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ABSTRACT

As oil and gas exploration expands into challenging terrains such as deep formations, ultra-deep waters, and
unconventional reservoirs, the complexity of drilling operations has surged. This expansion introduces
heightened risks, including surge pressures, well leaks, formation collapse, and stuck pipe incidents. To
address these challenges, there is an urgent need to advance managed pressure drilling (MPD) technology
and equipment with enhanced automation and intelligent control systems. Such advancements aim to
transition from semi-automated to fully automated and intelligent drilling processes, enabling precise
prediction and management of complex subsurface conditions. By doing so, drilling risks can be mitigated
more effectively and efficiently. This study explores the development of MPD technology and intelligent
equipment internationally. It focuses on key aspects such as intelligent control systems, real-time data
acquisition and processing, and advanced technologies like complex machine learning (ML) algorithms and
decision-making software. The research highlights how these innovations contribute to safer and more
efficient drilling operations. Preliminary field tests have demonstrated the technical feasibility and
advantages of intelligent MPD systems; however, further validation and optimization are required in practical
applications. Looking ahead, integrating MPD technology with cutting-edge intelligent systems is expected
to revolutionize pressure control in drilling operations. This integration will support the exploration and
development of complex oil and gas resources, ultimately fostering technological independence and self-
sufficiency in oil and gas engineering sector.
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1. Introduction

As oil and gas resources become increasingly challenging to access, exploration and production activities are
shifting toward deeper formations with complex pressure regimes [1]. These environments, while rich in
potential, pose significant risks during drilling operations, including influxes, losses, wellbore collapse, and
stuck pipe events [2]. Such complications often occur suddenly and unpredictably, with the potential to trigger
blowouts, resulting in severe economic losses and environmental hazards [3], [4]. These challenges now
represent the primary constraint on safe operations in deep and ultra-deep drilling. Managed Pressure Drilling
(MPD) has emerged as a transformative technology capable of mitigating these issues by enabling precise, real-
time control over the wellbore pressure profile. Through rapid and accurate adjustment of surface backpressure,
MPD ensures wellbore stability and enhances operational safety during drilling campaigns [5], [6], [7]. The
advancement of deep and ultra-deep drilling technologies has introduced new demands on both the hardware
and software components of MPD systems [6]. Concurrently, the rapid progress in artificial intelligence (Al)
presents an urgent opportunity to integrate Al technologies into MPD workflows. Such integration has the
potential to significantly enhance the capabilities, intelligence, and automation of MPD systems, further
safeguarding drilling operations [5], [6], [7], [8]. In recent years, the industry has responded to these evolving
challenges by pursuing innovative research into MPD technologies and equipment [9]. The integration of Al
has accelerated this progress. Leading international oilfield service companies—such as Halliburton [10],
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Weatherford [11], and Schlumberger [12]—have developed next-generation MPD equipment and software that
offer enhanced functionality, improved control, increased ease of use, and reduced cost. These systems have
been successfully deployed in numerous field applications, demonstrating substantial economic benefits [9]. In
parallel, a number of innovative technology firms have also made breakthroughs in MPD development, creating
novel systems and software platforms that incorporate intelligent features [13]. There has also been significant
progress in the ongoing refinement and iteration of MPD equipment, particularly with respect to system
intelligence and automation, leading to improved performance and operational outcomes [9], [14]. To support
the continued evolution of intelligent MPD technologies, this study presents several key novelties that advance
the current understanding and application of intelligent drilling technologies. First, it offers the first
comprehensive review that systematically integrates MPD with next-generation intelligent systems, explicitly
framing the transition from semi-automated to fully autonomous drilling operations, particularly critical for
deepwater, ultra-deep, and unconventional reservoirs where conventional methods face significant limitations.
Second, the work introduces a rigorously structured methodological framework for evaluating intelligent MPD
solutions, combining real-time data acquisition, adaptive control architectures, and advanced machine learning
algorithms into a unified analytical perspective that supports both research development and industrial
implementation. Finally, the study articulates a forward-looking vision in which the integration of MPD with
cutting-edge intelligent systems not only enhances operational safety and efficiency but also serves as a strategic
enabler of technological sovereignty in the oil and gas sector, thereby addressing both technical and national
priority challenges.

1.1. Methodology of article selection

A systematic approach was employed to ensure comprehensive coverage of relevant studies in the literature
review. Data were collected from multiple scientific databases, including Scopus, Web of Science,
ScienceDirect, OnePetro, Springer, Elsevier, and MDPI. The search focused on peer-reviewed journal articles
published between 2015 and 2025, with an emphasis on MPD applications. The initial search retrieved 142
records. After removing 21 duplicates, 121 unique documents were screened by title and abstract. Of these, 69
documents were excluded for the following reasons: (1) 8 were not in English, (2) 24 lacked empirical,
experimental, or modeling content directly tied to drilling operations, (3) 15 were editorials, conference abstracts
without full text, or non-peer-reviewed reports, (4) 22 did not involve AI/ML, hybrid models, or data-driven
empirical correlations for predicting drilling fluid behavior or hole cleaning performance. This left 52 peer-
reviewed studies that fully met the inclusion criteria and were included in the final analysis, exactly matching
the reference list of this manuscript. This set comprises 34 original research articles authored or co-authored by
the present team (published in Q1/Q2 journals and 18 key external studies providing essential methodological
or comparative context.

2. Overview of MPD technology

In recent decades, oil and gas well operations have encountered increasingly complex and demanding
challenges. Among these, managing blowouts stands out as one of the most serious risks involved in drilling
activities. Failing to identify early warning indicators of abnormal downhole conditions can result in disastrous
consequences, including uncontrolled releases of formation fluids. MPD has emerged as an advanced solution
designed to enhance safety and efficiency by offering precise, real-time control over wellbore pressures [4],
[15]. This method relies heavily on continuous monitoring and analysis of key drilling parameters to maintain
primary well control. At its core, MPD technology is built upon two fundamental capabilities: the dynamic
regulation of pressure within the wellbore and the prompt identification of unexpected gas influxes from the
formation—commonly referred to as gas kicks. These real-time insights allow operators to respond proactively,
minimizing risks and optimizing drilling performance [10], [15], [16]. A visual overview of the MPD system
configuration is provided in Figure 1. The Figure illustrates the core architecture of a MPD system, showing
how surface equipment—including choke manifolds, sensors, and control units—works in concert with
downhole components to dynamically manage wellbore pressure and detect gas kicks in real time. The
numbered components highlight key subsystems such as the rotating control device (1), automated choke (4),
data acquisition system (5), and separation unit (8), all integrated to enable proactive control and enhance
drilling safety under complex conditions.
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Flgure 1. A visual overview of the MPD system configuration

2.1. Challenges and Technical Issues in Managed Pressure Drilling (MPD)

As previously mentioned, MPD is an advanced drilling technique designed to precisely control the annular
pressure profile throughout the wellbore, especially in formations with narrow margins between pore pressure
and fracture pressure. While MPD significantly improves well control and enables access to otherwise
"undrillable™ zones, it introduces a range of technical, operational, and logistical challenges that must be
carefully managed. Figure 2 illustrates the summary of MPD challenges and mitigation requirement. The Figure
provides a structured overview of the key challenges that are encountered in MPD. It links each challenge, such
as narrow ECD windows or equipment limitations, to its underlying cause and the corresponding mitigation
strategy that is required. Through the use of this visual flow, operators are able to anticipate operational risks
and implement targeted solutions, such as real-time pressure control or advanced modeling, in order to maintain
safety and efficiency during complex drilling operations.

| Challenges | | Cause/impact | | Mitigation requirement |
~ 4

Pore & fracture pressure close;
small margin for error

Low pump rates — low annular
velocity — cuttings buildup

Buoyancy > string weight — loss
of control during stripping

Uncontrollable losses require
switching techniques

Summary of MPD challenges

RCD seal failure, choke wear,
pump constraints

High BHT alters mud density &
volume; false gain/loss signals

Figure 2. Summary of MPD challenges, causes, and mitigation requirement

One of the primary challenges is equivalent circulating density (ECD) management. In narrow pressure
windows—often as small as 0.1-0.3 ppg—the ECD must be dynamically controlled by adjusting surface back
pressure, mud weight, and pump rates [1]. Even minor fluctuations can lead to fluid losses or influxes. This
requires real-time downhole pressure monitoring using Measurement While Drilling (MWD) tools and accurate
hydraulic modeling, especially under high-temperature conditions that affect mud rheology and density. Hole
cleaning is another critical issue. In the GS01-M1 well, this window was as narrow as 0.1-0.3 ppg EMW
(equivalent mud weight), requiring dynamic adjustments of surface back pressure via the MPD choke, coupled
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with precise hydraulics modeling. The use of MWD tools enabled real-time pore pressure evaluation, allowing
instantaneous ECD adjustments to prevent losses or influxes [17]. MPD operations often operate at reduced
pump rates due to equipment limitations (e.g., MWD tool pressure drop, pump relief settings), resulting in
suboptimal annular velocities. This can lead to cuttings accumulation, which increases hydrostatic pressure and
inadvertently exceeds the fracture gradient, triggering losses [2], [18], [19], [20]. Pressurized tripping presents
mechanical and safety concerns. During connections or tripping under pressure, the risk of "pipe light"
conditions, where buoyancy exceeds drill string weight, can prevent effective stripping through the Rotating
Control Device (RCD). This necessitates careful weight and pressure analysis to maintain well control.
Transition between MPD modes, such as from Constant Bottom Hole Pressure (CBHP) to Pressurized Mud Cap
Drilling (PMCD), adds operational complexity. PMCD requires injecting sacrificial fluid down the drill string
while maintaining a high-viscosity mud cap in the annulus to suppress gas migration. This demands precise
volume management and real-time decision-making. Additionally, equipment reliability, especially the RCD
seal and choke manifold—is vital. Failures can compromise containment and force a shift to conventional well
control, increasing risk. Thermal expansion of synthetic-based muds under high downhole temperatures also
introduces compressibility effects, complicating volume and pressure interpretation during inflow tests [17].
Given these multifaceted challenges, the future of MPD lies in intelligent MPD systems, integrated solutions
combining real-time data analytics, automated choke control, predictive modeling, and machine learning. Such
systems can anticipate pressure variations, optimize ECD dynamically, and reduce human error, enhancing
safety and efficiency. Intelligent MPD not only improves decision-making but also enables autonomous
responses to downhole anomalies, marking the next evolution in precision drilling [9].

3. Intelligent pressure control drilling equipment research progress

After years of continuous research, the level of automation in pressure control technology for wellbores,
internationally, has become relatively high. Intelligent methods have been introduced in equipment control,
parameter optimization, pressure control, and remote operations, leading pressure control drilling equipment to
enter the intelligent phase. However, intelligent pressure control is still in the research and verification stage
and has not been widely applied yet. Fully intelligent pressure control has not been achieved, requiring further
breakthroughs to improve the intelligent level of pressure control drilling equipment [9], [13], [21]. This section
provides a summary of all intelligent pressure control drilling (MPD system).

3.1. Halliburton pressure control drilling equipment

Halliburton's DAPC precision pressure control drilling system prevents downhole blowouts effectively by
measuring the flow and pressure differences of the drilling fluid circulation system. This system uses Pressure
Management Device (PMD) to measure bottomhole pressure in real-time, applies bottomhole backpressure via
a backpressure pump and choke valve, and optimizes the drilling fluid density and related parameters for the
backpressure pump and choke valve using high-precision hydraulic simulation software. This system ensures
safe drilling in formations with narrow safety density windows [14], [22]. Launched in 2019, the Flex™ MPD
intelligent pressure control equipment is available in three versions: standard (Flex MPD), professional (Flex
Pro MPD), and full-function (Full MPD). These systems are designed for quick transportation and installation
with an onboard design. The standard version provides a rotary control head and choke manifold but lacks flow
monitoring equipment, relying on manual control of the backpressure by the driller [11]. Halliburton provides
remote technical support for this version. The professional version builds on the standard version by adding a
flow monitoring choke manifold, allowing integration with third-party data (such as logging data). It also
supports both automatic and manual backpressure control. The full-function version includes real-time
hydraulic calculation models and remote monitoring capabilities, with the GB Setpoint™ real-time hydraulic
simulator at its core. The full-function version also connects to iCem® services, offering automated cementing
and pressure control technology services. The equipment adapts to various operational demands, including
automated and manual control options for optimized drilling [14]. Halliburton's pressure control equipment can
monitor various parameters in real time during drilling, providing data analysis and decision support to optimize
operations and ensure safety. By automatically collecting significant amounts of bottomhole and surface data,
Halliburton has begun to establish integrated surface—downhole pressure control safety and control theories,
entering the primary stage of intelligent pressure control drilling with significant results [23].
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3.2. Weatherford pressure control drilling equipment

In 2019, Weatherford launched the Victus™ Intelligent MPD system, which features an electric choke valve
for faster pressure adjustments with a rated working pressure of 34.5 MPa [24]. This compact, quickly installable
equipment can be integrated into drilling rigs and utilizes a control software algorithm model trained on data
from over a thousand drilling operations worldwide. The system includes 1-4 channels for redundancy,
customizable to user requirements, typically with 3 choke channels and 1 direct current channel, each equipped
with a choke valve and mass flow meter for monitoring and controlling circulation overflow [24]. The Victus™
system includes fluid detection equipment that can monitor and analyze fluids in real-time, providing real-time
monitoring of pore pressure and formation pressure windows without the need to shut in the well. It also features
dynamic pressure prediction and verification, using PWD monitoring results to validate real-time bottomhole
pressure predictions during drilling operations [14], [22], [24].

3.3. Schlumberger pressure control drilling equipment

Schlumberger introduced the @balance control drilling system in 2016, which includes the i-balance automatic
working mode and e-balance semi-automatic mode. These modes can be switched as needed. The i-balance
mode provides real-time remote, automated pressure control, while the e-balance mode simplifies the
equipment, allowing hydraulic models to be corrected in real-time, with manual control of choke valve positions
and casing pressure through the HMI interface. During operations, the system uses VIRTUAL hydraulics
software and third-party data-driven real-time hydraulic models to continuously calculate bottomhole pressure.
Choke valves are adjusted to maintain the target pressure within a defined range. When multiple choke valves
are used, the system adjusts the active choke valve during operations to maintain the desired pressure. If the
active choke valve fails or is blocked, the system automatically switches to another valve and alerts the operator.
The system can manage 1-3 choke valves, ensuring precise control during drilling [12]. Schlumberger's pressure
control drilling systems integrate various high-end pressure control equipment, including flow meters, wellbore
monitoring, fluid separation, and gas-liquid separators. These systems can be controlled remotely or from an
onsite control panel. In the Bakken Basin, where conventional drilling methods often result in wellbore
instability, Schlumberger's pressure control equipment has been used to drill longer horizontal wells
successfully, shortening drilling cycles and increasing drilling efficiency [12], [25].

3.4. National oilwell pressure control drilling equipment

National Oilwell Varco’s MPowerD pressure control drilling system enables land rigs to maintain consistent
wellbore pressure, increasing wellbore stability and reducing the risks of wellbore collapse and differential
sticking. This system uses a choke manifold composed of pressure control valves, relief valves, and bypass
lines, and can be integrated with the rig’s circulation system. The system can be operated remotely via a panel
with a remote interface, supporting both water-based, oil-based, and synthetic-based drilling fluids. It offers
automatic or manual choke valve control, with the ability to switch between primary and secondary choke
control modes as needed. In Bulgaria, this system was used successfully to drill deeper than the originally
designed depth despite narrow safety density windows [26].

3.5. Sinopec pressure control drilling equipment

Sinopec Shengli Petroleum Engineering Co., Ltd.'s Drilling Engineering Institute has conducted continuous
R&D on pressure control drilling technologies for many years, developing Sinopec's first precision pressure
control drilling system. This system covers the entire drilling and completion process, including drilling, casing
running, circulation, tripping, casing running, and cementing, achieving a maximum pressure control of 9.3
MPa. The system meets the goal of "drillable, fast, cost-effective, efficient, and safe," accelerating the drilling
process and improving efficiency, providing higher technical support for safe and green oil and gas extraction
[27].

3.6. China petroleum units pressure control drilling equipment

Several China Petroleum drilling engineering companies have also conducted research and development on
pressure control drilling technologies and equipment, resulting in a series of pressure control drilling systems
represented by the CQ-MPD of Chuanging Drilling, XZ-MPD of Western Drilling, and BH-MPD of Bohai
Drilling. These companies have developed various specialty technologies to address the challenges of drilling
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and completion operations in different regions [28]. The application scope of wellbore pressure control
technology has expanded from drilling to logging, casing, and completion operations. The NP23-P2009 well
utilized this system for precision pressure control drilling. The actual measured safety density window for the
Ordovician potential mountain reservoir was 1.03-1.09 kg/L, with a drilling fluid density of 0.93 kg/L. The
pressure control drilling advanced 268 meters in the 5,184-5,452-meter horizontal section, with a pure drilling
time of 82.57 hours and an average mechanical drilling rate of 3.25 meters per hour, discovering 10 oil and gas
layers. This well achieved its drilling objectives, solving the problem of drilling to the designed depth in
formations prone to losses, significantly reducing drilling fluid loss compared to neighboring wells, saving on
fluid costs, and protecting the oil and gas layers from fluid contamination. The XZ-MPD pressure control
drilling system developed by Western Drilling consists of a drilling parameter monitoring system, control
system, surface automatic choke control, and backpressure compensation system, with a pressure control
accuracy of 0.35 MPa. It can achieve drilling, tripping, pressure control during tripping, dual-gradient drilling
fluid cap pressure control, and transition functions. The Bai 28 well in Xinjiang oilfield used this system for
pressure control drilling, reducing drilling fluid loss, minimizing downhole failures, improving the mechanical
drilling rate by 30%, and significantly reducing drilling costs [27], [28].

3.7. Other companies’ pressure control drilling equipment

The Canadian company Oplaenergy developed the MPDSmart™ intelligent pressure control drilling skid,
featuring 2 choke channels, 2 fully electric choke valves, and 1 mass flow meter. This system utilizes a
Programmable Logic Controller (PLC) control system for high-precision pressure control, designed to handle
drilling in formations with narrow safety density windows. The compact design of this skid allows easy
integration with rigs with minimal structural modifications. The automated pressure control capabilities enhance
efficiency, reduce non-productive time, and lower fluid costs by improving mechanical drilling speeds [13],
[29], [30].

4. Intelligent pressure control software research progress

As international efforts continue to enhance the intelligence of pressure control drilling equipment, significant
strides are being made in developing intelligent pressure control analysis software. By integrating intelligent
methods such as neural networks and least squares methods into data analysis, parameter optimization, and
intelligent control processes, the intelligent analysis capabilities of pressure control software have been
significantly improved. With the development of Al technologies, pressure control analysis software is expected
to transition from its current initialization stage to an advanced intelligent stage, and eventually to a fully
intelligent stage [4], [9]. This section provides a summary of all intelligent pressure control drilling software.

4.1. Halliburton pressure control drilling software

Halliburton's intelligent perception and monitoring devices can real-time sense and monitor various parameters
during the drilling process, providing corresponding data support and decision-making basis through data
analysis and decision support systems. The pressure control drilling software includes the following features:
during drilling and tripping pipe, the software can manually or automatically control backpressure at specific
points; control choke valve opening; automatically start/stop pumps when tripping pipe; and control redundant
devices, among other functions. The professional and full-function versions of the pressure control drilling
software support automatic control from the drilling rig, displaying parameter monitoring curves (including
flow monitoring curves, third-party real-time data curves, etc.), and considering suction/agitation pressure
control, providing functionality where wellbore pressure is the control target. To achieve more precise pressure
control, the full-function version of the software considers real-time transient models of various fluids,
particularly for operations like drilling fluid replacement and pressure-controlled cementing, and tracks
wellbore fluid in real-time with full-well ECD monitoring. In addition to the two monitoring methods of set-
point pressure and wellhead pressure, the software introduces fluid volume monitoring methods. The pressure
control drilling software reduces reliance on drilling fluid tank level monitoring by analyzing the cumulative
flow rate, overflow, and lost circulation of the drilling fluid [14], [22]. During pressure calculations and fluid
tracking, the software extensively uses various intelligent algorithms, including machine learning (ML), to
improve the accuracy and speed of computations. Before operations, the software provides basic pressure
control based on the drilling plan and model, allowing the user to input lookup tables. It then automatically
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interpolates pressure control values based on current well depth and displacement. By adding rig data and mass
flow meters, the software can monitor the inflow and outflow of drilling fluid. For example, in a high-pressure,
high-temperature well with a bottomhole temperature of 151°C and a bottomhole pressure exceeding 105 MPa,
where uncertain pore pressure, highly unstable formations, the potential for differential sticking, and high-
pressure/high-temperature challenges existed, conventional drilling technology was insufficient. As a result,
Halliburton's pressure control drilling equipment, along with its associated software, was used to perform
pressure control drilling. The drilling process automatically adjusted drilling fluid density and pressure control
values, managing gas and water influx, and successfully drilled to a depth of 4,840 meters, setting the deepest
drilling and cementing record in the area [14], [22], [31]. Petrolink, in collaboration with Halliburton, launched
HalVue™ to build an industry-leading data visualization system. Hal\VVue™ is supported by Petrolink's universal
visualization platform and can visualize a wide range of data types. HalVue™ is tightly integrated with the
computing and intelligent alarm modules in the broader HalVVue framework, optimizing drilling operations and
reducing risks. The Hal\VVue™ real-time viewer is intuitive and user-driven, providing an efficient real-time data
monitoring application that offers a consistent view of drilling and underground data in real-time [31].

4.2. Weatherford pressure control drilling software

The Weatherford intelligent pressure control system's automatic control components include a rotary control
head, annular isolation device, buffer manifold, choke valve, and pressure relief valve, among others. The
system not only communicates and controls these components but also integrates with the rig control system.
The system has the capability of centralized programmable automation controllers with integrated human-
machine interface screens. The intelligent pressure control system integrates sensor technology and data analysis
algorithms, allowing real-time monitoring and analysis of complex operational parameters during drilling. The
system achieves advanced data analysis and hydraulic modeling through a programmable automation controller,
including data acquisition, signal conditioning, wellbore modeling, data analysis and visualization, and control
of parameters such as pressure. As the core of the pressure control drilling system, the intelligent control system
can rapidly and accurately control pressure under dynamic well conditions. The system uses advanced hydraulic
models that account for the effects of fluid and formation temperature, fluid compressibility, and wellbore
cuttings, enabling precise determination of real-time bottomhole pressure and backpressure applied from the
surface within seconds. The system utilizes a long-validated algorithm model, calibrated with drilling data from
thousands of wells worldwide [24]. The system uses real-time calculation models for hydraulic parameters, pore
pressure, fracture pressure, agitation pressure, and suction pressure, among others, to quantify boundaries and
help understand the operational limitations [32]. The system integrates intelligent control logic and engineering
modules, enabling accurate control of downhole pressure. The system includes modules such as user interfaces,
integrated models, control algorithms, connection optimization, and detection, which allow for more effective
decision-making, supporting pre-operation design, post-operation analysis, real-time and pressure-sensitive task
automation, and evaluation of operational limits. The system has been successfully applied in several land-based
high-temperature high-pressure wells, deepwater offshore wells (natural fracture formations), and North Sea
narrow safety density window wells, achieving good results in the automatic and precise management of
wellbore pressure [33].

4.3. eDrilling (Norway)

eDrilling's drilling lifecycle simulation concept combines advanced dynamic drilling models and diagnostic
technologies with 3D visualization, forming the "virtual wellbore.” This includes well planning and design
(WellPlanner), training and program development (WellSim), real-time monitoring/operation (WellAhead),
parameter optimization (WellGuide), and improved MPD control systems (WellBalance) [34], [35]. The
software integrates several modules, including hydraulics, pipe mechanics, mechanical drilling rate, and pore
pressure, to realize the diagnostic prediction of operational conditions throughout the entire drilling lifecycle
and optimize drilling parameters. By acquiring real-time surface and downhole drilling data and wellbore
structure data, it enables real-time visualization of the wellbore and drilling process. eDrilling's solution,
representing drilling digital twin technology, has gradually expanded throughout the entire drilling lifecycle. Its
basic architecture can be summarized as follows: by detecting or real-time monitoring surface and downhole
information and data, combined with various engineering simulation technologies, the system optimizes the
best drilling design and construction plans, performs fault diagnosis, handles abnormal situations, and provides
decision analysis. An exploration well in the North Sea used eDrilling's automatic monitoring software,
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WellAhead, for real-time diagnostic support. When drilling through a $215.9 mm open-hole section, Well Ahead
showed that the real-time measured wellhead pressure was higher and fluctuated within a range of 0.5 to 1.8
MPa compared to the model-predicted wellhead pressure, diagnosing that the ECD was below the collapse
pressure equivalent density, presenting a collapse risk. The system recommended increasing displacement to
keep ECD above the collapse pressure equivalent density. During tripping, with no circulation, the system
diagnosed that ECD was below the collapse pressure equivalent density, presenting a wellbore collapse risk.
Using digital twin technology, early risk monitoring and predictive analysis can reduce drilling costs, allowing
drilling teams to respond quickly and make effective decisions. The digital twin model continuously updates
based on real-time rig data. The principle is that when abnormal activities are detected through Al and ML,
diagnostic messages are provided for continuous optimization. The main objective of analysis and prediction is
to alert teams about impending risks and conduct hypothesis analysis to optimize operations. Al and predictive
analytics provide drilling teams with decision-making tools during planning and drilling operations [34], [35],
[36].

5. Machine learning application in MPD

The concept of Al was first conceived in 1956 [37], when McCarthy identified the potential use of machines
to simulate human cognitive abilities. Al has been used in drilling for decades, with early applications mentioned
in SPE 1962/63 forums [38]. Figure 3 shows the number of SPE articles on artificial intelligence since 1962. In
2009, SPE's Digital Energy Science and Technology Division established an "Al and Predictive Analytics"
subcommittee to promote Al in oil and gas. OnePetro (SPE) literature shows high enthusiasm for Al in
petroleum engineering since 2000, with research rising considerably since 2010. Common Al techniques in PE
include artificial neural networks (ANNSs), genetic algorithms (GA), fuzzy logic (FL), support vector machines
(SVM), functional networks (FNs), and case-based reasoning (CBR) also applied [39]. In response to falling oil
prices in 2014, drilling focused more closely on Al applications for analyzing data, real-time monitoring, and
managing risk in attempts to lower drilling costs and reduce risk. PE participants have increasingly pursued
sustainable development through data analysis, monitoring, and automation [40]. Al has been widely applied
across drilling processes through automation and intellectualization [9], [41].
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Figure 3. Number of SPE published articles on Al related to petroleum engineering from 1962 to 2024.
Dataset was collected from [42]

The integration of ML and Al in MPD has significantly advanced risk assessment, operational reliability, and
real-time decision support. Grayson introduced fault tree analysis within closed-loop circulation systems, paving
the way for more sophisticated probabilistic modeling [43]. Later, Khakzad et al. employed Bayesian Networks
(BNss) to evaluate offshore blowout risks, establishing BNs as a dominant methodology in safety-critical drilling
risk analysis [44]. Subsequent studies have consistently adopted Bayesian Network approaches to assess and
enhance the reliability of key MPD components such as RCDs, pumps, control systems, sensors, and critical
valves—including pressure relief valves (PRVs) and non-return valves (NRVs). Abimbola et al. applied BNs to
evaluate safety-critical elements in Surface Back Pressure (SBP)-MPD systems, focusing on RCD integrity,
pump reliability, and control system performance [45]. Bhandari et al. extended this approach to dynamic safety
analysis in deepwater MPD, particularly examining blowout risk factors [46]. Pui et al. developed dynamic risk-
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based maintenance (RBM) models that update risk profiles using accident precursor data, enhancing proactive
maintenance for RCDs and Blowout Preventers (BOPs) [23]. He et al. employed dynamic bayesian networks
(DBNs) to characterize epistemic uncertainty in offshore kick scenarios, improving the robustness of risk
guantification [47]. Further advancements include Sule et al., who combined fault trees with BN and DBN
models to analyze SBP-MPD failures and proposed enhancements to control system robustness [48], [49].
Beyond risk assessment, Al has been advanced into real-time operational advisory systems. Notably, researchers
from Apache and Intellicess developed a Bayesian Al-based Rigsite Drilling Advisory System (RDAS) [50].
This system employs a probabilistic BN to model the entire drilling operation, effectively handling uncertainty
and missing or low-quality sensor data. By fusing diverse data streams—including torque, hookload, weight on
bit (WOB), and derived metrics such as Mechanical Specific Energy (MSE) and bit aggressiveness—the system
performs holistic state assessment. It evaluates operational efficiency, detects dysfunctions, identifies fluid gains
or losses, assesses hole cleaning performance, and predicts equipment failures such as mud motor breakdowns.
Overall, Al and ML are transforming MPD by enabling more accurate, dynamic, and reliable risk assessments
and real-time operational decision-making. Future work should focus on adapting these Bayesian-based
advisory systems specifically for MPD operations, integrating more advanced ML algorithms for faster
inference, and validating these systems in a broader range of drilling environments to enhance generalizability
and operational trust.

3. Future outlook for intelligent MPD technology

The evolution of MPD equipment from automated to intelligent control necessitates several strategic
advancements. Table 1 shows the strategic directions for the development of intelligent MPD. First, it is
essential to enhance the integration and analysis of downhole data with surface operational data. Second, the
development of intelligent wellbore safety control and decision support systems must be prioritized. This
involves not only constructing autonomous control systems for MPD equipment but also building real-time
multi-well operational support and decision-making platforms. Such systems should enable the parallel
advancement of closed-loop control for individual wells and coordinated optimization across multiple wells. To
address key technical challenges—such as multi-source geological and engineering data fusion for event
prediction, surface—subsurface closed-loop intelligent control, and ultra-high-pressure circulation choke
systems—research and development efforts must focus on intelligent precision choke control devices, integrated
downhole-surface monitoring systems, and smart MPD control platforms. The goal is to establish a complete
intelligent MPD system capable of operating at pressures up to 70 MPa. This advancement will significantly
improve wellbore pressure regulation and automation, providing robust technical support for the accurate
prediction and intelligent control of drilling risks in complex, ultra-deep formations.

Table 1. Strategic directions for the development of intelligent managed pressure drilling (MPD)
Focus Area Summary of Key Developments and Future Directions

MPD systems are evolving from PID-based automation to
Intelligent Al-driven control, enhancing response time and precision.
Control Al also supports health diagnostics (e.g., valve faults, motor
issues), ensuring system reliability.

Al enables more accurate and earlier risk prediction using
Risk Detection multi-source data, overcoming limitations of rule-based
& Visualization methods. Integration with downhole sensing and

visualization improves diagnostics and decision-making.

Future systems will embed MPD into rigs and use remote
Simulation & platforms for real-time monitoring, simulation, and
Remote Support support—reducing cost and reliance on on-site experts while
maintaining control quality.

The next-generation MPD targets include smart choke
Intelligent MPD systems (>70 MPa), surface—subsurface closed-loop control,
Roadmap and multi-well coordination—advancing predictive accuracy
and intelligent risk control in deep drilling.
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4. Recommendations and research limitations

Despite significant progress in MPD technology, its transition toward fully intelligent, autonomous systems
remains incomplete. To provide strategic clarity, future efforts should be organized along two complementary
axes:

(a) short-term engineering challenges, focused on near-term deployment, operational reliability, and
system integration, and

(b) long-term fundamental scientific issues, essential for ensuring safe, scalable, and adaptive MPD in
ultra-deep and complex geological environments.

Particularly, notable forthcoming initiatives to address include:
a) Short-Term Engineering Challenges:

* While MPD systems from Halliburton, Weatherford, Schlumberger, and others offer varying degrees
of automation, most still rely on manual overrides or semi-autonomous control. Future development should
prioritize standardized, interoperable intelligent control platforms that integrate real-time hydraulic models, Al-
driven advisory systems (e.g., Bayesian RDAS), and automated choke response to minimize human error and
non-productive time [9, 14, 24, 50].

* Hole cleaning inefficiencies under reduced pump rates—common in MPD due to MWD pressure drop
constraints—Iead to cuttings accumulation and inadvertent fracture gradient exceedance. Optimized hydraulics
modeling coupled with real-time annular velocity control is needed to maintain effective solids transport while
preserving narrow pressure windows [51], [52].

*» Equipment reliability—particularly of RCD seals, electric choke valves, and backpressure pumps—
remains a critical vulnerability. Predictive maintenance frameworks using ML-based health diagnostics should
be embedded into MPD control software to anticipate failures and enable proactive interventions [23, 48].

» Thermal expansion and compressibility of synthetic-based muds at high temperatures introduce
uncertainty in volume-pressure interpretation during inflow tests. Advanced transient fluid models that account
for temperature-dependent rheology must be integrated into surface—downhole monitoring systems to improve
kick/loss detection accuracy [17].

» Field validation of intelligent MPD systems is still limited. Pilot deployments in high-risk zones (e.g.,
deepwater, HPHT, or narrow-margin onshore wells) are essential to demonstrate system robustness, refine
control algorithms, and build operator trust in autonomous responses [12, 26, 33].

b) Long-Term Fundamental Scientific Issues:
These foundational challenges determine the scalability, safety, and adaptability of next-generation MPD in the
context of digital drilling and energy transition:

* The core limitation of current MPD lies in its reactive rather than predictive nature. True intelligence
requires moving beyond PID-based control to physics-informed machine learning models that fuse multi-source
data (MWD, PWD, surface sensors) to forecast pressure anomalies before they occur, enabling preemptive
wellbore stabilization [9, 34, 47].

* As drilling targets shift toward ultra-deep (>7,000 m) and geothermally active formations, new
understanding of coupled thermo-hydro-mechanical-chemical (THMC) processes under dynamic MPD
conditions is needed. This includes how cyclic pressure loading affects caprock integrity, fault reactivation, and
long-term wellbore stability [17, 36].

* The future of MPD extends beyond single-well control. Multi-well coordination and digital twin
ecosystems, where real-time data from multiple rigs feed centralized decision platforms, will be essential for
optimizing field-wide pressure management, especially in pad drilling or CCS-integrated operations [34, 35].

* Finally, the successful adoption of intelligent MPD hinges not only on technical innovation but also on
harmonized standards, regulatory acceptance, and workforce upskilling. Without these, even the most advanced
systems risk remaining confined to niche applications rather than becoming industry norms.

5. Conclusion

International oilfield service companies have developed intelligent managed pressure drilling (MPD) equipment
by integrating advanced algorithms—such as neural networks and least squares methods—into their MPD
software platforms. These systems offer real-time monitoring, hydraulic parameter computation, data analysis,
and automated control capabilities. As a result, they enable automated MPD analysis, decision-making, and
control, marking the initial stage of intelligent MPD implementation. Parallel efforts have led to the
development of MPD equipment and associated software with increasing levels of automation. Research is
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actively advancing toward intelligent functionality, including the integration of Al algorithms into MPD
analysis and control systems. These initiatives aim to enhance the analytical and decision-making capabilities
of MPD software. Having entered an early phase of intelligent development, MPD technology must now
leverage multi-source data from drilling operations, along with integrated surface—subsurface closed-loop
control strategies. Future advancements should focus on strengthening intelligent modules for equipment
control, risk identification, visualization and diagnostics, simulation, and remote support. By deepening the
level of intelligent integration, the goal of fully realizing intelligent MPD can be accelerated—thereby ensuring
safer, more efficient drilling operations. Moreover, future research should expand the application of AI/ML
beyond isolated risk and advisory modules toward fully automated MPD control systems. Integration with high-
frequency sensor data, hybrid modeling that combines physics-based and data-driven approaches, and adaptive
learning systems that evolve with operational experience are recommended. Such advancements would further
enhance drilling safety, efficiency, and reliability while paving the way for autonomous MPD operations.
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Notation list
Abbreviations Meaning

Al Acrtificial Intelligence
ANNSs Artificial Neural Networks
BNs Bayesian Networks
CBHP Constant Bottom Hole Pressure
CBR Case-Based Reasoning
DBNs Dynamic Bayesian Networks
ECD Equivalent Circulating Density
EMW Equivalent Mud Weight

FL Fuzzy Logic

FNs Functional Networks

GA Genetic Algorithms

ML Machine Learning

MPD Managed Pressure Drilling
MSE Mechanical Specific Energy
MWD Measurement While Drilling
NRVs Non-Return Valves
PMCD Pressurized Mud Cap Drilling
PMD Pressure Management Device
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PRVs Pressure Relief Valves
RBM Risk-Based Maintenance
RCDs Rotating Control Devices
RDAS Rigsite Drilling Advisory System
SBP Surface Back Pressure
SVM Support Vector Machines
wOoB Weight On Bit
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