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Abstract

Deepwater and extended-reach drilling increasingly relies on managed pressure drilling to maintain bottomhole pressure within
narrow operational windows while accommodating uncertain formation responses and complex annular hydraulics. Gas influx
events remain difficult to handle because the observable surface signatures can be delayed or distorted by compressibility, slip,
thermal gradients, and dissolution into non-aqueous drilling fluids. This paper develops a control-centric framework for gas-kick
mitigation that treats the wellbore-riser system as a constrained dynamical plant and synthesizes a safety-certified robust model
predictive controller for real-time choke and pump management. The core technical contribution is a compact, control-oriented
thermo-solutal drift-flux model whose parameters are structured to support uncertainty sets and whose state representation explicitly
tracks both free and dissolved gas inventories. The controller minimizes deviation from a pressure trajectory consistent with pore
and fracture bounds while enforcing state and input constraints on wellhead pressure, choke actuation rate, circulating flow, and
pit-volume growth. Robustness is addressed via tube-based tightening and stochastic disturbance models that capture sensor error,
unmodeled friction, and uncertain mass transfer. Safety certification is provided by embedding control barrier constraints that
guarantee forward invariance of a conservative safe set even when the predictive model is imperfect. Numerical studies across
circulation regimes show that the proposed design can reduce peak pressure excursions and mitigate rapid riser unloading tendencies
under plausible uncertainty magnitudes, while maintaining feasible control actions compatible with typical surface equipment limits.
The framework is intended to unify mechanistic kick physics with modern constrained control in a manner suitable for automation
and supervisory decision support.

1. Introduction erates, and potentially unloads the riser. The presence of
synthetic- or oil-based drilling fluids adds an additional
Managed pressure drilling (MPD) is increasingly deployed  Jayer of complexity because methane or other hydrocar-
in environments where the allowable margin between pore  pop gases can dissolve into the liquid phase, altering the
pressure and fracture pressure is small, where operational  affective compressibility and delaying the appearance of
transients are frequent, and where downhole conditions fpee gas at the surface.
evolve rapidly with depth and temperature [1]. The MPD A significant technical challenge is that conventional
objective is often described as maintaining bottomhole ]l control procedures and many automation proposals
pressure (BHP) inside a window, but in practice it is implicitly assume that influx dynamics are adequately rep-
a multi-objective problem with coupled hydraulic, me-  regented by free-gas models with simple slip closures and
chanical, and operational constraints. Circulation changes quasi-steady friction [2]. These assumptions may be ad-
impose frictional transients that can threaten fracture in- equate for certain water-based systems or for late-stage
tegrity; choke adjustments can induce large surface pres- large kicks, but they can be misleading during early or
sure changes and propagate downhole with delays; and  poderate influx conditions where solubility and thermal

gas influx can grow from an initially subtle perturbation  effects alter the timing and shape of observables such as
into a high-consequence event as the gas expands, accel-
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Figure 1: Closed-loop architecture for managed pressure drilling under soluble gas-kick transients. Surface measurements feed a
state estimator that tracks pressure, thermal state, and both free and dissolved gas inventories. A robust MPC computes choke and
pump actions under operational constraints, while a barrier-based safety layer enforces forward invariance of a conservative safe set
and provides a certified fallback when tracking objectives conflict with safety.
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Figure 2: Control-oriented thermo-solutal drift-flux model decomposition. The dynamics combine mixture mass and momentum with
a compact drift-flux slip closure, an energy balance for temperature-dependent density/solubility effects, and an explicit free/dissolved
inventory exchange term. Key physical parameters and the influx disturbance are organized into structured sets to support robust

prediction and constraint-aware control.

wellhead pressure and pit gain. A broad review of early
gas-kick detection models emphasizes that the prevailing
transient two-phase formulations are predominantly one-
dimensional and often incorporate only limited heat trans-
fer and solubility, while also noting that more sophisti-
cated multiphase descriptions can improve the fidelity of
phase velocity, temperature, and pressure fields relevant to
operational response [3]. From a control standpoint, this
observation motivates models that are richer than static
correlations but still structured for real-time optimization
and stability analysis, since MPD control must act contin-
uously rather than merely diagnose.

This paper approaches kick mitigation as a con-
strained feedback control problem rather than as a pure
simulation or detection problem. The central question is
how to select surface actions, primarily choke pressure and
pump rate, to keep the system within a safe operational en-
velope while the multiphase state evolves under uncertain
influx and uncertain physical parameters. The proposed

framework uses model predictive control (MPC) because
MPC naturally handles multivariable dynamics, hard con-
straints, and objectives that trade off pressure regulation
with actuator smoothness [4]. However, standard MPC
can fail in safety-critical regimes if feasibility is lost or if
model mismatch is large. The framework therefore cou-
ples robust MPC with explicit safety certification through
control barrier constraints, providing a systematic method
to maintain invariance of conservative safe sets even under
uncertainty and transient multiphase behavior.

The technical contribution is organized around three
requirements that are frequently in tension in MPD au-
tomation. The model must represent the essential physical
mechanisms that shape pressure and gas migration, includ-
ing solubility and thermal coupling, yet it must be com-
pact enough for online optimization. The controller must
enforce multiple operational constraints, including those
that are naturally stated as inequalities on BHP, wellhead
pressure, pit gain, and actuator limits, while also being
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Figure 3: Prediction-model preparation pipeline for real-time control. The thermo-solutal PDE plant is discretized in conservative
finite-volume form, linearized along an operating trajectory, and reduced to a compact state representation that preserves pressure
and pit-gain dynamics. The reduced model is then discretized in time to provide a tractable predictive model for sequential quadratic

optimization in robust MPC.
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Figure 4: Tube-based robust MPC structure for kick mitigation. A nominal trajectory is optimized under tightened constraints
that account for bounded disturbances and parameter uncertainty. A local ancillary feedback law confines the true trajectory to a
bounded tube around the nominal prediction, enabling conservative satisfaction of bottomhole and wellhead pressure limits while

keeping actuation changes feasible for surface equipment.

robust to uncertain friction, uncertain slip, and uncertain
mass transfer [5]. Finally, the closed-loop behavior must
be certifiable in the sense that the system remains within
a defined safe region for all disturbances in an admissible
set, not merely on average or in nominal scenarios.

The remainder of the paper develops these elements
in a unified manner. A control-oriented thermo-solutal
drift-flux model is introduced and discretized into a form
suitable for MPC, with an uncertainty structure aligned
with available engineering bounds. A robust MPC for-
mulation is then derived, including constraint tightening
that accounts for bounded disturbances and chance con-
straints that handle stochastic measurement and model-
ing errors. Safety certification is achieved by embedding
barrier-based invariance conditions directly into the pre-
dictive optimization, yielding a controller that preserves
feasibility and safety margins under conservative assump-
tions [6]. Numerical studies illustrate the interaction be-
tween dissolution, circulation, and choke actions, high-
lighting regimes where solubility can shift the optimal re-
sponse and where safety certification prevents aggressive
but risky actions.

2. Control-Oriented Thermo-Solutal
Drift-Flux Model

The plant considered is a coupled wellbore—riser annu-
lus in which a drilling fluid circulates and where a gas
influx may occur at a downhole location. The model-
ing goal is not to reproduce all multiphase flow regimes
with maximal fidelity, but to capture the mechanisms
that drive constraint-relevant variables in MPD control,
particularly BHP, wellhead pressure, surface return flow,
and pit-volume evolution. The model is therefore one-
dimensional in measured depth, includes compressibility,
slip, and heat transfer in a simplified form, and represents
gas dissolution and exsolution through a thermodynami-
cally constrained inventory model [7]. This choice sup-
ports online optimization while preserving the dominant
nonlinearities that shape the response to choke and pump
actions.

Let z € [0, L] denote the axial coordinate with z =
0 at the wellhead and z = L at the bottom boundary of
the modeled domain. The annular cross-sectional area is
A(z), the hydraulic diameter is D}, (z), and the inclination

Scientific Journals



Hanlin
Letters

Kx

@ Operational inequalities

© Barrier condition

Pmin < Pb < Pmax
WHP, pit, actuator limits

© Inner safe set

Y

gj (Trt1) = (1 — vAt)g;(zk)
forward invariance
- A

Y
@ Safety filter / fallback

viable under saturation
conservative controllability

Figure 5: Safety certification embedded in predictive control via barrier constraints.

\

overrides risky MPC
maintains invariance

Operational limits define a safe set, while

discrete-time barrier inequalities constrain control actions so safety margins cannot collapse too rapidly between sampling instants.
Robustification accounts for admissible disturbances and parameter uncertainty, and an inner viable set plus safety filter provides a

certified fallback when tracking objectives threaten invariance.

Evaluation metrics

peak BHP/WHP excursions
pit growth + actuator smooth-
ness

s Deepwater MPD case
long riser + annulus
thermal gradient included

Y
& Kick transient

A =

2" Controller variants
nominal MPC vs robust + bar-
rier

with uncertainty bounds

A

& Solubility regimes
weak-solubility vs high-

bounded influx profile
unknown onset + rate

solubility
delayed surface signatures

Figure 6: Numerical study blueprint used to stress the controller under soluble gas-kick transients. A representative deepwater MPD
configuration is excited by a bounded influx disturbance and evaluated across weak- and high-solubility assumptions to expose delayed
observables and near-surface release tendencies. Performance is assessed through pressure constraint adherence, pit-volume behavior,
and actuator feasibility under uncertainty-aware predictive control and barrier certification.

is 6(z). The mixture consists of a liquid drilling fluid and
a gas phase that may be present as free gas with volume
fraction «(z,t) and as dissolved gas with concentration
¢(z,t) defined per unit mass of liquid. The primary field
variables are pressure p(z, t), mixture superficial velocity
vm (2, t), temperature T'(z, t), free-gas holdup a(z, t), and
dissolved concentration ¢(z, t) [8].
A conservative finite-volume formulation begins with

mixture mass conservation,

D Apm) +

0
8t 7(Apmfum) - 07

0z M

where p,, = apy + (1 — «)p; is the mixture density,
pg = pg(p,T) is gas density, and p; = p;(p, T, c) is lig-
uid density allowing weak dependence on dissolved gas
through swelling. Gas mass is partitioned into free and
dissolved inventories. The free-gas mass balance is

2(zﬁloz,ogvg) = —Al' + As,,

0

ot @

and the dissolved-gas balance is [9]

0

0
e (A(1 — a)picv;) = AT,

(A = a)pic) + -

3)
where I'(z, t) is the interphase mass-transfer rate (positive
for dissolution, negative for exsolution) and s, is a dis-
tributed source term that is typically zero except at an in-
flux boundary. Phase velocities are linked to mixture ve-
locity through a drift-flux closure,

(6]
Ug = Um + Vd(Oé,p,T; 7])3 UV = Um — 7‘/(1(04,]7, T7 77)7

l—«

“

with V; a drift velocity parameterized by a small set n
that captures buoyancy and annular geometry effects in
a differentiable manner. The closure must be flexible
enough to represent changes between circulating and non-
circulating conditions because circulation alters slip by
modifying turbulence and by advecting bubbles.

Scientific Journals



Hanlin
Letters

na

Symbol Description Dependence
p(z,t) Pressure z,t
T(z,1) Temperature z,t
vm(2,t) Mixture superficial velocity z,t
a(z,t) Free-gas volume fraction z,t
c(z,t) Dissolved-gas concentration (per unit liquid mass) z,t
pm (2, 1) Mixture density z,t

Table 1: Distributed state variables used in the control-oriented thermo-solutal drift-flux model.

Symbol Description Appears in

apg Free-gas mass per unit mixture volume Free-gas mass balance

(1 —a)pc  Dissolved-gas mass per unit mixture volume Dissolved-gas balance
c¢*(p,T;x)  Equilibrium dissolved-gas concentration Solubility relation in T’
I'(z,t) Interphase mass-transfer rate (dissolution/exsolution) Gas inventory coupling
Min(t) Gas influx mass-flow disturbance at depth Bottom boundary condition

Table 2: Gas inventories and mass-transfer quantities linking free and dissolved phases.

Momentum is represented at the mixture level with
friction and gravity, [10]

9 (Ape) + A2

— A
92 2 pmg €080

- AAw- (5)

0
a(APmUm) +

where A, is the wall shear contribution expressed per unit
volume. For control purposes, A,, is modeled with an ef-

fective friction factor ferr and mixture viscosity fegr,
A — Zfeff(Remaa;g)pmvmwm‘ pm|vm|Dh

w ) Re,, =
D ©

(6)

where £ collects uncertain friction and rheology parame-
ters. In practice, drilling fluids are often non-Newtonian
and can be modeled by Herschel-Bulkley or similar laws,
but for MPC it is often sufficient to use a smooth surrogate
whose parameters can be bounded and updated offline.
The crucial requirement is that friction uncertainty be rep-
resented explicitly because it directly affects the mapping
from surface actions to BHP and thus affects constraint
satisfaction [11].

Thermal coupling is included through a simplified
energy equation in mixture form,

d d ap
+ AQWall(Ta Tf; ’i)~
(N

where h,,, is mixture specific enthalpy, T(z) is an am-
bient formation or seawater temperature profile, and gyan
models heat exchange with coefficient x. The energy equa-
tion influences solubility and compressibility through the
dependence of p, and equilibrium dissolution on temper-
ature. From a control perspective, including 7" helps pre-
vent the controller from attributing temperature-driven
density changes to influx, which could otherwise cause
inappropriate choke actions.

Solubility is represented through a constrained equi-
librium concentration ¢*(p, T’; x) and a finite-rate mass-

B m stransfer law,

6

I'= kmai(C*(p7 T;x) —c), m7

a; =
®)

where k,,, is a mass-transfer coeflicient, a; is interfacial
area density, and dy, is an effective bubble diameter param-
eterized by v [12]. The equilibrium map c* encapsulates
the pressure- and temperature-dependent solubility capac-
ity of the drilling fluid, which can be substantially larger
in synthetic- or oil-based systems than in water-based sys-
tems. The parameters x represent effective solubility be-
havior and are treated as uncertain within bounds derived
from laboratory PVT measurements or conservative engi-
neering estimates. This modeling choice is aligned with
practical control needs because it allows the controller to
anticipate that a portion of influx mass can remain dis-
solved at depth and later exsolve as pressure decreases,
producing delayed free gas and potentially rapid unload-
ing near the surface.
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Quantity Symbol Role Uncertainty

Drift velocity Va(a,p,T;n)  Slip between phases Parameters 7

Hydraulic diameter Dy(z) Geometric scale for friction ~ Known well/riser profile
Effective friction factor fett(Rem, a;€)  Wall shear closure Parameters &

Mixture viscosity teti(ct, T &) Defines Re,, Rheology surrogate
Mixture Reynolds number  Rep, Flow-regime indicator Derived from vy, , pm
Wall shear term Aw Momentum sink in annulus  Built from fes

Table 3: Hydraulic and drift-flux quantities governing slip and frictional pressure losses.

Symbol Description Affects Calibration source

hm Mixture specific enthalpy Energy storage and transport  Fluid thermodynamics

qwa (T, Ty; k)  Heat flux with formation/seawater Temperature profile Thermal characterisation

Ty (z) Ambient formation or seawater temperature  Solubility and density Geothermal / riser profile

km Mass-transfer coefficient Rate of I Lab PVT / mass-transfer data
a; Interfacial area density Magnitude of " Bubble size correlations
dp(a,p,T;v)  Effective bubble diameter a; and slip behavior Tuning parameter v

c*(p, T5x) Equilibrium solubility map Dissolved inventory Solubility measurements

Table 4: Thermal and solubility-related quantities in the thermo-solutal model.

The literature contains semi-analytical and mecha-
nistic kick models that explicitly account for these sol-
ubility effects and for the distinct behavior of annular
flow compared with pipe correlations, and such works
have been presented as state-of-the-art treatments of gas
kick modeling and methane dissolution in synthetic or oil-
based drilling fluids [13]. Complementary mechanistic
modeling focused on riser dynamics and analytic solubil-
ity prediction for methane in synthetic-based mud has also
been presented, including comparisons against process
simulation and experimental observations, which further
shows the operational relevance of dissolution in deepwa-
ter kick scenarios [14]. The present work uses these obser-
vations as motivation to include dissolution explicitly in
a control-oriented state representation, without centering
the control design around any particular prior simulator.

Boundary conditions connect the distributed plant
to surface actuators [15]. The primary control inputs are
choke backpressure at the wellhead and pump flow rate,
denoted u(t) = [p.(t), Q,(t)]T, where p,. is the pressure
imposed by the choke manifold and @, is circulation flow
rate. The surface pressure boundary can be written as

p(07 t) = pc(t) + psep(t)a &)

where pqp is separator or downstream pressure treated as
measured or slowly varying. The pump sets an inflow
boundary for mixture mass flux, with the mapping from
@, to downhole v,,, depending on fluid density and geom-
etry. The influx is treated as a disturbance or an uncer-

tain input at the bottom boundary, entering as a gas mass
flux 77,(t) and possibly a liquid flux if formation fluids
other than gas are considered. For the purpose of kick mit-
igation, the primary uncertainty is the gas influx rate and
its time variation; this disturbance drives constraint viola-
tions if uncontrolled.

For MPC, the PDE model is discretized into a finite-
dimensional state-space system. Let z(t) € R™ collect
cell-averaged values of p, T', v,,,, «, c across the mesh. The
semi-discrete dynamics can be written as [16]

(10)

where d(t) is the disturbance vector including influx and
unmodeled transients, 6 collects uncertain physical param-
eters, y(t) are measured outputs including wellhead pres-
sure, standpipe pressure, and pit volume, and w(t) is mea-
surement noise. Because n can be large, a reduced-order
representation is often desirable. For control, a projection-
based reduction can be formed by linearizing about an
operating trajectory and applying balanced truncation or
energy-weighted proper orthogonal decomposition, yield-
ing

w(t) = ao(t) + Voz(t),  2(t) = fr(2(1), u(t), d(t),0),

Y

where z(t) € R” with r < n and V; is a basis that
preserves the dominant input—output dynamics relevant to
pressure and pit gain. Reduction is performed with care
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Quantity Symbol Measurement location Use in control

Bottomhole pressure  py(t) Near z = L (or extrapolated)  Primary pore/fracture constraint
Wellhead pressure pw(t) =p(0,t)  Surface annulus Surface and riser protection

Pit volume Vi (%) Active mud system Influx indicator and volume limit
Choke pressure pe(t) Choke manifold Manipulated backpressure input
Pump flow rate Qp(t) Standpipe/pump Manipulated circulation input
Standpipe pressure Dsp(t) Drillstring State estimation and monitoring

Table 5: Measured outputs and manipulated variables used in the MPD control loop.

Constraint Lower bound  Upper bound Interpretation

Bottomhole pressure window  pmin(t) Pmax () Pore and fracture limits

Wellhead pressure Pw,min Pw,max Riser and surface equipment limits
Choke pressure De,min De,max Choke manifold operating range
Choke rate of change —Te Te Actuator slew limitation

Pump flow rate 0 Qmax Pump capacity constraint

Pump rate of change —7Tp Tp Pump ramp limitation

Pit-volume growth 0 \'/},’max Surface-handling constraint

Table 6: Operational inequality constraints represented in the MPC formulation.

to preserve constraint-relevant outputs, particularly BHP
and wellhead pressure, because MPC feasibility depends
on accurate output prediction [17]. The reduced model is
then discretized in time with sampling period At to form
a prediction model for MPC,

(12)

Zk+1 :F(Zkvukadkve)a yk:H(zkvuk70)7

where k indexes control intervals.

3. Robust MPC Formulation for MPD
Kick Mitigation

The control objective is to keep the system within opera-
tional safety constraints while minimizing deviations from
desired pressure behavior and limiting aggressive actuator
movement. MPD constraints are naturally expressed as in-
equalities on BHP and on fracture margins, as well as on
surface equipment limitations. Let py(¢) denote bottom-
hole pressure, which is typically approximated as p(L,t)
plus a correction term if the modeled domain does not in-
clude the full depth [18]. Let p,, () = p(0,t) denote well-
head pressure. Let V,(¢) denote pit volume, whose rate of
change depends on the imbalance between pumped inflow
and returned outflow and is influenced by compressibil-
ity and gas expansion. The controller must enforce con-
straints of the form
pmin(t) < Pb(t) < Pmax (t)v Pw,min < Pw (t) < DPw,max
13)

where pnin corresponds to pore-pressure-based lower bounds
and ppax corresponds to fracture or casing shoe limits.
Additional constraints include choke pressure bounds and
rate limits,

Pec,min < pc(t) < Pe,max; |pc(t)| <7 (14)
and pump constraints, [19]
0< Qp(t) < Quaxs  1Q@p(8)] < 7. (15)

Pit-volume growth is constrained to limit surface handling
risk,

Vp(t) S Vp,maxy VZD(t) S VZD,max» (16)
with the understanding that V,, measurements can be noisy
and filtered, and that constraint enforcement may require
a conservative margin.

In MPC, these constraints are enforced over a pre-
diction horizon N. Using the reduced-order discrete-time
model, the nominal MPC problem at time step & selects

a control sequence Wy = {Ugk, Ukt1]ks - - > Ukt N—1]k }
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Cost term Weight  Physical meaning Effect on control action
lP6 — Dbet]| Qb BHP tracking Centers BHP in operational window
Ipw — Pwretl]?  Qu Wellhead pressure tracking Limits surface pressure excursions

luk —ur—|®* R
llur — threr|? S

Move suppression

Deviation from preferred operating point

Smooths choke and pump adjustments
Keeps operation near nominal settings

Table 7: Structure of the stage cost used in the robust MPC objective.

Quantity Symbol Uncertainty set Main source

Gas influx rate Min(t) Din Unknown formation inflow profile
Friction/rheology parameters 13 = Non-Newtonian fluid behaviour
Drift-flux parameters n H Slip and holdup correlations
Solubility-map parameters X X PVT and solubility data scatter
Mass-transfer coefficient km K Interfacial transport uncertainty
Measurement noise Wi w Sensor and filtering errors

Table 8: Uncertainty sets entering the robust MPC and safety-certification design.

to minimize a cost function subject to predicted dynamics
and constraints. A representative cost is

N—

Ji(ug) = Z (Hpb,kJri\k _pb,ref,kJri"?Qb
i=0

—

+ ||pw7k+i\]g - pw,ref,k+z’||2Qw
+ Huk-i-i\k - Uk+i—1\k||2

o flunin = i), A7
where Qp, @, R, S are weighting matrices, pp s and
Duw ref are reference trajectories consistent with a desired
equivalent circulating density, and u..s encodes preferred
operating points such as nominal choke pressure and nom-
inal pump rate. The inclusion of both tracking and move
suppression reflects the operational preference for smooth
actuation to reduce wear and avoid inducing additional
transients [20].

Nominal MPC can be inadequate because the influx
rate and physical parameters are uncertain. Robust MPC
addresses this by ensuring constraint satisfaction for all
disturbances within an admissible set. Let dj, represent
disturbances, including influx rate uncertainty and unmod-
eled friction, bounded by dy, € D, and let parameter uncer-
tainty be represented as § € © where O is a compact set
constructed from engineering bounds. A conservative ro-
bust MPC formulation seeks controls such that constraints
hold for all (d,) € D x ©, but this can be computa-
tionally demanding for nonlinear multiphase models. The
proposed framework uses a tube-based approach: a nomi-
nal prediction is optimized, and an ancillary feedback law
keeps the true trajectory within a bounded tube around the

nominal trajectory, allowing constraints to be tightened on
the nominal system.

Let zj, be the reduced state and z;°™ be the nominal
predicted state. Define the error e, = z; — 2;°™. Under
a stabilizing local feedback u, = up’™ + Key, the error
dynamics can be bounded under Lipschitz assumptions on
the nonlinear model. The tube set £ is chosen such that if
er € & then er41 € & for all admissible disturbances.
Constraint tightening then replaces the original constraint
set X with a tightened set X © C€ where C' maps state
error to constraint-relevant outputs. In output form, the
tightened BHP and wellhead constraints become [21]

pmin(k) + 513 < pg?ﬁk < pmax(k) - 6ba

Pw,min + 5w S pi??];‘k S Pw,max — 5w7 (18)
where 4y, 0, are margins computed from worst-case out-
put deviations induced by e;, € £. These margins can be
updated online if the uncertainty bounds change, for ex-
ample when the drilling fluid rheology is updated or when
temperature gradients evolve.

While tube MPC handles bounded disturbances, some
uncertainties are better represented probabilistically, par-
ticularly measurement noise and small unmodeled fluc-
tuations. A chance-constrained extension replaces hard
constraints with probabilistic ones, such as

IEx(pmin(k/’) < pb(k) < pmax(k)) >1—e,

]P(pw,min < pw<k) < pw,max) > 1 — e, (19)

with violation probabilities €, €¢,, selected according to
operational risk tolerance. In practice, these constraints
can be approximated by tightening based on variance es-
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Scenario  Mud system Circulation regime Key feature studied

S1 Weak-solubility (water-based) Steady circulation Prompt free-gas signatures and basic response
S2 High-solubility (synthetic-based)  Steady circulation Delayed surface indicators due to dissolution
S3 High-solubility (synthetic-based)  Reduced / no circulation Migration and expansion under low flow

S4 High-solubility with uncertainty =~ Mixed circulation changes = Conservatism and viability under large bounds

Table 9: Representative numerical scenarios used to illustrate closed-loop behaviour.

timates from an extended Kalman filter or ensemble pre-
dictor [22]. The advantage is that the controller can avoid
excessive conservatism when uncertainty is dominated by
small stochastic variations rather than large bounded dis-
turbances. The framework can blend bounded and stochas-
tic representations by treating influx as bounded but un-
known and treating sensor noise as Gaussian, yielding a
mixed robust—stochastic tightening.

A distinctive aspect of MPD under soluble gas kicks
is that dissolution can reduce immediate free-gas holdup
while storing gas mass in the liquid, and subsequent ex-
solution can create rapid near-surface gas release. This
alters the effective disturbance dynamics. From a control
perspective, it means the disturbance is not simply an ad-
ditive term; it changes the state evolution through coupled
inventory dynamics [23]. The robust MPC formulation
therefore treats solubility and mass transfer parameters as
uncertain, not merely the influx rate. The set © includes
bounds on y and k,,, and the tube margins are computed
under these bounds. This approach is conservative but
consistent with safety requirements because uncertainty
in solubility capacity can meaningfully affect the timing
of gas appearance and thus the required choke response.

The MPC optimization is nonlinear due to the multi-
phase prediction model. To maintain real-time tractability,
the framework employs a sequential quadratic program-
ming (SQP) strategy with warm starts [24]. At each con-
trol interval, the model is linearized along the current nom-
inal trajectory, and a quadratic approximation of the cost
is formed. Constraints are linearized and tightened. The
resulting quadratic program is solved to update the control
sequence, and the first control action is applied. Because
the plant is nonlinear and can exhibit stiffness during rapid
gas expansion, the linearization must be handled carefully
[25]. The reduced-order model is chosen to preserve the
dominant nonlinearities in pressure response, and trust-
region mechanisms limit step sizes to avoid divergence.

Feasibility is a central concern in safety-critical MPC.

If constraints are too tight or if the model mismatch is
large, the optimization may become infeasible, leading to
undefined actions. The proposed framework integrates
explicit safety certification, described next, to ensure that

even when the MPC objective cannot be met, the con-
troller defaults to actions that preserve invariance of a
conservative safe set rather than violating constraints.

4. Safety Certification via
Barrier-Constrained Predictive Control

Safety certification in this context means that the closed-
loop system remains within a predefined safe set despite
bounded uncertainty [26]. In MPD, the safe set is naturally
defined by inequalities on BHP, wellhead pressure, choke
limits, and pit volume. However, directly enforcing these
constraints in MPC does not guarantee invariance because
prediction errors and disturbances can cause the true state
to exit the set between control updates or despite nominal
satisfaction. Control barrier functions (CBFs) provide a
mechanism for enforcing forward invariance by constrain-
ing the control input to ensure that a barrier function does
not decrease too quickly. The challenge in multiphase
MPD is to apply barrier logic to a reduced-order model
while accounting for uncertainty and discretization.
Let the safe set be defined as [27]

S ={x:g;(x)>0forall j}, (20)

where each g;(x) corresponds to a safety margin, such as
95(x) = po(x) — pmin and g7 () = pmax — py(x), along
with similar functions for wellhead pressure and pit vol-
ume. In continuous time, a CBF condition for a relative-
degree-one constraint is often expressed as
95(x) +7;95(x) = 0, 21
with v; > 0 determining how aggressively the constraint
is enforced near the boundary. In discrete time with sam-
pling interval At, a compatible condition is
9i(T11) = (1 —7;At) gj(zx), (22)
which ensures that if g;(z5) > 0 and the condition holds,
then g, (xx4+1) > 0 under suitable bounds. The condition
becomes a constraint on the control input through the dy-
namics zy11 = fq(xk, uk, dg, 6).
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In a nonlinear uncertain system, ensuring the barrier
condition for all disturbances is difficult. The framework
adopts a robust barrier constraint by enforcing [28]

9i(fa(xr, ug, di, 0)) > (1 — v;At) gj (o),
(23)

min
d€D, €O

which guarantees invariance for all admissible uncertain-
ties. This min condition can be conservative, but it aligns
with safety requirements. In practice, it is approximated
using a worst-case linearization or by sampling extreme
points of D x © and enforcing the barrier constraint for
each sample. Because the uncertainty sets are structured
with small dimension, such sampling can be tractable. Al-
ternatively, one can compute a conservative bound on the
effect of uncertainty on g; using Lipschitz constants, yield-
ing a tightened deterministic constraint [29].

The barrier constraints are integrated into MPC by
adding them as hard constraints at each predicted step. For
the reduced state z; and nominal control u}’™, the bar-
rier constraint is applied to the nominal prediction with
additional tightening to account for tube error. Denote the
nominal next state as ;%7 = F(2.°", uj™™, 0, 0) where 0
is a nominal parameter, and let the worst-case deviation in
the barrier function due to uncertainty and tube error be
bounded by Ag;. Then a sufficient condition for robust
invariance is

nom

20) — Agy = (1 — A8 (g;(2™) — Agy),

(24)

95 (

which is conservative but provides a clear mechanism for
certification. The quantities Ag; can be computed online
from current uncertainty bounds and local sensitivity esti-
mates of g; with respect to state and parameters. Because
the model includes dissolution and thermal coupling, the
sensitivity of BHP to choke pressure can vary with gas
holdup and dissolved inventory; barrier constraints adapt
to this variation by using local sensitivities rather than
fixed gains [30].

A key advantage of barrier-constrained MPC is grace-
ful degradation. When the nominal MPC objective is in-
compatible with safety constraints, the optimization pri-
oritizes feasibility of barrier constraints, effectively over-
riding tracking objectives. This is particularly relevant
during rapid gas expansion near the surface where aggres-
sive choke opening might reduce wellhead pressure but
could also induce a sudden reduction in BHP that vio-
lates pore pressure constraints. Barrier logic ensures that
the controller does not sacrifice BHP safety for surface

pressure comfort unless a controlled trade-off is explicitly
permitted by redefining the safe set.

The integration of barrier constraints with robust
MPC requires attention to feasibility [31]. If the safe set
is too restrictive or if actuator limits prevent satisfying
the barrier inequalities, infeasibility can still occur. The
framework addresses this by defining a conservative in-
ner safe set that is known to be controllable under worst-
case conditions, and by using a fallback policy that main-
tains invariance within this inner set. The inner set can
be computed offline by solving a viability problem on a
reduced model, yielding state-dependent bounds on al-
lowable pressures. In operation, the barrier constraints
are enforced relative to this inner set rather than to the full
operational envelope, thereby ensuring that safety certifi-
cation is meaningful given actuation limits.

The barrier approach also interacts with dissolu-
tion [32]. Dissolution can temporarily hide gas and then
release it when pressure drops, creating delayed distur-
bances. The barrier constraints, by focusing on invariance
of BHP and other safety margins, compel the controller
to maintain adequate backpressure and avoid pressure tra-
jectories that could trigger rapid exsolution near the sur-
face if that exsolution would threaten wellhead constraints.
This effect is not achieved by simple tracking MPC, which
might follow a reference that is optimal under insoluble as-
sumptions. By embedding the dissolution-sensitive plant
model into the barrier and prediction logic, the controller
can treat solubility as a mechanism that changes safe con-
trol authority over time [33].

5. Numerical Studies and Discussion

To evaluate the proposed framework, numerical studies
are performed on a representative deepwater MPD config-
uration with a long riser and an annular section that ex-
periences varying hydrostatic head and temperature with
depth. The purpose of these studies is to explore the
qualitative behavior of the controller under soluble versus
weakly soluble gas scenarios, under circulating and non-
circulating regimes, and under uncertainty in friction and
mass transfer. The evaluation focuses on constraint sat-
isfaction, peak pressure excursions, actuator aggressive-
ness, and sensitivity to uncertainty bounds. Because the
controller is designed for safety-critical use, the studies
emphasize conservative performance and failure modes
rather than nominal optimality.

A baseline scenario considers steady circulation at
a nominal pump rate, with choke pressure selected to
achieve a target BHP inside the operational window [34].
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At time tp, an influx disturbance begins at the bottom
boundary with an uncertain time profile bounded within a
specified range. The influx introduces gas mass that is par-
titioned between free and dissolved inventories depending
on local pressure and temperature. In a weak-solubility
configuration intended to approximate water-based mud
behavior, most influx appears as free gas and rises with
slip, producing relatively prompt changes in wellhead
pressure and pit gain. In a high-solubility configuration
representative of synthetic-based mud behavior, a larger
portion dissolves at depth, reducing initial free-gas holdup
and delaying surface signatures while altering liquid den-
sity through swelling.

In the weak-solubility case, the robust MPC responds
primarily by adjusting choke backpressure to maintain
BHP and by modulating pump rate to manage frictional
contributions to the pressure profile [35]. The predicted
trajectory indicates an increase in compressibility and a
gradual change in mixture density as gas rises. The tube
margins reflect uncertainty in slip and friction, and the
tightened constraints prevent the controller from operating
too close to fracture limits. Barrier constraints become ac-
tive when the predicted BHP approaches the lower bound
during choke adjustments, limiting how quickly the choke
can be opened and thereby preventing underbalance. The
resulting behavior is a coordinated action in which choke
pressure is increased to counteract hydrostatic reduction
due to gas holdup while pump rate is adjusted to limit
excessive surface pressure.

In the high-solubility case, the early phase of the dis-
turbance is characterized by smaller changes in free-gas
holdup and therefore weaker immediate pressure perturba-
tions [36]. A controller that ignores dissolution might con-
clude that the disturbance is small and might relax back-
pressure, inadvertently setting up conditions for later ex-
solution as the dissolved inventory is advected upward. In
contrast, the proposed controller, using a state that tracks
dissolved gas and using uncertainty bounds on solubility
capacity, maintains a more conservative backpressure tra-
jectory even when surface indicators are muted. This be-
havior emerges because the predictive model anticipates
that a dissolved inventory can convert into free gas when
pressure declines, and because barrier constraints penal-
ize trajectories that reduce safety margins in anticipation
of delayed gas release. The result is typically a smaller
minimum BHP during the early stage and a reduced ten-
dency for rapid unloading near the surface [37].

A particularly challenging regime occurs when cir-
culation is reduced or stopped, either intentionally dur-
ing a connection or inadvertently during equipment issues.

In non-circulating conditions, slip-driven migration dom-
inates and thermal gradients can evolve more slowly. The
controller must rely primarily on choke actions to maintain
BHP. Under these conditions, the predictive model indi-
cates longer gas migration times but potentially larger ex-
pansion effects when gas reaches shallower depths. The ro-
bust MPC, with tightened constraints, avoids large choke
changes that could induce oscillations [38]. Barrier con-
straints can become intermittently active because the sys-
tem has less control authority without pump friction con-
tribution, reducing the available degrees of freedom for
pressure management. The studies show that feasibility
can be maintained within the inner safe set provided that
uncertainty bounds are not excessively large and that actu-
ator limits permit sufficient choke backpressure.

The interplay between model uncertainty and con-
servatism is evident when friction parameters are varied.
Higher-than-expected friction increases the sensitivity of
BHP to pump rate and can cause BHP overshoot during cir-
culation increases. Lower-than-expected friction reduces
this sensitivity and can cause underbalance during choke
opening [39]. The tube-based robust MPC accounts for
this by tightening constraints, but the magnitude of the
tightening depends on the uncertainty set size. If uncer-
tainty is overestimated, the controller becomes conser-
vative and may maintain higher backpressure and lower
pump rates, reducing operational efficiency. If uncertainty
is underestimated, constraint violations can occur. The
barrier constraints provide an additional layer by ensuring
invariance within the inner safe set even when the predic-
tive tightening is imperfect, effectively acting as a safety
filter on the MPC output.

Mass-transfer uncertainty affects the timing of exso-
lution and thus the timing of surface pressure excursions
[40]. When dissolution is fast (high k,,), the dissolved
inventory tracks equilibrium closely, leading to smoother
behavior but potentially large delayed release when pres-
sure crosses equilibrium thresholds. When dissolution is
slow (low k,,), free gas persists longer, producing earlier
holdup and earlier pressure effects. The controller must
be robust to both possibilities. In the studies, uncertainty
in k,, increases the required safety margins because the
controller cannot predict precisely when a dissolved inven-
tory will convert to free gas [41]. As aresult, the controller
tends to maintain a buffer in BHP and avoids aggressive de-
pressurization near the surface. This behavior is consistent
with safety priorities but highlights the need for reasonable
bounds on solubility kinetics, which can be refined by lab-
oratory measurements and by offline calibration.
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Pit-volume dynamics are important because they
provide a surface indicator of influx and because they con-
strain surface handling capacity. In the model, pit gain
is tied to return flow and compressibility effects. In high-
solubility scenarios, pit gain can be delayed because gas
mass is stored dissolved and does not immediately expand
volumetrically [42]. This means pit-volume constraints
can be satisfied initially even though gas mass is accumu-
lating, and a naive controller might allow the system to
approach constraint boundaries later when exsolution oc-
curs. The robust MPC, by tracking dissolved inventory
and by enforcing constraints on predicted pit gain rate and
pit volume with margins, reduces this risk. Barrier con-
straints associated with pit volume can also become active
when predicted pit growth accelerates, limiting actions
that would otherwise speed up gas release. This illus-
trates how incorporating dissolution into the plant model
changes not only pressure regulation but also volumetric
risk management.

The numerical studies also highlight trade-offs be-
tween choke and pump actions [43]. Increasing choke
pressure raises wellhead pressure and can stress surface
equipment, but it can maintain BHP during gas-induced
hydrostatic loss. Increasing pump rate can increase fric-
tional pressure drop and thus BHP, but it also increases
circulation and can move gas upward more quickly, po-
tentially accelerating near-surface expansion. The con-
troller balances these effects through the cost function and
through constraints. In soluble scenarios, higher pump
rates can advect dissolved gas upward more rapidly, po-
tentially triggering earlier exsolution near the surface. The
controller therefore tends to avoid unnecessary pump in-
creases when dissolution capacity is uncertain, preferring
choke adjustments that maintain BHP without strongly
accelerating axial transport [44]. This behavior is not uni-
versal; it depends on geometry, temperature profile, and
actuator limits, but it demonstrates the value of a predic-
tive model that includes inventory dynamics rather than
treating gas as purely free and buoyant.

Finally, the safety certification mechanism is tested
by forcing scenarios near the boundary of controllability,
such as simultaneous high influx and tight fracture mar-
gins. In these cases, the nominal MPC objective may be-
come infeasible if it attempts to track a reference that can-
not be maintained safely. The barrier constraints redirect
the optimization toward invariance, leading to actions that
preserve the inner safe set even at the cost of deviating
from the desired pressure trajectory [45]. When even the
inner set cannot be maintained due to actuator saturation,
the framework indicates loss of viability rather than pro-

ducing uncontrolled actions. This transparency is impor-
tant for integration into supervisory systems because it pro-
vides a clear signal that procedural escalation is required.

Overall, the studies suggest that embedding dissolution-

aware dynamics into robust MPC and coupling it with
barrier-based safety certification can alter the closed-loop
response in ways that are operationally relevant, particu-
larly by reducing the risk of delayed near-surface gas re-
lease and by maintaining conservative BHP buffers under
uncertainty. The results also emphasize that conservatism
depends critically on uncertainty quantification. Tight
bounds enable more efficient control, while overly loose
bounds can reduce operational performance [46]. This
motivates offline calibration and conservative but not ex-
cessive uncertainty modeling.

6. Conclusion

This paper developed a safety-certified robust MPC frame-
work for managed pressure drilling under soluble gas-kick
transients. A control-oriented thermo-solutal drift-flux
model was formulated to capture the coupled evolution of
pressure, temperature, free-gas holdup, and dissolved gas
inventory in a wellbore—riser annulus, with explicit repre-
sentation of mass transfer toward an equilibrium solubility
map. The model was structured for uncertainty represen-
tation and reduced-order prediction, enabling online opti-
mization under bounded disturbances and parameter vari-
ability. A robust MPC design was derived with tube-based
constraint tightening and optional chance-constrained in-
terpretations, enforcing operational bounds on bottomhole
pressure, wellhead pressure, pit volume, and actuator lim-
its [47]. Safety certification was provided by embedding
barrier-based invariance constraints into the predictive op-
timization, yielding a controller that prioritizes mainte-
nance of a conservative safe set when nominal objectives
conflict with safety.

Numerical studies were used to discuss the impact
of dissolution on control behavior and risk, showing that
solubility can delay surface indicators and create condi-
tions for delayed gas release, and that a dissolution-aware
controller can respond more conservatively by maintain-
ing backpressure buffers and avoiding actions that reduce
safety margins in anticipation of exsolution. The barrier-
constrained formulation provided a mechanism for grace-
ful degradation and explicit signaling of viability loss un-
der extreme conditions.

The proposed framework is intended as a foundation
for MPD automation that integrates mechanistic multi-
phase physics with modern constrained control and safety
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certification. Future development can refine uncertainty
bounds using calibration data, incorporate additional op-
erational disturbances such as heave and cuttings loading,
and integrate richer sensing to improve state estimation of
dissolved and free gas inventories without compromising
real-time feasibility [48].
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