the fluid. Figure 4 illustrates the schematic
diagram of the throttle package, where the pressure drop can be
adjusted by selecting the number of washers 19.

Figure 4: Throttle Package

To account for changes in fluid properties, specifically when a
more viscous liquid like oil flows, the solenoid valve 16 is in an
open state. However, when a less viscous liquid such as gas or
water flows, the pressure increases, triggering a change detected by
the pressure sensor 15. Depending on this difference, the position
of the actuator’s damper 8 changes. The solenoid valve 16, driven
by an automatic control system from the wellhead, allows for the
adjustment of the damper’s position. When a change in fluid is
detected by the pressure sensor 15, the solenoid valve 16 closes or
opens. Upon closing, the pressure above the piston 11 increases,
moving the damper 8 downward and blocking the main channel.

Mathematical Description of the Inflow Control Device’s Operation
To evaluate the performance of the inflow control device, a model
was developed in the Simulink simulation environment. This
model utilizes a matrix approach and neural networks to establish
a qualitative relationship between the actuator’s position and the
generated pressure drop. Transfer functions were then obtained
based on the Laplace transform to control the actuator. Statistical
calculations were conducted to accurately adjust the pressure drop
dependence on the density of the incoming liquid, considering
the coefficient of volumetric expansion that is influenced by the
fluid’s temperature.

The pressure drop depends on the density, temperature, and
velocity of the incoming fluid. The fluid flow rate through the flow
restrictors can be determined using equation 1, which considers
various factors such as acceleration of gravity, fluid density,
viscosity, flow restrictor area, and inlet/outlet pressures.

Q=a-u-fN(P, P, ) (1)

where 5= |%8.
0

g — acceleration of gravity, m/s?%;

p — density or specific gravity of a fluid flow, kg/in? ;
p — drag coefficient;

f — flow restrictor area, m?;

P, —inlet pressure, Pa;

P_, — outlet pressure, Pa.

The control of the inflow control device involves considering the
forces acting on the piston. These forces include the pressure drop
across the device, the hydraulic pressure acting on the piston, and
any external forces or constraints. By analyzing these forces, we
can determine the appropriate control actions required to achieve
the desired flow rate. Equation 2 describes the balance of forces
acting on the piston, taking into account mass, spring constant,
preload force, and area under the piston.

my x"—i-Crlp xtR =F (Ps-P)), )

where  m_ — total mass of the actuator and piston, kg;

C,, — spring constant, N/m;

R. - preload force on the piston, N;

F - area under the piston, m*;

P,— pressure above the piston, Pa;

P, — pressure under the piston, Pa.

low rates through the flow restrictors Q, and Q, are calculated
using equations 3 and 4, respectively.

0= P T = anf/ T Bt B O
Qs = anfa P, — Py, )

The total flow rate Q after the damper is determined by equation 5.

Q = apfy/Pr — P+ Q4 + Qs )

By considering a small displacement of the piston X, we can
approximate the equation using linearization techniques. This
approximation allows us to simplify the equation and analyze the
behavior of the system around a specific operating point utilizing
equation 2:

my Ax*C Ax=F (AP-AP), (6)

Referring to equation 1, we can derive the equations governing
the flow rate of the liquid as it passes through the flow restrictors.
These equations are as follows:

AQ=a, (AP-AP),  (7)

apf; . L
a0 = —— —
where 04 2P, P, linearization factor

AQs = az(AP, — AP) = o - AP + FoAx,  (8)
AQ, o, (AP, — APRy), )
AQ, +AQe = Fp A% (10)

By assuming that Ps = P, we can simplify the equations as
follows:
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AQﬁ = 0&6AP4 (11)

By considering the assumption 11, we can solve equations 9 and
10 as follows:

CL4AP2 + (aﬁ - a4)ﬂp4 - FHA).{ (12)

Since we can assume AP, =~ 0, we can simplify the equations and
find:

__Fn_ 4.
AP4 = co—ca Ax (13)
From equation 8, assuming AP =0, we can find AP.:
— 1:‘I'l A
AP = p— (—A%) (14)

By substituting the obtained dependencies into the piston
displacement equation 6, we can derive the balance of forces:

(15)

Fi Ff

Q5 —0g

mgAk+ )A:’( +CopAx = 0

®g—0y

The resulting equation corresponds to the dynamics of the damper
and can be represented as the equation of an oscillatory link:

(16)

K
T25242ETs+1’

m . .
where T = —— — transient time;
p

K=

W(s) =

Ax .. .
—— — transmission ratio;
3

& — attenuation parameter in the range 0 < £< 1

To account for the variable o, (linearization coefficient) and the
equations of the transfer attenuation degree and time constant in
equation 15, it is recommended to utilize a matrix approach for
constructing the model. This approach involves conducting static
calculations to determine the relationships between pressure drop,
temperature, and liquid density. By obtaining a single calculated
point, the matrix approach can be employed to build the model
effectively.

Static Valve Operation Calculations

During the static valve operation calculations, actual production
well parameters and proposed design parameters of the inflow
control device were taken into consideration. It was crucial
to ensure that the condition P, > P, is satisfied for the system
to function properly. By incorporating these data, the static
calculations were performed to evaluate the performance of the
valve.

To determine the degree of damping & of the process, the following
equation was employed:

2T =25 (L_y L)

Chp \as—0t3 Ag—0y

The linearization coefficients and the time of the transient process
were determined using the following formulas:

— _aufy
2,/P,-P,’
— _aufs |
T 2/Ps-Pg’
apfs

2,/P6—P4;

= 2
,‘ Cmp
By applying equation 17, the degree of damping was found to be
&=0.000898808, indicating that the process is damped (§ < 1).

Qe =

To investigate the relationship between the pressure drop across
the throttle package and the density of the incoming liquid,
equation (1) was utilized, and a corresponding graph (Figure 5)
was constructed.
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Figure 5: The Relationship Between the Pressure Drop and the
Density of the Incoming Liquid

To account for the decrease in density of the water-oil emulsion
with increasing temperature, correction factors were determined
using the formula:

1 Ap

po AL’

B =

where f, is the coefficient of volumetric expansion, which
quantifies the relative change in volume for a 1 °C temperature
variation. To incorporate the temperature effect on the density of
the incoming liquid, volume expansion coefficients were computed
across a temperature range of 0 to 180 °C. By considering the
volume expansion coefficient 8, a plot was generated, illustrating
the relationship between the pressure drop and the density of the
incoming liquid. This plot, depicted in figure 6, accounts for the
influence of the volume expansion coefficient on the pressure drop,
providing insights into how temperature affects the density of the
liquid and subsequently impacts the system dynamics.
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Figure 6: The Relationship Between the Pressure Prop and The
Density of Incoming Liquid with Temperature Stratification
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Simulation in Simulink

The model of the inflow control device operation was constructed
in Simulink using neural network blocks, logical control blocks
for conditional actions, and transfer function blocks representing
the derived transfer functions based on calculated data in the form
of polynomial ratios. Figure 7 illustrates the built model of the
inflow control device in Simulink [14].

Figure 7: Model of the Inflow Control Device in Simulink

To determine the density values based on the pressure drop and
temperature, a neural network was implemented using the Neural
Network Toolbox, an extension package in MATLAB. This
toolbox enables the accurate representation of transient processes,
specifically through the matrix representation method of dynamic
characteristics. The dynamic characteristics method captures the
relationship between three parameters: pressure drop after the flow
restrictor, liquid density, and temperature. The approach involves
defining the parameters of dynamic characteristics in the form of
matrices. In this model, the input consists of two parameters: the
pressure drop after the throttle package and the fluid temperature.
These values are used to determine the corresponding density of
the liquid.

To create a comprehensive model encompassing the entire range of
possible values for the three parameters, the matrix representation
method of dynamic characteristics was employed. This approach
resulted in the derivation of a pressure drop matrix with the
following structure:

AP, Ty py
Az = A:)1 Til pgl
AR, Ty pp

To construct the matrix, constant pressure drop values were
determined and utilized. For each pressure drop value, the
corresponding temperature and density values were inputted into
the matrix based on the information presented in figure 6.

The density value is inputted into the conditional operator block
(Uslovie), along with the subsystems (If Constant), to determine
the valve position. The logic for setting the parameters of the
block is illustrated in figure 8.

Parameters

Number of inputs:
1

If expression (e.g. ul ~= 0):
ul>=870 & ul<=890

Elseif expressions (comma-separated list, e.g. u2 ~= 0, u3(2) < u2):
850>=ul | ul>=910

Show else condition

Enable zero-crossing detection

Figure 8: The logic of the “Uslovie” Operator

The “Uslovie” operator in the model is configured to have a specific
number of inputs, which, in our case, is one input parameter

representing the density obtained from the neural network model
(Neural Network). The operator evaluates a conditional expression
(If-expression) to determine whether it should execute. In the
conditional expression, the condition for execution is defined using
the parameter ul, which represents the density. If the condition
evaluates to true, a control signal is generated at the “if”” output
port.

In addition to the main expression, the “Uslovie” operator can
include alternative conditions (Elseif-expressions) that are
executed only if the main expression evaluates to false. The
number and parameters of these alternative conditions can be
modified according to the desired quantities and possible valve
positions in the system. When any of the conditions evaluates to
true, a control signal is fed into the “if” input of the subsystems
(If Constant), and the output of the subsystem represents the value
of the constant located at its input (In). In this case, the values
0, 0.5, and 1 correspond to 0%, 50%, and 100% valve opening,
respectively.

After setting the operating conditions, the transfer function of
the valve controller W(s) was determined using equation 16. The
values of the transition period time 7% = 0.037 s and the damping
degree §=0.000899, obtained during the static calculations, were
utilized in this process.

The transfer function coefficients of the valve Ky and the regulator
K are selected based on the consideration that their sum should
equal 1 (Kr+ K= 1). By satisfying this condition, the coefficients
were determined as follows:

Kr=10.9;
K- =0.1;
tau=1;
T=1.1.

With the help of transfer function blocks (regulator) and (FunW(s)),
the transfer function of the damper and valve was set as a ratio of
polynomials. Figure 9 illustrates the final result of the simulation
at the output of the model.

16 T T T T

I L
0 50 100 150 200 250 300 350 400
te

Figure 9: Simulation Result

The simulation resulted in establishing the transient process
within a time frame of t = 300 s, which is considered adequate
for such systems. This indicates that the system is functioning
properly. The transient process within the given time period will
not significantly impact the extraction of reserves from the well
itself, as its duration is considerably shorter compared to the
processes occurring in the well.

Conclusion
During the analysis of existing control systems for inflow control
devices, several key features were identified and evaluated.
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Positive aspects and limitations were identified, leading to the
development of new inflow control devices utilizing an electro-
hydraulic control system. This analysis served as a foundation for
the development of a new design scheme for the inflow control
device, enabling automatic adjustment of the actuator position
based on measurement data.

The mathematical description of the valve operation was
provided, outlining the principles underlying its functionality.
Subsequently, a valve model was created within the Simulink
simulation environment, utilizing a matrix approach and neural
networks. This model aimed to establish a qualitative relationship
between the valve position and the generated pressure drop. The
neural network block and the simulation results are presented,
demonstrating the effectiveness of the developed model.

Overall, this work encompasses a comprehensive approach,
combining analysis, mathematical modeling, and simulation to
enhance the performance and control of inflow control devices. The
results contribute to the advancement of efficient and automated
control systems in oil and gas production.
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