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ABSTRACT: With the growing demand for offshore energy, deepwater drilling has become a vital technology in
petroleum engineering. However, conventional drilling systems often face limitations such as delayed bottomhole
pressure response and low control precision, particularly under narrow pressure window and complex formation
conditions. To address these challenges, Dual-layer Pipe dual-gradient drilling (DGD) technology has been introduced,
utilizing a dual-pipe structure and downhole lift pumps to extend the pressure control range. Despite these advantages,
current DGD systems lack fast and precise bottomhole pressure control due to their reliance on indirect flow-based
methods. This study proposes a bottomhole pressure control method based on backpressure regulation using a hybrid
fuzzy-PID control strategy. A dynamic pressure calculation model is developed for the Dual-layer Pipe DGD system,
incorporating coupling among choke valve opening, surface backpressure, and bottomhole pressure. The fuzzy-PID
controller adjusts valve operation in real-time based on pressure deviation and its rate of change, improving response
speed and control accuracy. Simulink-based simulations demonstrate that the proposed system achieves rapid pressure
regulation with an overshoot below 5% and steady-state error under 0.12%. Compared to conventional PID control, the
fuzzy-PID system shows superior adaptability to pressure variations. This research enhances the theoretical foundation
of backpressure control in deepwater DGD operations and provides a practical approach for improving safety and
efficiency in complex drilling environments.

KEYWORDS: Deepwater; dual-layer pipe dual-gradient drilling; narrow density window; bottomhole pressure control;
backpressure regulation

1 Introduction
As onshore oil and gas resources gradually deplete, the exploration and development of offshore

resources continue to accelerate, making deepwater drilling a pivotal direction in petroleum engineering
[1–4]. However, deepwater drilling faces unique challenges, including complex subsea formation pressure
gradients, narrow density windows, and limitations in downhole equipment strength and wellhead pres-
sure capacity, which hinder the safety and efficiency of traditional drilling techniques [5]. To overcome
these challenges, deepwater Dual-layer Pipe dual-gradient drilling (DGD) technology has emerged. By
incorporating Dual-layer Pipe structures and downhole lift pumps, this technology breaks through the
limitations of conventional subsea pump arrangements, broadens the bottomhole pressure regulation range,
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and enhances operational safety and flexibility, thereby becoming a focal area in deepwater drilling research
and application [6,7]. However, current systems primarily rely on drilling fluid flow rate adjustments for
bottomhole pressure control, lacking an independent and precise backpressure regulation mechanism. As a
result, response delays and inadequate precision frequently occur in the face of complex formation variations
and sudden operational changes, thereby restricting its applicability in high-risk environments. Therefore,
there is an urgent need to develop a backpressure regulation method tailored to deepwater Dual-layer Pipe
DGD, establishing a refined bottomhole pressure control mechanism to advance its theoretical framework
and promote safe, efficient deployment in deepwater drilling.

In recent years, extensive research on backpressure regulation and control methods has significantly
advanced its application in complex drilling environments. Early efforts by international oil companies such
as Shell and Chevron [8] deployed surface choke systems in deepwater regions, regulating wellhead choke
valve openings to apply backpressure for basic bottomhole pressure control, laying a practical foundation
for subsequent studies. Vieira et al. [9] introduced a constant bottomhole pressure control mode, applying
real-time feedback for closed-loop control, which markedly improved regulation accuracy and system
stability. Totland [10] incorporated PID control algorithms into choke systems, enhancing response speed
and robustness through proportional, integral, and derivative strategies. To address nonlinear downhole
challenges, Kaasa et al. [11] developed a simplified hydraulic model to enable intelligent estimation of
downhole pressure, which laid the foundation for control strategies in managed pressure drilling. Kokkinis
et al. [12] further provided a comprehensive review of automated operations in drilling and mining, offering
insights into system coordination, task automation, and intelligent decision-making. With advancements
in intelligent technologies, Li et al. [13] combined neural networks with fuzzy-PID control to enhance
self-learning and parameter adjustment in nonlinear environments. Li et al. [14] developed a deep neural
network-based backpressure regulation system, achieving stability and precision through real-time data-
driven optimization.

In addition, several studies have focused specifically on bottomhole pressure control strategies tailored
to deepwater dual-gradient drilling. Zhou and Nygaard [15] pioneered a control algorithm that automatically
adjusts drilling pump displacement in response to bottomhole pressure deviations, thereby modulating the
lift pump head and controlling wellbore pressure. Hauge et al. [16] proposed a real-time flow regulation
method based on a wellbore pressure control model, using variations in spacer fluid level to accurately
manage bottomhole pressure. Nazir et al. [17] established a time-dependent hydraulic model for individual
flow segments in the wellbore, enabling fine-tuned pressure control under dynamic drilling conditions. Wang
et al. [18] introduced a dynamic bottomhole pressure regulation method under deepwater DGD scenarios,
constructing an optimization model constrained by flow parameters to minimize pressure fluctuations
within the narrow pressure window. Zhang et al. [19] analyzed the relationship between flow rate and
bottomhole pressure under the Riserless Mud Recovery (RMR) system and developed governing equations
for pressure control in steady-state conditions. Pei et al. [20] conducted innovative experiments using
subsea pump regulation during DGD, demonstrating that controlled variation in surface pump flow rate
effectively modulates lift pump head and stabilizes wellbore pressure. Most existing approaches rely heavily
on adjusting drilling fluid flow rates or modulating lift pump displacement, which suffer from delayed
system response due to the inherent inertia of fluid transport in long annular spaces and the limited control
authority of surface equipment. Moreover, the coupling between choke valve opening, surface backpressure,
and downhole pressure is often nonlinear and time-variant, making traditional PID control methods less
effective under rapidly changing operational conditions. Additionally, the lack of real-time feedback from
deepwater environments exacerbates response lag and degrades control precision, particularly in narrow
pressure window formations.
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This study establishes a mathematical model for bottomhole pressure regulation in deepwater Dual-
layer Pipe DGD by analyzing the coupling relationships among choke valve opening, surface backpressure,
and bottomhole pressure. A fuzzy control theory is introduced to dynamically adjust PID controller
parameters via fuzzy logic rules, regulating choke valve openings to generate precise backpressure. A
multi-scenario Simulink simulation validates the system’s adaptability and stability under complex drilling
conditions. This research enriches the theoretical system of bottomhole pressure regulation in deepwater
Dual-layer Pipe DGD, facilitating its safe and efficient application.

2 Drilling Principles and Bottomhole Pressure Calculation Model

2.1 Deepwater Dual-Layer Pipe Dual-Gradient Drilling System
The deepwater Dual-layer Pipe dual-gradient drilling system integrates key components such as dual

pipes, a top-drive adapter, and downhole hydraulic lift pumps, establishing a novel tri-channel pressure
control mechanism that encompasses the inner pipe, outer pipe, and outer annulus (Fig. 1). The drilling
fluid is injected into the bottomhole through the outer pipe of the Dual-layer Pipe system. Driven by
the turbine motor of the lift pump, the cuttings-laden fluid is then returned to the surface manifold via
the inner pipe, forming a reverse circulation flow pattern. During this process, the pressure differential
established between the suction inlet and discharge outlet of the lift pump significantly reduces the
bottomhole pressure. Meanwhile, a three-segment fluid structure is created in the outer annulus through
density differential design. Owing to the tri-channel characteristics of the Dual-layer Pipe system, the outer
annulus is entirely filled with fluid. The upper section of the annulus contains lower-density seawater, while
the lower section consists of higher-density drilling fluid, with the two separated by a spacer fluid. This
configuration establishes two distinct pressure gradients—one across the seawater segment and another
across the drilling fluid segment—above and below the spacer fluid. Furthermore, the inner pipe, outer
pipe, and outer annulus of the Dual-layer Pipe system collectively form a tri-channel structure. This unique
arrangement creates an equivalent pressure system at the bottomhole, integrating the inner pipe, outer
pipe, and outer annulus. As a result, the bottomhole pressure maintains dynamic equilibrium. When the
bottomhole pressure fluctuates, the spacer fluid level adjusts vertically—rising or falling in response to
pressure increases or decreases—thereby enabling dynamic regulation of the bottomhole pressure.

2.2 Bottomhole Pressure Calculation Model
During deepwater Dual-layer Pipe dual-gradient drilling (DGD) operations, the spacer fluid level in

the outer annulus varies with increasing well depth. At any given target depth point, changes in the spacer
fluid level height within the outer annulus will induce corresponding variations in wellbore pressure at that
location, creating dynamic pressure fluctuations—a phenomenon absent in conventional drilling systems. To
address this, a bottomhole pressure calculation model must be established based on the distribution patterns
of spacer fluid levels in the outer annulus under different drilling depth conditions in Dual-layer Pipe dual-
gradient drilling systems. The continuous partial differential equations (PDEs) describing drilling fluid flow
in the wellbore are given by [21,22]:

∂p
∂t
= − β

A
∂q
∂x

(1)

∂q
∂t
= − A

ρm

∂p
αx
− F

ρm
+ Ag cos (∂ (x)) (2)



4682 Energy Eng. 2025;122(11)

Figure 1: Schematic diagram of deepwater Dual-layer Pipe dual-gradient drilling

The finite volume method is employed to discretize Eqs. (1) and (2), dividing the annular space of the
Dual-layer Pipe system into multiple control volumes:

d pi

dt
= β (qi − qi+1)

Ai li
, i = 1, . . . , N (3)

dqi+1

dt
= 109 Ai

ρli
(pi − pi+1 − pother) − 103 Fi (qi+1)

ρi
+ 103Ai g cos (ξ (x)) , i = 1, . . . , N (4)

In the equation, p: Pressure, MPa; t: Circulation time, s; β: Bulk modulus of drilling fluid, MPa; qi and
qi+1: Flow rates of adjacent control volumes, L/s; pi and pi+1: Pressures of adjacent control volumes, MPa;
pother : Pressure loss caused by other drilling equipment, MPa; li : Length of the fluid segment in the control
volume, m; A: Cross-sectional area of the flow passage, m2; ρ: Density of drilling fluid, kg/m3; x: Length of
the drilling fluid segment, m; ξ: Inclination angle function of the well section at position x, rad; F: Frictional
resistance per unit length of the drilling fluid column, N/m; g: Local gravitational acceleration, m/s2.

Due to the presence of downhole hydraulic lift pump motors and axial-flow pumps, the flow channels
in the Dual-layer Pipe system are divided into three distinct control volumes, as illustrated in Fig. 2.
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Figure 2: Schematic diagram of the discretized hydraulic model for the Dual-layer Pipe system

Based on the discretized finite difference equations, a bottomhole pressure calculation model for
deepwater Dual-layer Pipe dual-gradient drilling (DGD) systems is established. The drilling pump outlet
pressure is expressed as:

d p0

dt
= βm

1000A1 l1
(q0 − q1) (5)

In the equation, p0: Outlet pressure of the drilling pump, MPa; βm : Bulk modulus of drilling fluid, MPa;
A1: Cross-sectional area of the double-pipe annulus, m2; l1: Distance from the drilling pump outlet to the lift
pump outlet, m; q0: Flow rate of the drilling pump, L/s; q1: Flow rate at the outlet of the lift pump, L/s.

The flow rate variation at the lift pump discharge outlet is given by:

dq1

dt
= 109 A1

l1ρm
(p0 − p1 − pm) − 109 F1 (q1)A1

ρm
+ 1000A1 g (6)

In the equation, p1: Outlet pressure of the lift pump, MPa; ρm : Density of drilling fluid, kg/m3; pm :
Operating pressure loss of the lift pump, MPa; F1 (q1): Unit-length pressure loss in the double-pipe annulus,
MPa/m; g: Gravitational acceleration, m/s2.

The frictional pressure loss can be determined from the empirical pipe flow equation as:

F1 (q1) = 36281.9401 ρ0.8
m μ0.2

m q1
1.8

(doi − dio)3 (doi + dio)1.8 (7)

In the equation, doi : Inner diameter of the outer pipe in the double-pipe annulus, mm; dio : Outer
diameter of the inner pipe in the double-pipe annulus, mm; μm : Viscosity of drilling fluid, Pa⋅s.

The pressure drop characteristic of the lift pump is empirically modeled as a polynomial function of the
inlet flow rate through field data regression analysis:

pm = −1.75 + 0.40Q − 1.43Q2 + 5.93Q3 (8)

In the equation, Q: Drilling fluid flow rate injected into the lift pump, Q = q0, L/s.
The dynamic pressure response at the lift pump discharge during operational conditions is expressed

as:
d p1

dt
= βm

1000A1 l1
(q1 − q2) (9)

In the equation, p1: Discharge pressure of the lift pump, MPa; q2: Flow rate at the bit exit, L/s.
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The discharge flow dynamics of the lift pump during drilling fluid circulation is mathematically
expressed as:

dq2

dt
= 109 A2

l2ρm
(p1 − p2 − pd + pp) − 109 F2 (q2)A2

ρm
+ 1000A2 g (10)

In the equation, p2: Bottomhole pressure in the dual-annulus system, MPa; pd : Pressure drop across
the bit nozzles, MPa; A2: Cross-sectional area of the inner pipe in the dual-annulus system, m2; l2: Vertical
distance from the lift pump to the bottomhole, m; F2 (q2): Unit-length pressure loss in the inner pipe of the
dual-annulus system, MPa/m.

The pressure loss across the drill bit is formulated as [23]:

pd =
0.081ρmq2

2
C2d4

e
(11)

In the equation, C: Discharge coefficient of the bit nozzle, dimensionless (typically 0.80 or 0.95); de : Exit
diameter of the bit nozzle, cm.

The frictional pressure loss is determined by the following governing equation:

F2 (q2) = 32592.1016 ρ0.8
m μ0.2

m q2
1.8

d4.8
i

(12)

In the equation, di : Inner diameter of the single-wall drill pipe, mm.
The lifting pressure generated by the lift pump contributes to bottomhole pressure reduction. The pump

head, being primarily dependent on the return drilling fluid flow rate, is calculated as follows:

pp = −0.4792 − 0.6825Q + 3.5685Q2 − 2.3948Q3 + 0.5443Q4 (13)

In the equation, Q: Flow rate of drilling fluid returned by the lift pump, where Q = q2, L/s.
The choke valve is installed at the wellhead between the Dual-layer Pipe inner string and surface man-

ifold. By adjusting the choke opening, the wellhead backpressure can be modulated to regulate bottomhole
pressure. After the drilling fluid passes through the downhole hydraulic lift pump, with the choke opening
held constant, the return flow rate can be considered invariant. Under these conditions, the bottomhole
pressure variation in the Dual-layer Pipe system under the influence of the lift pump is expressed as:

d p2

dt
= βm

1000A2 l2
(q2 − q3 − qc) (14)

In the equation, βm : Mass density of drilling fluid, kg/m3; A2: Cross-sectional area of the inner tube of
the dual-wall pipe, m2; l2: Vertical distance from the lift pump to the bottomhole, m; qc : Flow rate of returned
drilling fluid through the inner tube of the dual-wall pipe at a specific choke valve opening, L/s; q3: Inflow
rate of drilling fluid from the bottomhole into the riser annulus, L/s.

The flow rate through the choke valve is given by:

qc = kcuc sign (pc − p0)
√
∣pc − p0∣ (15)
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In the equation, kc : Dimensionless constant characterizing the flow behavior of the choke valve; μc :
Choke valve opening degree, dimensionless, varying from 0 to 1; pc : The pressure at the choke valve, MPa,
where pc = p1; p0: Downstream pressure of the choke valve, MPa.

The flow rate from the bottomhole into the outer annulus is expressed as:

dq3

dt
= 109 A3

l3ρm
(p2 − 10−6ρw ghw − 10−6ρg ghg) − 109 F3 (q3)A3

ρm
− 1000A3 g (16)

In the equation, A3: External annulus cross-sectional area, m2; l3: External annulus drilling fluid column
length, m; F3 (q3): External annulus pressure loss per unit length, MPa/m; ρw : Seawater density, kg/m3; hw :
Seawater column length in casing, m; ρg : Spacer fluid density, kg/m3; hg : Spacer fluid column length in
external annulus, m.

The frictional pressure loss per unit length in the outer annulus can be expressed as:

F3 (q3) = 36281.9401 ρ0.8
m μ0.2

m q3
1.8

(ddi − dio)3 (ddi + dio)1.8 (17)

In the equation, doi : Inner diameter of casing, mm; dio : Outer diameter of inner tube in dual-wall
pipe, mm.

The variation in fluid column height within the outer annulus can be mathematically expressed as:

dl3

dt
= q3

A3
(18)

During drilling operations, the spacer fluid column maintains nearly constant length. Consequently,
the seawater column height in the outer annulus is given by:

hw = h − l3 − hs (19)

In the equation, hw : Seawater column length, m; h: Total well depth, m; l3: Spacer fluid column height, m.
Under constant flow rate conditions at the surface drilling pump, dynamic adjustment of the choke valve

opening enables real-time modulation of both wellhead backpressure and bottomhole pressure (excluding
analysis of localized flow resistance effects). During drilling operations, the internal pressure within the Dual-
layer Pipe inner string varies with well depth, as calculated by [24,25]:

{pb = pc + ρm gh cos θ + F1 (q1) (h − h1) + F2 (q2) h1h < H
pb = pc + ρm gh cos θ + F1 (q1) (h − h1) + F2 (q2) h1 − pp h ≥ H (20)

In the equation, pb : Internal pipe pressure, MPa; pc p: Pressure loss across the bit, MPa; pp: Pressure drop
of the lift pump, MPa; ρm : Drilling fluid density, g/cm3; h: Total well depth, m; g: Gravitational acceleration,
m/s2; θ: Well deviation angle, rad; h1: Length of single-wall drill pipe below the pump, m.

3 Backpressure Regulation-Based Bottomhole Pressure Control Method

3.1 Choke Valve Control Model
In the backpressure regulation system for deepwater Dual-layer Pipe dual-gradient drilling, the auto-

mated choke manifold serves as the core component with its choke valve being the critical equipment for
pressure control. This system maintains dynamic balance of bottomhole pressure by continuously comparing
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actual measurements with target values and precisely adjusting the choke valve opening based on the pressure
difference. The relationship between pressure differential across the choke valve and its relative opening
exhibits five characteristic flow regulation patterns [26] (as shown in Fig. 3): quick-opening, square root,
linear, equal percentage, and parabolic. Since the choke valve opening has minimal effect on drilling fluid
flow rate, the flow is generally treated as constant when analyzing the valve characteristics.

A1 A1

A2
A1

d 1 d 2v 2v 1

hp g�

p g�

a
b

Figure 3: Schematic diagram of choke valve pressure characteristics

The flow characteristic curve of the choke valve is expressed as a function of the valve opening degree
and the pressure differential across the valve:

Q = f (x , ΔP) (21)

In the equation, x: Choke valve opening, %; Δp: Pressure differential across the choke valve, MPa.
At a given initial operating point (x0, p0), the governing equation is expressed as:

Q0 = f (x0, p0) (22)

Expanding the above equation as a Taylor series about a given operating point yields:

Q = f (x0, p0) +
∂ f (x , p)

∂x
∣x=x0
p=p0

Δx + ∂ f (x , p)
∂x

∣x=x0
p=p0

Δp (23)

Subtracting Eq. (22) from Eq. (23) yields:

ΔQ = ∂ f (x , p)
∂x

∣x=x0
p=p0

Δx + ∂ f (x , p)
∂x

∣x=x0
p=p0

Δp (24)

During deepwater Dual-layer Pipe dual-gradient drilling operations, assuming constant drilling fluid
flow rate, the following relationship holds:

ΔQ = 0 (25)
∂ f (x , p)

∂x
∣x=x0
p=p0

Δx = − ∂ f (x , p)
∂x

∣x=x0
p=p0

Δp (26)

Q = CT AT Pm (27)
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In the equation, Q: Volumetric flow rate through the choke valve, L/s; CT : Flow coefficient related to
choke geometry and drilling fluid properties, dimensionless; AT : Throttling area of the choke valve, m2; m:
Flow exponent determined by choke passage geometry, dimensionless, 0.5 ≤m ≤ 1.

From the functional relationship between valve opening degree (Δx) and pressure differential (Δp)
illustrated in Fig. 4, we derive:

∂ f (x , p)
∂x

∣
x=x0
p=p0

= mCT AT Pm−10 (28)

The characteristic curve of flow rate vs. valve opening degree provided by the choke valve manufacturer
is shown in Fig. 5 [27]:

Q
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Q
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Figure 4: Relationship between flow rate through the choke valve and pressure differential (x1 < x2 < x3)
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Figure 5: Flow rate vs. opening degree characteristic curve for the choke valve (ΔP1 > ΔP2 > ΔP3)

Within the operational range [x1 , x2], the flow rate exhibits a linear relationship with the valve opening
degree, expressed as:

∂ f (x , p)
∂x

∣x=x0
p=p0

= λ (29)

By substituting Eqs. (28) and (29) into Eq. (27), we obtain:

Δx
Δp
= mCT AT

λ
pm−1 (30)
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Given that AT = xA, where A represents the maximum throttling area of the choke valve, the following
derivation holds:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

Δx
Δp
= −KT x pm−1

KT = −
mCT A

λ

(31)

This leads to the following derivation:

dx
d p
= −KT pm−1 (32)

Integrating Eq. (32) yields:

x = Ce−
KT pm

m (33)

Parameters C and m are determined based on a set of results obtained from laboratory experiments or
field commissioning, which are then used to establish the control equation for the choke valve. In petroleum
drilling systems, the value of C typically falls within the range of approximately 1 to 20, while m is a positive
number [28]. During back-pressure regulation, by considering the requirements for the choke valve’s flow
rate and pressure differential, an appropriate choke valve opening position can be promptly identified. This
provides theoretical support for rapid positioning control in throttle pressure regulation.

The bottomhole pressure (BHP) is influenced by the choke valve opening. As the choke valve open-
ing changes, the bottomhole pressure varies accordingly. The initial bottomhole pressure can be derived
from Eq. (20). Consequently, the bottomhole pressure can be expressed as:

Pb = Pb0 + ΔPc (34)

Based on the unique three-channel flow characteristics of the Dual-layer Pipe, it can be observed that
as the bottomhole pressure (BHP) changes, the fluid levels of seawater, spacer fluid, and drilling mud in the
outer annulus also vary accordingly.

ΔPb = ρs gΔhs + ρg gΔhg + ρm gΔhm (35)

When fluid flows through the inner conduit of the Dual-layer Pipe, the back-pressure (i.e., external
pressure applied at the wellhead) is transmitted to the bottomhole via the hydrodynamic flow of the drilling
mud. The pressure differential generated by this back-pressure acts on the bottomhole fluid, thereby altering
the bottomhole pressure (BHP). This pressure transmission occurs through hydraulic conductivity within the
fluid column, resulting in a direct equivalence between back-pressure variations and corresponding changes
in BHP [29]. In practical drilling operations, the spacer fluid column’s vertical extent (relative to the seawater
and drilling mud columns in the annuli) is typically negligible due to its minimal volume. Based on the
principle of hydrostatic pressure equilibrium, the following relationship can be derived:

ΔPc = ΔPb = (ρm − ρs) gΔhs (36)

The mathematical model describing the relationship between the choke valve opening degree and the
variation in the spacer fluid level can be derived by solving the system of equations formed by Eqs. (36)
and (33) simultaneously.
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Δhs =
[− m

KT
ln( x

C
)]

1
m

(ρm − ρs) g
(37)

3.2 Choke Pressure Control System
3.2.1 PID Control Algorithm

During drilling operations, bottomhole pressure (BHP) is highly susceptible to parameter variations
and disturbances, leading to dynamic changes in control characteristics. To address this, adaptive control
is employed, leveraging modern control theory to perform online parameter identification of the drilling
system and dynamically adjust control strategies in real-time, thereby ensuring that BHP remains within the
desired operational range. However, the efficacy of BHP regulation hinges on the accuracy of both hydraulic
models (describing fluid flow and pressure propagation) and automatic control models (defining feedback
mechanisms). This poses significant challenges for analytical modeling of complex drilling fluid circulation
systems and surface pressure control devices, particularly under deepwater drilling conditions with dual-
gradient requirements [30,31]. Therefore, for deepwater Dual-layer Pipe dual-gradient drilling operations, a
PID (Proportional-Integral-Derivative) control algorithm is adopted. The controller establishes a feedback
model by correlating the control error (the deviation between the setpoint bottomhole pressure and the
measured bottomhole pressure) with the corrective output. The overall structure of the closed-loop feedback
system is shown in Fig. 6.

Proportion Kp

Integral Tl

Differential Td

The accused 
object

Pbset(t)+

-

u(t)+
+

+

+

Pb(t)+

Figure 6: Block diagram of PID-based closed-loop feedback control system

The setpoint bottomhole pressure (BHP) defined upstream of the choke valve is denoted as Pbse t , while
the actual BHP measured by the downhole pressure sensor is recorded as Pbse t . The difference between these
two values constitutes the control error, expressed mathematically as:

error (t) = Pbse t − Pb (38)

The proportional, integral, and derivative components of the control error are linearly combined to
generate the control signal for adjusting the choke valve opening. Mathematically, this is expressed as:

u (t) = kp (error (t) + 1
TI
∫

t

0
error (t) dt + TDderror (t)

dt
) (39)

In the equation, kp: Proportional gain, a dimensionless (non-dimensional) coefficient; TI : Integral
time constant, a dimensionless (non-dimensional) parameter; TD : Derivative time constant, a dimensionless
(non-dimensional) parameter.
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After applying the Laplace transform to Eq. (39), it can be expressed in transfer function form as:

G (s) = U (s)
E (s) = kp (1 +

1
TIs
+ TDs) (40)

where s represents the complex frequency variable in the Laplace transform.

3.2.2 Fuzzy-PID Control Algorithm
The Fuzzy Algorithm is a computational method capable of accurately processing chaotic, uncer-

tain data and outputting conclusions or solutions. Its core mechanism leverages fuzzy sets—specifically,
pixel-level membership distributions (derived from Laplacian-processed and linearly transformed node
configurations)—to transform complex, indeterminate data into a computable fuzzy objective func-
tion [32,33].

As shown in Fig. 7, the fuzzy controller consists of four modules: fuzzification, fuzzy inference, fuzzy
control rule base and fuzzy judgment. When controlling, the fuzzy experience is converted into fuzzy rules
first, and the detection element compares the actual output with the given value to get the deviation e, and
then fuzzifies e and its rate of change ec to get the fuzzy quantity as the fuzzy rule input, and then gets the
precise quantity through fuzzy reasoning and defuzzification, and delivers it to the actuator to control the
object. The fuzzy inference module of the controller is shown in Fig. 8.

Executive body
The accused 

object

Detection part

Output

e

ec
Set value Incremental 

computation
Blurring

Fuzzy 
reasoning

Fuzzy 
judgment

Fuzzy control 
rule base

Fuzzy 
controller

Figure 7: Fundamental principles of fuzzy control

Figure 8: Fuzzy inference block

3.3 Fuzzy-PID Controller Design
In deepwater Dual-layer Pipe dual-gradient drilling (DGD) systems, variations in choke valve opening

directly modulate bottomhole pressure (BHP). As illustrated in Fig. 9, a fuzzy-PID controller is developed
by integrating computational data with fuzzy algorithms to precisely regulate wellbore pressure. Compared
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to conventional PID control, this fuzzy-PID approach achieves superior pressure control accuracy by
dynamically adjusting parameters to address the inherent limitations of fixed-gain controllers. By calculating
the control system deviation e and deviation rate ec, the rules of the fuzzy inference system are used to adjust
kp, ki, and kd, and the throttle valve opening is controlled to change the backpressure, so that the bottomhole
pressure is stabilized at the set value.

Conventional PID 
controller

Defuzzification
Fuzzy 

programming

Throttle valve
Backpressure 

change

Blurring

derror(t)/dt

Feedback 
correction

The accused object

Output
y(k)

e ec

pk� ik� dk�

( 1)y k �

Set 
value

Figure 9: Principle of fuzzy-PID control

(1) Domain Quantization

For deepwater Dual-layer Pipe dual-gradient drilling, analyze the bottomhole pressure and choke
backpressure. The preset bottomhole pressure deviation (e) and its rate of change (ec) serve as the inputs
to the controller, while the adjusted variations of the three parameters are the outputs of the fuzzy PID
controller. Both input and output variables use the fuzzy subset linguistic terms: {NB (Negative Big), NM
(Negative Medium), NS (Negative Small), ZO (Zero), PS (Positive Small), PM (Positive Medium), PB
(Positive Big)}.

(2) Determination of the Fuzzy Subsets’ Universe of Discourse

After quantization and incremental factor calculation, the fuzzy universe of discourse for the controller
deviation e is set to [−6, 6] based on the system pressure range. Similarly, the fuzzy universe of discourse for
the deviation changes rate (ec) in the fuzzy PID pressure control system is also [−6, 6]. The output linguistic
variables (dkp, dki, dkd) have a fuzzy universe of discourse of [−1, 1]. The quantization of the parameter
domains for the fuzzy control system is summarized in Table 1.

Table 1: Quantization of input and output variable universes of discourse

Linguistic variable names Fuzzy linguistic
variable names

Fuzzy universe
of discourse Quantitative factor

Errors e e [−6 6] 6/5e5
Rate of change of error ec ec [−6 6] 6/5e6

Proportionality correction Δkp dkp [−1 1] 5e−4
Integral modifier Δki dki [−1 1] 3e−2

Differential correction Δkd dkd [−1 1] 2e−6
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(3) Fuzzy Representation
The use of fuzzy expressions helps determine the shape of membership functions [34]. Based on the

operating condition where the bottom-hole pressure is altered by adjusting the throttle valve opening, this
paper selects trapezoidal and triangular membership functions to describe fuzzy variables. Among them, the
expression function of the rising semi-trapezoidal membership function is as follows:

f (x) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

0 x ≤ 0
x − a
b − a

a ≤ x ≤ b

1 x ≥ b

(41)

Here, a represents the starting point where the function begins to rise; b denotes the terminal point
where the function attains its maximum value of 1.

The expression function for the falling semi-trapezoidal membership function is given as follows:

f (x) =

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

1 x ≤ c
d − x
d − c

c ≤ x ≤ d

0 x ≥ d

(42)

In the expression, b represents the starting point of the decline phase, where the function attains its
maximum value of 1. c denotes the terminal point, where the function’s value drops to 0.

The triangular membership function is defined as follows:

f (x) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 x ≤ a
a − x
a − b

a ≤ x ≤ b

c − x
c − b

b ≤ x ≤ c

0 x ≥ c

(43)

In the expression for the triangular membership function, a and c represent the left and right boundaries
of the triangle, respectively, defining the effective range (or universe of discourse) within which the
membership function holds significance. Within this interval, the function describes the gradual transition
of a variable’s membership degree in a fuzzy set.

b denotes the apex (vertex) of the triangle, where the membership degree reaches its maximum value
of 1, indicating the peak influence or optimal relevance of the variable within the fuzzy system.
(4) Establishment of Fuzzy Rules

Fuzzy rules constitute the core component of fuzzy control. In this system, they are primarily formu-
lated based on the system’s operational principles and empirical knowledge. For the bottomhole pressure
regulation system, the foremost consideration is maintaining the backpressure generated by the choke valve
at the setpoint value, which requires keeping the system’s computational error within a minimal range. The
PID parameter adjustment should adhere to the following principles:

When the error (e) is large and the error rate (ec) is negative, the system response is moving in the
correct direction but still far from the setpoint. In this case, kp must be large while ki and kd should be small
to quickly approach the setpoint.
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When the error (e) is negative and the error rate (ec) is significant, indicating the system response has
overshot the setpoint with growing deviation, the derivative gain (kd) should be increased while both the
integral gain (ki) and proportional gain (kp) are reduced to effectively limit overshoot.

When the error (e) is negative while the error rate (ec) is positive, indicating the system response is
approaching steady-state conditions, the proportional gain (kp) should remain sufficiently large to facilitate
rapid stabilization. However, to minimize overshoot and suppress oscillations, the derivative gain (kd) must
be increased while the integral gain (ki) should be reduced accordingly.

When the error (e) is significant and the error rate (ec) is positive, indicating the system exhibits
negative-side overshoot, the derivative gain (kd) should be increased to reduce deviation while both the
proportional gain (kp) and integral gain (ki) should also be augmented to enhance corrective action.

Based on the aforementioned principles, the fuzzy rule table for the control system can be designed as
follows (Tables 2–4):

Table 2: Fuzzy rules for Δkp adjustment

Δk p e

ec

NB NM NS ZO PS PM PB

NB PB PM PS NS ZO PS PM
NM PB PM PS NS ZO PS PM
NS PB PS PS NM ZO PS PM
ZO PB PS ZO NB ZO PS PB
PS PM PS ZO NM PS PM PB
PM PM PS ZO NS PS PM PB
PB PM PS ZO NS PS PM PB

Table 3: Fuzzy rules for Δki adjustment

Δki e

ec

NB NM NS ZO PS PM PB

NB NB NM NS PM NS NM NB
NM NB NM NS PS NS NM NB
NS NB NM NS PS NS NM NB
ZO NB NM NS ZO NS NM NB
PS NB NM NS NS NS NM NB
PM NB NM NS NM NS NM NB
PB NB NM NS NM NS NB NB

Table 4: Fuzzy rules for Δkd adjustment

Δkd e

ec

NB NM NS ZO PS PM PB

NB NB ZO NS PS NS NM NB
NM NB ZO NS PM NS NM NB
NS NB NS NS PB NS NS NB
ZO NB NS NS PB ZO NS NB

(Continued)
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Table 4 (continued)

Δkd e
PS NB NS NS PB ZO NS NB
PM NB NM NS PM ZO ZO NB
PB NB NM NS PS ZO ZO NB

(5) Fuzzy Inference and Output Variable Defuzzification

The fuzzy inference is performed using MATLAB’s Fuzzy Logic Toolbox. After providing the inputs,
fuzzification is applied to determine the fuzzy values of the output variables. The predefined fuzzy rules
for Kp, Ki, and Kd are then used to obtain the fuzzy output quantities, which are subsequently defuzzified
into precise numerical values for PID parameter tuning. In this study, the fuzzy rules are implemented in
MATLAB’s fuzzy module to generate the output response surfaces of the fuzzy rules, as shown in Fig. 10.

a) kp fuzzy rule surface b) ki fuzzy rule surface

c) kd fuzzy rule surface

Figure 10: Fuzzy rule response surfaces

3.4 Simulation Analysis
This study selects a deepwater vertical well for simulation analysis, with its wellbore structure and

bottomhole assembly parameters shown in the table below (Tables 5–7). The simulation models bottomhole
pressure control during deepwater Dual-layer Pipe dual-gradient drilling based on 65/8 in Dual-layer Pipe
dimensions, without considering rate of penetration, cuttings concentration, or surface manifold pressure
losses. These simplifications were made to isolate and evaluate the performance of the fuzzy-PID controller
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under idealized hydraulic conditions. Future studies will consider the inclusion of rate of penetration,
cuttings loading effects, and surface backpressure losses to improve model fidelity and field applicability.

Table 5: Basic parameter data sheet for the third spud section

Parameter Value Parameter Value
Seawater depth/m 1500 Formation depth/m 4003.05

Drilling fluid density/g/cm3 1.2 Hole size/mm 212.73
Drilling fluid plastic viscosity/Pa⋅s 0.034 Drilling pump outlet flow rate/(L/s) 1~20
Inner pipe return velocity/(m/s) 1 Riser size/mm 914.4

Table 6: Wellbore structure data sheet

Spud sequence Well depth/m Bit size/mm Casing size/mm Casing setting depth/m
First spud 2026.05 660.04 508 2000

Second spud 3026.05 431.8 406.4 3000
Third spud 3526.05 374.65 339.73 3500

Fourth spud 3726.05 311.15 244.48 3700

Table 7: Dual-layer pipe parameters

Outer pipe OD/mm Outer pipe ID/mm Inner pipe OD/mm Inner pipe ID/mm
168.28 150.28 103.67 85.67

Fig. 11 reveals the pressure distribution patterns in both the outer and inner pipes of the Dual-layer
Pipe system: as well depth increases, the wellbore pressure profile shows linear growth above and below the
mudline. The pressure gradient in the inner pipe (12.58 kPa/m) exceeds that in the outer pipe (7.77 kPa/m).
The spacer fluid separates seawater from drilling fluid, creating two distinct pressure gradients in the outer
annulus. During drilling fluid circulation, the pump pressure provided by the drilling pump is 35 MPa,
increasing to a maximum of 63.26 MPa in the outer pipe. Due to frictional pressure losses through the mud
motor and bit, the bottomhole pressure drops to 56.4 MPa. At the 3500 m depth, the downhole lift pump
reduces bottomhole pressure, causing a slight pressure discontinuity (1.76 MPa decrease) in the inner pipe.
When the drilling fluid returns to the wellhead, the wellhead pressure measures 2.30 MPa.

In the Simulink environment, based on the wellbore pressure profile, the basic system modules were
combined into a specific control system, and the fuzzy control algorithm was applied as the main regulator of
the bottomhole pressure model for deepwater Dual-layer Pipe dual-gradient drilling to conduct simulation
studies. As shown in Fig. 12, the fuzzy control system takes the set bottomhole pressure, the error (e) between
actual and target bottomhole pressures, and the error rate of change (ec) as inputs, processes them through
the hydraulic model, and outputs the calculated bottomhole pressure.
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Figure 11: Wellbore pressure profile

Figure 12: Simulink simulation framework diagram of the bottomhole pressure control model for deepwater Dual-layer
Pipe dual-gradient drilling

In the Simulink environment, different bottomhole pressure values were adjusted to observe the step
response of the controller and analyze its settling time and amplitude, thereby evaluating the performance of
the bottomhole pressure control system for deepwater Dual-layer Pipe dual-gradient drilling. Figs. 13 and 14
display the step response curves after increasing the target bottomhole pressure by 1 and 2 MPa, respectively.
The results show that the fuzzy-PID control parameters are properly configured, enabling rapid pressure
stabilization with minimal influence from the pressure setpoint. Over time, both the bottomhole pressure
and spacer fluid level stabilize, with maximum pressure error of 0.12% and maximum spacer level variation
of 25.81 m, meeting field operational requirements.



Energy Eng. 2025;122(11) 4697

0 10 20 30 40 50 60 70 80 90 100

56. 4

56. 6

56. 8

57. 0

57. 2

57. 4

57. 6

time   (s)

B
ot

to
m

 h
ol

e 
pr

es
su

re
   

(M
Pa

)

-200

-150

-100

-50

0

50

100

150

200

T
he

 li
qu

id
 le

ve
l o

f 
th

e 
is

ol
at

io
n 

fl
ui

d 
ch

an
ge

s 
  (

m
)

Figure 13: Bottomhole pressure and spacer fluid level control effect (1 MPa increase)
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Figure 14: Bottomhole pressure and spacer fluid level control effect (2 MPa increase)

When the target bottomhole pressure is decreased by 1 MPa and then immediately increased by
1 MPa, the fuzzy-PID control effect is shown in Fig. 15. The results demonstrate that the fuzzy-PID control
parameters are properly configured, enabling rapid pressure stabilization with minimal influence from the
pressure setpoint changes during the pressure reduction-followed-by-increase process.

Considering that in actual deepwater Dual-layer Pipe dual-gradient drilling operations, target pressure
may be set not only directly but also in stepwise changes, the target pressure was increased stepwise from
56.47 to 59.47 MPa and then decreased stepwise from 59.47 MPa back to 56.47 MPa, with the fuzzy control
response curve shown in Fig. 16.
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Figure 15: Bottomhole pressure and spacer fluid level control effect (1 MPa decrease followed by 1 MPa increase)
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Figure 16: Step response curves of control performance during continuous bottomhole pressure adjustments

The results show that when the target pressure increases stepwise, the fuzzy-PID control responds
rapidly with minor overshoot (<5%) at each target pressure point, all within controllable limits. The pressure
quickly converges to the target, stabilizing at 59.47 MPa within 232 s. Similarly, during stepwise pressure
reduction, the fuzzy-PID control ensures prompt stabilization at the set pressure.

As shown in Fig. 17, the response performance of the fuzzy-PID control system is compared directly with
that of a conventional PID controller under identical bottomhole pressure variation scenarios. The results
indicate that the fuzzy-PID control achieves more rapid convergence to the target pressure, with reduced
overshoot and minimal oscillation. Quantitatively, the fuzzy-PID system maintains overshoot below 5%
and steady-state error below 0.12%, whereas the conventional PID controller shows a slower response with
larger deviation from the setpoint. These results confirm that the fuzzy-PID algorithm enhances both control
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accuracy and anti-interference capability, making it more suitable for dynamic regulation in deepwater
dual-gradient drilling operations.

0 100 200 300 400 500 600
55. 0

55. 5

56. 0

56. 5

57. 0

57. 5

58. 0

B
ot

to
m

 h
ol

e 
pr

es
su

re
   

(M
Pa

)

time  (s)

 Set the bottom hole
     pressure

 PID control of bottom 
     hole pressure

 Fuzzy PID control 
     of bottom hole pressure

Figure 17: Quantitative comparison of bottomhole pressure responses under PID and fuzzy-PID control strategies

4 Conclusion
(1) Based on the unique flow channels of Dual-layer Pipe systems and the characteristics of downhole lift

pumps, a bottomhole pressure calculation model was established for deepwater Dual-layer Pipe dual-
gradient drilling. The study revealed the dynamic variation patterns of bottomhole pressure during this
process, providing theoretical foundation for optimizing backpressure regulation control methods.

(2) A backpressure regulation control system was designed based on the coupling relationship between
choke valve opening, surface backpressure, and bottomhole pressure. By incorporating fuzzy control
theory with PID controllers, it dynamically adjusts control parameters to precisely regulate choke valve
opening and generate backpressure, ensuring bottomhole pressure remains within the safe density
window. This system effectively addresses response lag and precision limitations of conventional
methods, demonstrating strong robustness and adaptability to complex drilling conditions.

(3) Multi-condition simulation analysis of the designed control system was conducted on the Simulink
platform. The results demonstrate that the fuzzy-PID control system rapidly responds to bottom-
hole pressure variations while maintaining pressure near setpoints, with overshoot below 5% and
steady-state error under 0.12%. The simulation results validate the effectiveness and stability of the
proposed method under complex drilling conditions, highlighting its practical potential for deepwater
drilling applications.

(4) It is worth noting that the proposed bottomhole pressure control system is currently at the prototype
testing stage and has not yet been deployed in field operations. Therefore, this study focuses primarily
on the theoretical framework, control methodology, and simulation-based validation of the system.
While practical deployment challenges—such as real-time sensor feedback, actuator response latency,
and integration with existing rig infrastructure—are acknowledged, a detailed economic analysis
is beyond the current scope. Future work will explore hardware-in-the-loop testing and practical
implementation feasibility once the system reaches a more mature stage.
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