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Summary

As oil reserves become scarcer, oil production and recovery must be en-
hanced. The gas lift is one of the techniques used to enhance oil production
and recovery. It is usually used in reservoirs that suffer from insufficient
production rates because of inadequate reservoir pressures. The gas lift in-
jects gas, from external sources, into the fluid mixture flowing out of the
reservoir. This in turn will reduce the density of the fluid which enables the
reservoir pressure to lift the mixture to the top. Thus, the gas injection in-
creases the production rates of the oil. However the maximum gas injection
does not necessarily lead to maximum production of fluid or oil. Thus, gas
injection can be both advantageous and disadvantageous.

This thesis investigates a gas lifted network consisting of 3 wells and a
riser. Nonlinear dynamic equations were derived for the mass of liquid and
gas using the outflow rates from different component of the network. The
mathematical model used to describe the system takes into consideration
a three phase system consisting of oil, water and gas. In addition, the
model uses a simplified equation to represent the friction in the tubing. For
simulation purposes, the mathematical model was formulated as a system
of differential algebraic equations (DAEs) and simulated in Matlab

In this thesis, a real time optimization (RTO) problem is built to find the op-
timal steady state solutions for a given objective. The objective considered
is the maximization of liquid and minimization of gas injection. In addi-
tion, a nonlinear model predictive control (NMPC) is applied to the plant
to operate and track the solutions produced by the RTO. Both the RTO
and NMPC optimization problems built are solved using CasADi software.

The simulation studies have been carried out to test the open loop response
of the plant and the RTO steady states optima. Further, the NMPC sen-
sitivity to measurement noise is investigated. Finally, NMPC robustness
with respect to parameter changes in the closed loop structure is studied
and analyzed. The analysis and simulations show that the simplified gas lift
model represents the system dynamics as expected. In addition, the NMPC
built in this system is sensitive for highly noisy measurements while it is
accurate and stable for slightly noisy measurements. Finally, the control
structure of the entire gas lifted network is able to adapt to new optimal
operations when subject to disturbances. This is beneficial for future work
when considering optimizing the quality of production.
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Chapter

Introduction

The following work is inspired by the importance of optimizing reservoir pro-
duction and enhancing oil recovery to utilize energy resources to the fullest,
which can reduce environmental effects.

1.1 Motivation

As human population is growing rapidly, so is energy consumption and de-
mand. Energy consumption exerts demands on energy resources making
them scarcer. As energy resources become harder to extract, oil recov-
ery becomes exceedingly important and complex in various environments.
Hence, it is of great importance to optimize reservoir production and en-
hance oil recovery, to meet the rush for energy, while increasing profitability,
efficiency and productivity of well oil production.

Industry experts are convinced that much of the demands can be met with
artificial lift technologies, that can increase long term potential production
capabilities. About 90% of current oil wells worldwide operate with artificial
lifts for enhancing oil production [12]. More than 30,000 wells use the gas lift
technique, primarily because of its economic viability [12]. Generally, the
reservoir pressure in these wells is considered inadequate to assure oil flow
to the surface. Therefore, artificial lift techniques are essential to extend
life time of wells and boost oil production rates, profitability and reservoir
utilization. There are several major forms of artificial lifts which are used
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widely in the oil industry, these include: Sucker-rod (beam) pumping, elec-
trical submersible pumping (ESP), reciprocating and jet hydraulic pumping
systems and finally gas lifts, [3]. The emphasis of this master thesis is the
artificial gas lift.

Despite the many advantages of the gas lift such as increasing production,
and increasing utilization of resources in reservoirs, the gas lift is a highly
coupled and very nonlinear system. Under different conditions of gas in-
jection and pressures the system becomes highly unstable and can lead to
reduced oil production and damage. In the oil and gas industry, a major
objective is to maximize production and minimize costs, at operating points
which optimizes production. The focus of this thesis is to apply a simpli-
fied gas lift model and study different optimal points of operations under
different circumstances, using optimization and control techniques.

In this thesis a three well system and a riser sharing the same manifold
is considered. The production of oil is based on maximizing the total oil
outflow which is the sum of oil produced from each of the wells, as well
as, minimizing the injection of gas into the wells’ tubing, while operating
under stable conditions. A proper automated control scheme allows to op-
timize and maximize the total production of oil, and minimize the total gas
injection rate while operating under stable conditions.

For processes with multiple variables and constraints, such as the gas lifted
oil network, predictive control has been found to be a very good controller
design scheme. Many of artificial gas lifts wells with high production rates
operate with manual driven gas injection and production [12]. The intro-
duction of such control schemes is slow mainly due to the prohibitive cost
of well intervention to install new sensors and actuators [17], that have to
cope with very harsh conditions, such as, high pressure, temperatures and
vibrations [17]. There are several important articles related to the optimiza-
tion, control and modeling of gas lifts such as [7] on stabilization, and [8]
stabilization based on state estimation, also [17] and [23] for the modelling
and control of the gas lifts using NMPC.

1.2 Scope and emphasis

This master thesis is not a direct continuation of the project assignment.
The scope of this thesis is to modify the gas lift model by introducing a
simplified pressure loss due to friction equation and to introduce water cuts
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to the system. The reason for introducing a simplified friction term is to
create a more stable system to study the behavior when subject to distur-
bances. Further the water cut is introduced to study its effects on the total
production. With the simplified model, the scope is further to develop a
network consisting of 3 wells and a riser used for the application of a con-
trol structure consisting of a real time optimization (RTO) and a tracking
(NMPC). Both of which are developed during the work of this thesis. The
model inside the NMPC was integrated using the direct orthogonal colloca-
tion. The objective is to study the functionality and ability of the RTO to
produce optimal steady states under different circumstances as well as to
study the ability of the NMPC to produce suitable control trajectories to
track these points. Hence the emphasis is to study the gas lifted oil network,
and the development and application of RTO and tracking NMPC on such
system using CasADi software.

1.3 Outline of thesis

This thesis is outlined in the following way: Chapter |2| presents the gas
lift techniques and explains the main concept while also introducing the
necessity of optimization. In addition, the chapter motivates the concept
of optimization, as well as it introduces how optimal control problems are
formulated and solved. Finally, the hierarchy of control structure is pre-
sented to show the interconnection between different control layers in the
system. Chapter [3| presents the gas lifted oil network that was studied,
the three wells and a riser system. Moreover, it shows how the water cuts
were introduced to the system and how the pressures in different parts of
the plant were represented mathematically. Towards the end, the chapter
shows how the gas lifted oil network was represented as a system of dif-
ferential algebraic equations (DAEs). Further, Chapter 4| introduces the
steady state optimization and the dynamic optimization problems formula-
tions, and their solution methods. Hereafter, Chapter [4] presents the entire
control structure built on top of the plant using steady state and nonlinear
dynamic optimization of the gas lifted oil network, as well as the software
used in the simulations. In Chapter [5] simulation results and analysis are
presented for different case studies and tests on the promising control struc-
ture developed in the thesis. The conclusions are shown in Chapter [6] where
the recommended control structure and results are concluded, and future
work is noted. The appendices contain the constants used in the models
and the programming codes coded during the work of this thesis.






Chapter

Background

This chapter begins by presenting the gas lift technique in offshore oil pro-
duction. In addition, it justifies the need and benefits of optimization and
control in gas lifted systems. The reader of this chapter can also find brief
background and introduction to the formulation of optimization and con-
trol and the solution methods that are widely used to solve these optimal
control problems (OCPs). Finally, the structural decisions involved in the
control system design of a chemical plant are presented in the end.

2.1 The gas lift technique

In offshore oil production the pressure of the reservoir plays an important
role. The higher the pressure, the higher the oil production is, hence reser-
voir pressure is the main driving force in the offshore oil production. In
order to raise the oil production through the pipelines, the driving force
must be high, thus high reservoir pressure is desired. As the oil well ma-
tures during its lifetime, the reservoir pressure decreases due to large oil
extraction. Subsequently, when the reservoir pressure declines to a certain
point after several years of production, certain changes pertaining to fluids
occur in porous media, affecting reservoir performance significantly. The
latter could have significant economic effects, and thus gas-lift techniques
can be applied to solve this oil production issue [10]. The gas-lift is used
merely to inject gas near the bottom of the pipeline to reduce the bottom
fluid density, which in return reduces the weight of the fluids in order to

5
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successfully push the oil up.

To understand the process, one must take into consideration the changes
in the reservoir that occur during the pressure decline. These changes in-
clude: (1) changes in reservoir fluid volume and density. (2) changes in fluid
compressibility, viscosity and mobility. (3) changes in fluid composition due
to evaporation of lighter hydrocarbons from the liquid or condensation of
liquid from the gas. (4) changes in the gas to oil ratio (GOR) and water
cut (WC). For further reading on reservoir theory see [20]. Later in this
thesis, a comprehensive analysis on the effects of changes to water cut and
gas to oil ratios is conducted. The latter affects the well production rates
and ultimate recovery from a reservoir and design of surface facilities. The
reservoir pressure is a result of natural forces that trap the fluids within the
pores of the reservoir, porosity and permeability. When a hole is drilled into
a reservoir the fluids are allowed to escape, due to the pressure difference
between the bottom of the reservoir and the top end near the hole. The well
can be considered as that hole. When introducing the well to the reservoir,
the fluids are provided with a new flow path and start flowing through the
bottom of the pipeline to the top facilities, usually a gravity separator. In
order for the mixture fluid to choose the path through the well, the reservoir
pressure must be larger than the column pressure, which is larger than facil-
ity surface pressure. Otherwise, the oil will not be able to flow up through
the pipelines, and the system will fail to produce oil. Therefore, when the
bottom hole pressure is nearing the reservoir, employing an artificial gas-lift
will be beneficial [7].

A simple gas-lift model is depicted in Figure 2.1 The gas-lift introduces
extra gas source through the annulus around the tubing. The gas is usually
injected near the bottom of the tubing through an injection valve. When gas
is injected into the tubing and enters the fluid, it will consequently reduce
the average density of the mixture at that point. As the density of the fluid
mixture is decreased it will subsequently decrease the weight of the fluid,
which in turn cause a decline in the pressure drop in the tubing. As the
pressure declines to a certain point, and the pressure difference between the
reservoir and gas-lift is sufficient, oil will start flowing through the well to
the top. Gas-lift is an excellent technique to enhance production rates in
reservoirs that suffer from low production rate due to insufficient natural
reservoir pressure.

Gas-lifts are not always optimal, in some cases gas-lift techniques may harm
oil production rates. In some cases constraints imposed on the system may
cause instabilities. Instabilities in flow regimes cause severe oscillations that
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Figure 2.1: Representation of the gas lift design.

reduces average production and damage equipment. The most common
case is the casing heading instability, however, it is not in the scope of
this master thesis. Finally, when considering a system of wells sharing the
same manifold, the properties of the reservoirs, such as GOR and WC, must
be taken into consideration so that oil production from each well operates
efficiently and profitably.

2.1.1 Gas lift optimization

The need for optimization and control in the gas lift can be justified by
taking into consideration the relationship between production rates and gas
injection rates. To investigate the possible benefits of control, a compre-
hensive simulation study was performed using the gas lift setup that was
developed in this thesis. The gas lift model will be further discussed in
details in [chapter 3| for which the constants used in the setup are presented



8 CHAPTER 2. BACKGROUND

in Appendix [A]

<— Maximum production

Production rate

Gas injection rate

Figure 2.2: Production rate subject to gas injection rate. Maximum oil produc-
tion is also displayed.

Figure shows the relationship curve between the production rate of oil
and the gas injection rate of a hypothetical well. Figure indicates that
the production rate of oil increases rapidly to a certain point before it starts
dropping again. This implies that the injection rate of gas can be not only
advantageous but also disadvantageous. This relation or curve is justified
by hydrostatic pressure drop that cannot compensate the increased pressure
drop due to friction which is originating from increased gas flow inside the
tubing. This master thesis focuses on factors such as reservoir parameters,
gas injection rates, noises in measurements and multi-well system connected
with the same manifold, as the factors that might have an effect on opti-
mization.

The oil production is determined by the gas lift optimization procedure.
The common understanding about gas lift optimization is to obtain the
maximum production by manipulating the operating conditions. However,
the maximum production of oil does not necessary mean the maximum
profit if oil production is dependent on injection [11]. Therefore, in this
thesis different cases and scenarios of optimization are studied to show how
maximum oil production through liquid production optimization can be
obtained when subject to uncontrollable changes in parameters.
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2.2 Introduction to numerical optimization

To begin a study of a system, an objective must be identified. This ob-
jective is usually determined by the maximum profit a company can reach
meanwhile costs are at their minimum. The costs are primarily from energy
consumption and raw materials necessary to operate the chemical plant.
Certain unknown variables in the chemical plant affect the objectives, and
thus the aim of optimization is to find a good combination of these unknown
variables to reach the maximum or minimum goals. Furthermore, the op-
timization must occur within the bounds and constraints imposed on those
variables.

Prior to formulating an optimization problem, a model has to be developed
to decide suitable values and objectives for the different components of an
optimization problem [6]. There are three main components, an objective
function, decision variables and constraints. The objective function is a
scalar function which describes a property. Optimization is the maximiza-
tion or minimization of an objective function subject to constraints and
bounds. The decision variables may be real variables, integers or binary
variables. Constraints are normally divided into two types, equality con-
straints and inequality constraints. Hence, the optimization problem can be
formulated as follows:

min f(z) (2.1a)
subject to

gi(x) =0, i=1,.,m (2.1b)

hj(z) <0, j=1..n (2.1¢)

Tmin < T < Tmaz (21d)

Here f(z) is a scalar objective function that is subject to a set of equality
constraints g;(x) and inequality constraints h;(z) with ¢ and j are disjunct
index sets. All these functions are dependent on x which is a set of deci-
sion variables constrained by lower and upper bounds, Zpmin < = < Timas.
Equation [2.1| represents a general mathematical formulation of optimization
problems. It is noteworthy to mention that since f(x) in Equation is
scalar, the objective function can be easily transformed from a minimization
problem to a maximization problem by introducing a negative sign, as in

(—f(2)).
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Optimization problems vary based on their linearity, and convexity of the
objective function and constraints. This thesis, briefly discusses some classes
of optimization problems. A detailed explanation of classes of optimization
problems, are found in [15] and [9).

2.2.1 Classes of optimization problems

Constrained and unconstrained optimization: FKquation [2.1]is a constrained
optimization problem. However, if the objective function f(z) can operate
freely without any restrictions under any conditions, then it’s said to be
relaxed from constraints and hence Equation becomes merely:

mxin f(z) (2.2)
Local and global optimization: Global optimization is an optimization prob-
lem that attempts to find the absolute smallest or largest point of the objec-
tive function. However, problems are mostly concerned with local minima
or maxima, which is the point at which the objective function is smaller or
larger than its neighboring points.

Convex and non-convex optimization: An optimization problem is convex
if the objective function f(x) is a convex function, and the feasible set of x
is convex. Furthermore, a problem is strictly convex if there is always only
one global or local solution. In Figure 23] convex and noncovex sets are
displayed. As indicated the straight line between any point in the set must
always lie within the borders of that set, if a line crosses the set then its
defined as nonconvex. the latter also applies for the definition of function
convexity, which is displayed in Figure [2.4]

(a) A convex set. (b) A nonconvex set.

Figure 2.3: On the left, a convex set is depicted. On the right, a nonconvex set
is depicted [9).
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>z ‘ 1 % >z
z1 22 21 22

(a) A convex function. (b) A nonconvex function.

Figure 2.4: On the left, a convex function is depicted. On the right, a nonconvex
function is depicted [9].

There are several types of of optimization problems defined by Equation
The following are the most common:

Linear Programming (LP): If the objective function f(z) is linear and all
constraints g(z) and h(x) are linear, then Equation is a linear program
(LP), where d is a vector of known coefficients, which can be written as

min d’ z (2.3a)
x
subject to
gi(x) =alz —b; =0, i=1,.,m (2.3b)
hj(z) =ajx—b; <0, j=1,n (2.3¢)
Tmin < T < Tmaz (23d)

Quadratic Programming (QP): When the objective function f(z) is a quadratic
function and all the constraints are linear, it can be formulated as in Equa-

tion [2.4]

min 7 Qz + d' z (2.4a)
xr
subject to
gi(x) =alz —b; =0, i=1,.,m (2.4b)
hj(x) = a]Tx —b; <0, j=1,...n (2.4c)
Tmin < T < Tmag (24(1)

QP problems can be both convex or non convex depending on the quadratic
form of the objective function and the constraints. In Equation [2.4] @ is an
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n-dimensional symmetric matrix and if ) is positive semidefinite, Q > 0,
then Equation is a convex problem. ) = 0 is by definition positive
semidefinite. Therefore Equation turns into an LP problem which is
convex if the constraints are linear. In addition, QP problems can be non
convex if the () matrix is negative definite.

Nonlinear Programming (NLP): An optimization problem defined by the
system’s constraints, over a set of unknown real variables, along with an
objective function to be maximized or minimized, in which some of the
constraints or the objective function are nonlinear. An NLP can be defined
similarly by Equation

2.2.2 Solution methods

There are various solution methods for optimization problems. There are
explicit methods which can be used for simple problems, or iterative schemes
which are the common approach to optimization problems (OPs).

Algorithm 1 Iterative solution procedure of OPs

Given initial point zy and stopping criteria

while stopping criteria not fulfilled do
Compute the next iteration point

end while

In the iterative algorithm procedure the optimization requires an initial
value xg, which is the measured value from the plant. To solve optimization
problems the most common approach is the sequential quadratic program-
ming (SQP) method, which does not require an initial feasible point, and
interior point method (IP). Furthermore, the stopping criteria include one
or several of the following: (i) a maximum allowed number of iterations,
(77) progress matrices, the gradient of the objective function (Vf) or the
Lagrange VL of the objective funtion, and (éii) a characterization of the
optimal point,|V f|| < € or [|[VL]|| < € where ¢ > 0 is a chosen small value.

Interior point methods are good methods for solving nonlinear optimization
problems with inequalities such as Equation 2.1l The IP penalizes inequali-
ties by a barrier function and then solves it as in equality constrained case,
see [9] and [15].
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2.3 The optimal control problem

Optimal control regards the optimization of dynamic systems. Dynamic
systems are processes that are evolving in time and that are charaterized by
states x that allow us to predict the future behaviour of a process. These
dynamic systems can be controlled by inputs u. Typically, in order to
optimize some objective function these controls must be chosen optimally
while respecting the constraints. The process of finding suitable inputs u
for optimal control requires the discretization of the model in the predictive
state.

This thesis is confronted with a problem whose dynamic system lives in
continuous time and whose control inputs are a continuous profile [4]. A
continuous-time optimal control problem can be described as follows.

T

min E(z(T)) + /0 L(z(t),u(t))dt (2.5a)
subject to

z(0) —x9 =0, (2.5b)
&(t) — f(z(t),u(t)) =0, t € 10,771, (2.5¢)
g(x(t),u(t)) =0, t € 10,77, (2.5d)
h(z(t),u(t)) <0, t € 10,77, (2.5¢)
r(z(T)) <0, (2.5f)

Problem and its variables are visualized in Figure In Equation
the L(z,u) term is called the Lagrange term (not to be confused with
Lagrange function) and E(x(T)) is called a Mayer term. Further, ¢t repre-
sents the time variable € [0,T], z(t) € R"* denotes a vector of state deci-
sion variables and u(t) € R™ denotes a vector of control decision variables.
Sub-equation 2.5¢| represents an equality constraint of the ODE model, Sub-
equation is an additional equality constraint which is introduced for
DAE systems [4]. Furthermore, Sub-equation represents other con-
straints that are usually present which are the path constraints inequalities,
for example upper and lower bounds of inputs Umin < U < Upmaez. Finally,
Sub-equation describes the inequality terminal constraint, which is used
if the optimization has a fixed terminal or final state that is desired.
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Path constraints h(x,u) < 0

States x(t) }

Xo

1 .
y Terminal
Iconstraint
'r(x(T)) < 0
1

Controls u(t) :
1
1
1

0 t T

»
»

Figure 2.5: Continuous time optimization problem. Displayed Initial value of z,
along with the states x and control u depending on time. Further,
Path constraints h and terminal constraints r, where T is the predic-
tion horizon time.

2.4 Solving optimal control problems

There are two approaches to address continuous time optimal control prob-
lems, (i) indirect approach and (i) direct approach see Figure This
section briefly introduces the indirect and direct approaches to solve opti-
mal control problems [4].

Indirect Methods use the optimality conditions to derive a boundary value
problem (BVP) in ordinary differential equations (ODE). The BVP in the
indirect method is solved by first optimize, then discretize. Hence the opti-
mality conditions are described in the continuous form, and then discretized
to compute a numerical solution. The major drawback in this indirect meth-
ods is the difficulty of solving differential equations due to non-linearity, [4].

Direct Methods on the contrary to indirect methods, can be used to solve
optimal control problems without having to derive a BVP. Rather, direct
methods transform the optimal control problem into a finite NLP which
is then solved by numerical optimization that exploit the structure of the
problem. Hence, direct methods first discretize, then optimize. To elabo-
rate, the continuous time dynamic system is transformed into a discrete time
system and then the process of optimization is deployed. Direct methods
can eagsily treat all sort of constraints, as they are treated by well developed
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4 N\
Direct Multiple Shooting:
Controls and node start
values in NLP
(Simultaneous)
4 N\ . L
Direct Methods: . Dlregt Collocation:
) .| Discretized controls and
Transform into > .
NLP states in NLP
\_ ) N (Simultaneous) )
( A Single Shooting: On
Indirect Methods: ingle Shooting: Only
Solve BVP discretized controls in
L ) NLP (Sequential)

Figure 2.6: Classification of methods of optimal control problems.

NLP methods that deal with active changes [4]. There are two approaches
within the group of direct methods, namely, sequential (single shooting)
and simultaneous (multiple shooting and collocation) as can be seen in Fig-
ure It is worth to note that simultaneous approaches can handle both
systems of differential algebraic equations (DAE) and ordinary differential
equations (ODE) [6].

Direct single shooting

In this method the model simulation and optimization are done sequentially.
Here the control trajectory is approximated and parametrized using piece-
wise smooth approximation, while the ODEs and DAEs are solved using
another integration solver.

The time horizon of the problem is divided into a set of grid-points as
to =0 <t <..<ty =ty The control parametrization is denoted by
u(t; q), where ¢ is the finite control parameter which is set to g = u(t) for t €
[tk trt1] and 0 < ¢ < m, to show the dependence on each interval [4]. After
the integration the states x(t;q) are obtained as a function of the previous
control parameters and finally the problem is moved to an NLP solver to
find the optimal control trajectory/sequence. Hence, sequential approach.
See Figure for a schematic illustration of direct single shooting.
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: 1—1
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Figure 2.7: Direct Single Shooting (DSS) discretization applied to the optimal
problem [14].

Direct multiple shooting

The idea behind direct multiple shooting approach is to shorten the long
integration dynamics which can be counterproductive for discretizing con-
tinuous optimal control problems into NLPs. This is done by limiting the
integration over short time intervals. This method performs a piecewise con-
trol discretization of the continuous control input u(t) = ¢; for ¢ € [t;,ti1],
then it solves the ODE on each interval [¢;,t; 1] starting with artificial initial
values s;. See Figure for an illustration of the artificial values.
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Figure 2.8: Direct Multiple Shooting (DMS) discretization applied to the optimal
problem. On the left, initialized shooting nodes where solution is
violating constraints. On the right, the constraints are fulfilled after

NLP convergence [14].

(2.6a)
(2.6b)

zi(t,8i,qi) = f(2i(t,8,4i),qi), t € [tistit1]

xi(t,5i,q;) = si.

In multiple shooting method the integrals in the OCP are numerically com-
puted, and additional constraints are added to ensure the continuity condi-
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tion in Equation [2.6bl Thus, OCP based on multiple shooting produces the
NLP as in Equation

m—1
min E(s(m)) + g (si.a0) (2.7)
subject to

xo — s0 =0, (2.7b)
xi(ti+1,si,qi) — 841 =0, 1€ [O,m — 1], (2.7C)
h(si,q) <0, i € [0,m], (2.7d)
r(sy) <0, (2.7e)

: | Slope constraint | | | : :

gl ! ot ! |

5 N | !

7 ’ . I,.. f

Shooting gap
1

Controls

1
2 tos L1 t11 iy,

[ | A

1
I
I
I
I
I
|
I
I
1
0,

to to.l t 2 I'-J..3 t2

Figure 2.9: Polynomial approximation (blue curve), actual system dynamic (blue
dotted curve), state derivative of polynomial (black line), derivative of
the system dynamics (black dotted line) and the piecewise constant
control input over the interval (blue lines). In addition, the slope
constraint (red arrow) which is done t each collocation point, and the
shooting gap constraint (red dashed circle) are displayed.

Direct collocation

The most relevant class of direct methods in this thesis is the direct tran-
scription method, direct collocation. The main distinction in this method is
that discretization occurs in both controls and states on a fixed fine grid N
intervals with ¢ intermediate collocation points in each interval. The states
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in the collocation method are approximated by cubic polynomials and the
controls are described as piecewise linear function. There are several com-
mon choices of the polynomials, such as, (i) Gauss-Legendre scheme, (it)
Radau points or (iii) Lobatto points. Collocation points differ in their posi-
tion in the interval, for example Radau has a collocation point at the end
of the interval. The collocation points are chosen based on different factors
for stability, sensitivity and convergence [4].

An illustration of the direct collocation method is displayed in Figure [2.9
Figure [2.9 shows that in addition to the shooting gap constraints, a deriva-
tive equality constraint is added to the NLP. This is depicted by the red
arrow which has the following formulation &. — f(z.,u(t)) = 0.

2.5 Plantwide control

Plantwide control is concerned with the structural decisions involved in the
control system design of a chemical plant. In particular, plantwide control
is concerned with the questions ”which variables should be controlled, mea-
sured, manipulated and what links should be made between them?” [21].
For large chemical plants such as the oil production from a multi-well sys-
tem, it is important to have a suitable and stable control structure. The two
main objectives of a control structure is the long term economics and the
short term stability. Figure shows the different layers constituting the
selection of control structures in chemical plants. Each layer in the control
hierarchy operates on a different time scale. Typically, the control struc-
ture includes (i) scheduling (weeks), (ii) site-wide (real-time) optimization
(days), (7ii) local optimization (hours), (iv) Supervisory or Model predictive
control (MPC, minutes), and finally (v) Stabilizing and regulatory control
(seconds). Layers (ii) and (ii7) deal with the economic optimization of the
system while the supervisory and regulatory layers are concerned with set-
point tracking from the layers above. Thus, these layers are interconnected
through the controlled variables |21].

The supervisory layer is a slow economic layer, whose objective is to perform
advanced economic control on controlled variables that are considered of
high worth. In return, this layer provides setpoints for controlled variables
of less economic significance in the lower regulatory layers. In this thesis
the supervisory control consists firstly of a real time optimization (RTO) to
find optimal steady states that can be passed further as tracking point of
the second layer. The second layer is done using model predictive control
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Figure 2.10: Typical control hierarchy in a chemical plant
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(MPC) which attempts to track the optimal steady state point provided
by the RTO. Other advanced control structures can operate in this layer,
namely, cascade, ratio , decoupler valve position control, etc.






Chapter

System Description and Modeling

This chapter shows a modified approach for derivations of the gas lift and
riser models as basis of the models previously developed in [22] and [23].
The main modifications done to the model are:

1. The use of a simplified friction equation to produce a stable system
that reaches steady state.

2. The addition of water cuts which makes the gas lifted oil network a
three phase system.

The simplified schematic of the gas lift is illustrated in Figure Reservoir
fluid flows through a perforated well, into the wellbore, upwards through
the tubing and through a production choke, before it enters the riser. Each
part of the network is treated as an independent building component of a
gathering network where any of the these systems can be represented gen-
erally by the structure shown in Equations This chapter is dedicated to
introduce the reader to the gas lifted oil network models. Finally, formula-
tion of the entire network as a system of DAEs is developed. The resulting

model codes are given in Appendix and

3.1 Gas lifted oil network

This thesis connects the models developed for the gas lift and the riser
to a network of three wells, three gas lifts, and a single riser. A simple

21
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schematic of the entire system is depicted in Figure In this gas lifted oil
network, the gas injection into each gas lift is assumed to be supplied from
different sources with similar properties and pressures, where these sources
are independent. Usually, it is possible to assume that the gas injection
is reused from top facilities such as gravity separators. Furthermore, the
manifold in the system is not a tank, rather, it is thought of as a point at
which all production flows from each well are gathered and jointly directed
in the riser to the topside. The flows in the system described in Figure
are always travelling vertically upwards at all points, hence there is
no horizontal flow movement. In addition, in Figure [3.1] all green shapes
represent a flow through a valve which is controlled by a manipulated valve
opening u as described in Equations for gas injection, for well
production and for riser production.

r

Production

— Riser

Well production

Gas injection Manifold

Gas-lift

Reservoir

Figure 3.1: System network of oil production. Three reservoirs (brown) with
three gas lifts connected by a manifold (Black) to pump oil jointly
through a riser. Green shapes indicate flows through a valve, namely,
gas injection into the gas lift, well production into manifold, and on
the top total production choke.
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As will be seen in the following sections, this system is highly coupled and
very nonlinear. In order to find the well production and solve the mathe-
matical models for the gas lifts, the manifold pressure calculated in the riser
model is required. Moreover, to find the manifold pressure in the riser the
production from the wells must be provided. Hence, there is the mutual
dependency. However, using advanced programming tools makes this sim-
ulation possible and successful. The software used is mentioned in the final
section of this chapter.

3.2 Generalized submodel

Generally, any of the subsystems of the gas lifted oil production network
can be described by the ODE system in Equations where the subscript
c refers to any component of the network. In the case of this master thesis
the reference is ¢ = {well 1,well 2, well 3,riser}. Further, the differential
states x. represent the mass of gas and liquid in each component of the
network. and can be described by the dynamic function f.. Equation
represents algebraic variables of the DAE system by the algebraic function
Je, such as the pressures and mass flow rates of gas and liquid phases through
the reservoirs and valves.

Te = fc(xauc) (3.1&)

Ye = gc(xcauc) (3.1b)

3.3 Friction equation

This section introduces the new friction equation used in the tubing of the
gas lifted oil network. This is part one of the work in this thesis, and it
is one of the major changes produced in the modeling part to the models
developed in [23] and [22].

In the tubing of the gas lift and riser models, calculating the pressure drop
due to friction can be very challenging. Equations 14-19 in article [23]
define an average flow rate from the reservoir to the tubing, w,es, which is
a constant in the model developed to avoid the circulating dependency and
mutual dependence of the friction to the flow. In addition, [23] introduces
superficial velocity terms which are necessary for the friction equation to
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reflect the volumetric flow rate which is dependent on the mass gas oil ratio
(GOR). Those superficial velocities are calculated for both the gas phase
in the tubing, and the liquid phase in the tubing. Then an average mixture
velocity is calculated by summing up the two superficial velocities. Finally,
a friction factor from the implicit Colebrook-White equation, [10], is used
to find the pressure loss due to friction from the top of the tubing down
to the injection point. Hence the friction model in [23], can be considered
as an estimated parameter that depends only on the injection rate in time,
given that it is the only time variant variable in Equations 14-19 in article
[23].

The friction model that is deployed in this thesis work, relies on mutual
dependency and standard fluid dynamics notations to describe the friction.
Namely the Hagen-Poiseuille equation, Equation[3.2] is used to describe the
pressure drop in the flow through a long cylindrical pipe of constant cross
section [16]. Previously, this equation was successfully applied to air flow
through a drinking straw and a hypodermic needle. Now this thesis applies
the equation to the tubing in gas lifted oil production. Because the gas lift
model is a highly nonlinear and coupled system, a minor change in some of
the parameters can result in different simulation run time and results. It is
important to use simple versions of the pressure drop due to friction.

L
Py, = 128% (3.2)
Q=2 (3.3)

In Equation Py, is the pressure drop or pressure reduction, L is the
length of the pipe, u is the dynamic viscosity, and D is the pipe diameter.
The volumetric flow rate can be calculated through Equation 3.3 where w is
the mixture mass flow rate out of the pipe, and p is the average flow density
mixture over the pipe. The Hagen-Poiseuille equation is assumed to be valid
in the gas lift model due to its application on laminar flow. However, for
velocities and pipe diameters above a threshold, can lead to larger pressure
drop than calculated by the Hagen-Poiseuille equation. Further, the value
of the pressure drop in the gas lift is considerably low. Therefore calculating
pressure drop using should be sufficient and its quantity remains well
defined even in the case of varying flows.
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3.4 Water cut

In addition to the new friction equation, the water cut, (WWC'), parameter is
introduced to take into consideration the water produced during reservoir
oil production. Hence, the behaviors of the three phases in the system are
taken into account. It is necessary to introduce W' in the calculations
to have a more accurate representation of the liquid densities in different
parts of the system during the life time of the reservoir. The change in WC
can be considered as a disturbance to the system as it becomes larger and
it’s effects become more significant. Hence, for changing W' values, the
density of liquid, pr, and the viscosity of the fluid, u, must be adjusted. This
is done by applying the following equations:

1
PL= "wo | 1-wC

Pwater Poil

(3.4)

Hoil

B= W (3.5)

3.5 Well model

This section introduces the flow calculations of the gas lift model in the
annulus and tubing parts. The derivation of the equations are done derived
sequentially, while showing the necessary steps in the process. Furthermore,
this section also shows how the pressures, phase fractions and the frictions
are calculated, which are essential for the flow calculations. The list of
symbols is presented on page and the constants used in the model are
shown on page Finally in this section the modeling refers to Figure [3.2
which describes the gas lift design [23].

3.5.1 Basis and mass balances

The basis of the gas lift model consist of three states, (i) The mass of gas
in the annulus z1, (i7) The mass of gas in the tubing x3, and (éi7) the mass
of liquid in the tubing x3. The gas lift is modeled as a vertical cylindrical
tank filled with gas at a constant temperature. The state Equations in [3.6
are simple mass balance equations for each phase (liquid and gas) in the
annulus part and the tubing part of the gas lift. Each mass balance is built
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by the inflow and the outflow of the respective control volume (annulus and
tubing). In the model represented by Equation wa, in is the inlet mass
flow rate of gas supplied to the gas lift through the annulus, and wgq, in;
is the outlet mass flow rate injected at the bottom of the annulus to the
tubing, hence the subscript a denotes the annulus part. In the second part,
Equations and describe the mass balance of gas and liquid in
tubing, subscript ¢, respectively. Where wg, out, wa,., and wg,,,, denote
outlet gas mass flow from tubing, and inlet gas and liquid mass flow from
reservoir into tubing, respectively. Equation takes into consideration
both gas and liquid present in the reservoir, hence it can describe the entire
gas lift model.

dzq .

— = 1 = Wq,in — WG,,inj (3.6a)
dt

dxo .

ﬁ = X2 = wGayinj +wG7'es _th70Ut (36b)
dx3 )

= i3 = Wi, ~ Weow (3.6¢)

3.5.2 Flow into annulus

The modeling of the artificial gas lift presented in Figure [3.2] begins on
the annulus side, where the gas flow through the gas lift choke, wg, on
the top left of Figure 3.2 is calculated. Through the gas lift choke and
annulus, only gas is present and thus the ideal gas law is a valid assumption
and hence the pressure on the top of the annulus can be derived using a
constant temperature 7, over the whole annulus. The latter assumption is
valid due to the slow variation in temperature over time [10]. The density
of gas before the choke can be calculated by Equation where Py, is the
pressure of the gas lift source and Mg is the gas molecular weight.

PysMg
T.R

PG,in = (37)

The density of gas on the right side of the gas lift choke, annulus part, is
given by Equation Which is a simple division of the gas mass by the
Total constant volume of the annulus, denoted by V.
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Figure 3.2: Schematic representation of the gas lift model.

T
Y= 3.8
PGa =7 (3.8)

Thus, the pressure at the top of the annulus F,;,, can be written as in

Equation [3.9]

pG,aRTa

i (3.9)

Pa,top =

Subsequently, the pressure of the annulus in the bottom near the injection
point Py pty, can be calculated simply by adding the gravitational pressure
drop.

AP, = pc.aLayg (3.10)

Pa,btm - APa + Pa,top (311)
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Similarily, the density of gas can be found at the bottom of the annulus by
taking into consideration the ideal gas law, as follows

Pa,bthg

a,btm — - 12
PG,a,bt T.R (3 )

Hence, the gas mass flow into the annulus is derived in Equation [3.13| which
is based on the valve model and the pressure difference on the top before
and after the gas lift choke.

waG,in = Kgsu2 \/pG’,a(Pgs - Pa,top) (313)

In Equation the pressure drop is the driving force for the flow through
the gas lift choke, when Py, is greater than P, ;,, the flow though the choke
increases, given that Py, is always greater than P, ;. However, if Py, is
lower than P, 0, there will be no flow through the choke. Usually Equation
B:13] is restricted by a maz function to insure that the term under the
root is always positive semi definite, however in this thesis this function
was eliminated due to the use of optimizers that do not accept max or if
functions during optimization. That is, because the introduction of such
discontinuity into a model can have disadvantageous effects on the solver’s
ability to efficiently obtain an accurate solution due to the introduction of
non-smooth gradients. Further, K is a constant valve parameter and us is
the choke opening, otherwise know as the input or the manipulated variable.

3.5.3 Gas injection into tubing

As shown in the previous section the valve model is a good mathematical
description of the flow over a point. Therefore, according to the valve model
the pressures, before and after a specific point of transfer, must be found.
The procedure in this section is simply to find expressions for the pressures
at different points of the tubing all the way down to the injection point,
once the latter is found the valve equation can be applied.

In this model the reservoir is assumed to be saturated, that is the pressure
of the reservoir is at its bubble point where it is ready to vaporize. Under
these circumstance the reservoir is completely in liquid phase. Subsequently,
everything below the injection point is assumed to be in liquid phase, see
Figure Which implies that the length of the bottom hole, Ly, is only
liquid. Hence, the average density of gas above the tubing can be calculated
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for the volume where gas is present, excluding the bottom hole area. This
becomes, the total volume of the tubing, V;, subtracted by the liquid volume,
x3/pr, all of which are above the injection point and excluding the bottom
hole volume, Vi, = SppLpn. See Appendix [A] for constants used in the
model. Thus the average density of gas in the tubing above the injection
point can be formulated as in Equation

T2

T VA V- 2

PGt (3.14)

Additionally, The average density of the entire mixture of gas and liquid
in the tubing part above the injection point can be described by Equation
0. 10l

_ T2 + w3 — Vinpr
iz = > P (3.15)
t

Utilizing Equation and the Ideal gas law assumption, the pressure at
the top of the tubing can be obtained by the gas law.

f_)G,topRTt

e (3.16)

Pt,top =

The pressure at the bottom of the tubing near the injection point can be
found by merely adding hydrostatic pressure forces to pressure loss due
to friction. Thus, the pressure loss due to the gravitational force can be
described by Equation [3.17] where L; denotes the length from the top of
the tubing down to the injection point. The average density of mixture in
the tubing , Pz, found earlier is used to account for the gas present along
the tubing.

APt = ﬁmithga (317)

In addition, the pressure loss due to friction along the surface of the tubing,
P, fy, is found. This is done by applying the Hagen-Poiseuille Equations
and [3.2]to the tubing section above the gas injection point. Thus, Equations
and are found. Where wey; is the mass flow rate of mixture leaving
the tubing to account for the entire tubing. Since wyy,; is yet to be found,
mutual dependency becomes noticeable.
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Q; = Lout (3.18)

ﬁmim

Further, the pressure loss due to friction and wall stress in the tubing can
be formulated as in Equation Where the average volume fraction in
the tubing, ay 4, is described in Equation

aruliQr

P =128
Lfr 71'D;1

(3.19)

Finally, summing up the top pressure and the pressure losses will yield the
pressure on the bottom of the tubing near the gas injection point.

Py ptm = P pr + AP+ P iop. (3.20)

Given that the pressures on both ends of the injection point are available,
the injected gas flow rate can be developed. This is done by combining
Equations [3.11], [3.12] and [3.20] in the valve model, which yields Equation
B3-21} Where Kjp; is the constant valve parameter.

WG,inj = Kinj \/PG,a,btm(Pa,btm — P ym) (3.21)

Despite the absence of an actual valve at the injection point, Equation|3.21]is
an adequate description the flow. Therefore, it is assumed that the fraction
input, u, is always fully open. Hence, u = 1.

3.5.4 Flow from reservoir into tubing

This section shows how the mass flow rate out of the reservoir, wyes, is
calculated.

Initially, the gas to oil ratio (GOR) is defined as the ratio between the
rate of gas and liquid mass flowing from the reservoir into the tubing,
W@, res,out Jw Lyres,out- GOR is an important given constant parameter in di-
mensionless metric units, which affects the productivity and efficiency of the
oil production from reservoirs [20]. GOR is used to find the mass fraction
of gas at the bottom of the tubing, through Equation [3.22
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GOR

o = .22
aG,btm GOR+ 1 (3 )

At the bottom hole, the pressure losses are formulated using the parameters
and constants for the bottom hole section. Where Ly, is the length of the
bottom hole section, @y, is calculated using total reservoir outflow w;..s with
pL since it is assumed that the flow in this section right before the exit is
at very high pressure and the mixture is in the liquid phase. Finally, the
diameter of the bottom hole is denoted with Dyy,.

APy, = prLpng (3.23)
Qupp = (3.24)
PL
pLonh Qon
Py gr = 128 (3.25)
" 7ng‘h

Thus the pressure at the bottom hole Py, is calculated by summing the
hydrostatic pressure force and the pressure loss due to friction at the bottom
of the tubing near the injection point, P u,. Hence, Equation is
formulated.

Pyn = Py ptm + APy, + Pyn g1 (3.26)

The mass flow rate from the reservoir w;.s can be calculated by Equation
PI is a given parameter which describes the productivity index. PI
replaces the gain and the input fraction, that is, it describes the ability of
the reservoir to pump fluids from the reservoir to the tubing. In addition,
the pressure of the reservoir is also a given quantity P,..s which, in general,
has a large effect on the production of oil from reservoirs.

Wres = PI\/ Pres - th (327)

When the fluid from the reservoir passes the bubble point part of the liquid
evaporates. Thus, the gas developed must be taken into consideration.
Moreover, ag‘,btm can be used to find the liquid and gas mass flow from the
reservoir, according to Equations and respectively.
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WL, res = (1 - ag},btm)wres (328)

WG,res = (ag,btm)wres (329)

3.5.5 Flow from tubing into manifold

Here, the mass flow out of the production choke is calculated. Previously,
expressions for the pressure on the top of the tubing, F; ;op, and the average
density over the tubing above the injection point, pp,., have been developed.
In this section a more accurate description of the mixture density on the
top of the tubing is developed. This is done by taking into consideration
the additional flows of liquid and gas flowing from the reservoir. Given that
the reservoir flow has been exposed to an environment with lower pressure.
The calculations here are based on the work of [22] and [23]. Using the
pressure at the bottom of the tubing P i, a more accurate expression for
the density at the same point is developed using the ideal gas law and the
temperature at the bottom hole, Tp;. The latter will yield Equation (3.30

Pt,bthg

3.30
Ty R (330)

PG t.btm =
The density, pa,tptm, is a useful quantity that is utilized to produce the
volumetric fraction of liquid at the bottom of the tubing, through Equation

3311

WL, resPG,t,btm
WL, resPG,t,btm + oL (wG,res + wG,inj)

aL,t,btm = (331)

Further, the average volume fraction of liquid &z, ; inside the tubing above
the injection point is calculated as follows:

3 — Vonpr

3.32
Vior (3:32)

art =

ar ¢ can be considered as the average liquid volume fraction at the middle
of the tubing, which can be calculated from the liquid volume fractions
at both ends of the tubing. This is given the assumption made by [22],
which states that in a two phases vertical pipe the gradient is constant,
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given that the relationship between the pressure and the volume fraction is
linear. Therefore from the two quantities found above it is possible to use
the simple relation through Equation [3.33

QL ttop = 2001t — QL t btm- (3.33)

Using the liquid volumetric fraction, o ¢ top, the density of mixture at the
top of the tubing can be expressed as the following:

Prmia,ttop = OLttopPL + (1 — QL t10p) PGt (3.34)

The valve equation can be used to find the total mass flow rate exiting the
tubing through the production choke.

Wout = Kprul \/pmix,t,top<Pt,top - Pm) (335)

In Equation up is the fraction input of the production choke, K,
is the production choke constant and P, is the pressure at the manifold.
P,, is a very important quantity which depends on many variables such
as the top side pressure, friction pressure and the outflow through each
production choke from each well in the gathering system. The manifold
pressure calculations are show in Section [3.6

Furthermore, to calculate the composition of the flow rate, the gas mass
fraction on the top side of the tubing O/Gn’t’top is required. This is expressed
via following

(I —arttop)Pcit
artopPL + (1 — artiop) PGt

(3.36)

m —
QG ttop =

Finally, given G 4 top and wyyt, the gas and liquid mass outflows can be
expressed as the following:

WG out = O‘gyt,topwout (337)

Wr,out = (1 - antLyt’top)wout (338)
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3.6 Riser model

The mathematical derivations of the flows and pressures through and in
the riser model, are developed here. The riser gathers all liquid and gas
outflows from the different wells through a manifold and pumps the oil
to top facilities. These facilities are usually gravity separators or other
advanced reservoir production equipment. The basis of the model is first
presented and later the mathematical modeling equations of the riser. In
this section all variables and constants are applied only to the riser, thus
similar notations do not explicitly mean that they are equivalent to other
variables developed earlier or after.

3.6.1 Mass balance in riser

The basis of the riser model consist of two states, (i) The mass of gas in
the riser x1, and (i7) the mass of liquid in the riser x5. The riser, similar
to the tubing in the gas lift, is modeled as a vertical cylindrical tank filled
with gas at a constant temperature. The state Equations [3.3Y| are also a
simple mass balance equations of each phase (liquid and gas) in the riser.
The mass balance equations in [3.39] are built using the total inflow of gas
and liquid from the wells and the outflow of gas and liquid from the riser.
Note, x1 and zo are not equivalent to those in Section [3.5

dzq )
ﬁ = T1 = Wtot,G,in — WG, out,r (3393)
dxa )
ﬁ = X2 = Wot,Ljin — WL, out,r (339b)

In Equations WG, out,r and W, oyt denote gas and liquid outflow rates
from the riser, respectively. Expressions for these quantities will be devel-
oped later in this part of the chapter. Moreover, wiot ,in and wiet 1, in denote
the total inflow of both gas and liquid arriving from the wells, which are the
sum of the wells’ outflows. Equations [3.40| show the summing operation,
where n denotes the number of wells, in this case n = 3.
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n

Wtot,Lin = ZwL,Out,i (3.40a)
i=1
n

Wtot,Gin = Z wa,out,i (340b)
=1

3.6.2 Flow through top production choke

The riser model follows a similar modeling scheme and procedure as in the
tubing part of each well. The riser is simply a vertical cylindrical pipe
carrying the gathered fluids and gas from each well to the top side facilities.
The main driving force that pumps the fluids to the top is the pressure
differences. In order to find the production outflow, the valve equation is
used over the top production choke.

Initially, the manifold pressure, P,,, must be found. This is done by sum-
ming the pressure losses due to gravity and friction to the riser’s pressure at
the top. The density of the gas on the top side can be calculated according
to the following Equation:

PG top = ﬁ (3.41)
PL

Where V. is the total volume of the riser (cylindrical tank), and by sub-
tracting the volume occupied by the liquid, ”pﬂ—i, the total volume occupied
by gas in the riser is found. Hence, the pressure on the top side of the riser
is found using the ideal gas law:

RTTpG,top

Mg (3.42)

Pr,top =

Further, to find the friction pressure loss the average density of the mixture
over the entire riser volume is required:

_ r+x
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Using the average density, the total volumetric flow is constructed using
Equation Where Wy, 18 yet to be found, hence, the mutual depen-
dency appearance.

Q, = —oubr (3.44)

ﬁmix

Using the the volumetric flow found above, the pressure loss due to friction
is found by applying Hagen-Poiseuille Equation [3.2l In Equation [3.2] D,
denotes the riser’s diameter, L, denotes the length of the riser, &y, is the
average volume fraction of liquid in the riser given in Equation [3.48] finally
1 designates the fluid’s viscosity constant.

@L/LLTQT
Furthermore, the pressure loss due to gravity is
AP, = pmizLrg. (3.46)

By summing up the pressures found above, an expression for the manifold
pressure can be developed as shown in Equation [3.47

Pm = LIrtop + APr + Pr,fr (347)

Next, to a find a more accurate description of how the density varies on the
top side of the riser, a similar approach is done as in the previous section.
The average volume fraction of the liquid, &y, inside the riser is calculated

as follows:
X2

VipL

(3.48)

oy =

Using the pressure at the manifold point, ideal gas law and the temperature
T, will yield an expression to the density at the bottom of the riser:

Py Mg
RT,

PG btm = (3.49)

Which is again a very useful quantity used to formulate a volumetric fraction
of liquid at the bottom of the riser, through Equation [3.50
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PG btmWtot, L in

(3.50)
PG btmWtot,L,in T PLWtot,G,in

O btm =

Making the assumption that the volume fraction relationship is approxi-
mately linear in a vertical pipe [22], the top liquid volume fraction can be
found by:

QLtop = OLbtm + 201 (3.51)

Utilizing o, t0p found above, a more accurate description of the mixture
density at the top, pmiz,top, is developed through:

Pmiz,top = QL topPL + (1 - O[L,top)pG,top (352)

By combining the expression for pmiz top and the valve model, the total mass
flow exiting the riser, w;, ou¢, through the production choke is described by:

Wout,r = Kpr,r“\/pmi.t,top(Pr,top - Ps) (353)

In Equation K, is the production choke constant, Ps is the pressure
in the top facilities accepting the oil, and u is the fraction input of the valve
(otherwise know as the manipulated variable). The value of u here ranges
between 0 and 1 and describes the opening of the valve. In all of the case
studies in this thesis this valve is left fully open to maximize production.

Finally, the gas mass fraction on the top side of the riser, agt op 18 used to
find the respective outflows of each phase. Namely the gas phase outflow,
W@ out,r, and the liquid phase outflow,wr, out,r. These are described by the
following equations respectively. The subscript L denotes total liquid or
fluid which contains oil and water

1—
ag‘l,top — ( aL,top)pG,top (354)

QL topPL + (1 - aL,top)pG,top

WG out,r = Olg7topwout7r (355)

WL, out,r = (1 - ag7top)wout,r (356)
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3.7 Gas lifted oil network of DAEs

The mathematical models presented in this chapter are expressed by Dif-
ferential Algebraic Equations (DAFESs). This is presented in the following
form:

= f(z,y,u,t)

3.57
0 = glogaut) (3.57)

Where f describes the differential part and g describes the algebraic part of
the DAE. This is a semi explicit DAE, where the differential and algebraic
parts are decomposed. DAEs are characterized by their index. The index
of a DAE is the smallest number of differentiation required to obtain an
ODE. The models of the system shown in Figure [3.1] can be described by
a DAE system with a large index number. Generally, the higher the index,
the greater the numerical difficulty becomes. The system’s DAEs can be
described by following;:

Gas lift Differentials part

Tl = WGq,in — WGq,inj (3.58a)
Ty = WG, inj T WG — WGy out (3.58b)
T3 = WL,., — WL out (3.58¢)

Gas lift Algebraic Part

0 = wa,n; — Kinj\/pG,a,btm(Pa,btm_Pt,btm) (3.58d)
0 = wres — PI/Pros — Py (3.58¢)
0 = wour — Kprul\/pmix,t,top(Pt,top_Pm) (358f)

Equations [3.58 describe how the DAE system was formulated for each of the
wells. In total there are three differential variables, {1, 2, x3}; and three
algebraic variables, {wq, inj, Wres, Wout };, where i = {well 1, well 2, well 3}
denotes the well number.

Similarly, A DAE system is also formulated for the riser model which has
the following form:

Riser Differentials part
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T = Wtot,G,in — WG, out,r (359&)

Tg = Wtot,L,in — WL, out,r (359b)

Riser Algebraic Part

0 = Wout,r — Kpru\/pmim,r,top(Pr,top - PS) (359C)
0 = WG, out — O/Gn,t,topwout (359(1)
O — wL’Out - (]. - ag7t7top)wout (3.596)

Manifold Algebraic Part
0 = Py — (Prop+ AP+ P gy) (3.59f)

Equations describe how the DAE system was formulated for riser
model. In total there are two differential variables, {x1,z2} and three al-
gebraic variables, {wout, WG out, WL,out}, as well as the algebraic manifold
pressure P, variable.

All other quantities are not mutually dependent, therefore it is unnecessary
to include them in the DAE system rather they are treated accordingly
through a step by step algorithm.

3.8 Software package

For model simulation purposes the Matlab programming environment was
used. The well and riser models were implemented separately in Matlab
as script files, and coupled later in another script file which represents the
plant. The mathematical models for the gas lifted oil network were initially
solved using fsolve for steady state conditions, and later integrated using
the ode15s for dynamic DAE stiff systems. The ode15s was used because
it can solve problems with a singular mass matrix, otherwise known as
differential-algebraic equations (DAEs).






Chapter

Formulation of Optimization
Problems

In section [2.3]an OCP was developed and solved to produce a single optimal
control trajectory. One might use the obtained optimal control trajectory
solution to control the real process. However, because the real model typi-
cally deviates, from the model developed in the optimization problem, the
precomputed control trajectory is not always satisfying [4] and [15]. The
latter might lead to not reaching the points that the model trajectory pre-
dicted. Therefore, the process can be monitored for irregularities and unex-
pected behaviours during the time development. By being able to monitor
and detect model development, the optimal control inputs or trajectory can
be modified to get the best possible solution. For example, if the pressure
at the manifold is not at the set point due to gas to oil ratio changes in the
reservoir, the optimal control trajectory is recomputed. The latter is also
described as feedback control.

This chapter attempts to bridge the gap between optimization and con-
trol of the oil production system shown on page This is done by first
presenting the concepts which merge feedback control with optimization.
Namely, Real Time Optimization (RTO) and Nonlinear Model Predictive
Control (NMPC). In addition, this chapter shows the methodology used to
build a nonlinear program from the collocation method and presents the
software package used to solve this large NMPC system.

41
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4.1 Real time optimization

One approach to compute the optimal feedback control mentioned earlier
is in real-time optimization (RTO) during the run-time of the process. For
example, in the case of the oil production, after the occurrence of a distur-
bance, the optimization is called to be solved again in order to compute the
control trajectory again. However, in reality the optimal control problem
might be simplified in order to speed up computation time, e.g. by pre-
dicting only a finite amount of time into the future, in addition, algorithms
might need to be adapted to new tasks, thus the optimization needs to be
solved again. This process is challenging and requires a long time, since
numerical optimization is usually carried out on embedded hardware, [4].
The advantages of RT'O approach are the flexibility provided in formulating
the objective and the process model, and the capability to directly handle
equality and in equality constraints of nonlinear dynamic process models.

In this thesis the RTO method is used in order to find the optimal steady
state values of the input controls ugy ss, and the differential and algebraic
states Xopt, 55 and zpt 55, respectively. Hence, by solving this problem the
optimal steady states can be passed to another controller, which finds suit-
able control trajectories. The RTO control problem can be formulated via
the following;:

muin L(z,z,u) (4.1a)
subject to

f(z,z,u) =0, (4.1b)

g(z,z,u) =0, (4.1¢)

v < g < ghidh, (4.1d)

Ao < < phigh, (4.1e)

ulow < g < Mgl (4.1f)

In Equations the differential variables are represented as x. and the
algebraic variables as z., where ¢ = {well 1, well 2, well 3, riser}. These are
chosen based on the DAE system developed in Equations and In
addition, the control inputs of the system consist of 3 gas injection valves
(u2) into the wells, and 4 production valves (u;) from the wells and the
riser, see page for plant visualization. Further, the objective function
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is the Lagrange term in the continuous form as discussed in In this
case the RTO represents the economic objective of maximizing production
WL, 0ut, While minimizing gas injection wg nj, see Equations|3.59¢| and |3.58d)|
for the flow rates.

In Equations f and g describe the differential and algebraic equations
in each component of the system. See section where the models were
represented as a system of differential algebraic equations. In the RTO f
is constrained to be equal to zero in order to produce the optimal steady
state solutions, at which the dynamics are equal to zero.

Each of the variables x, z and u are subject to boundary conditions, which
are indicated by the inequalities [£.1d] [£.1¢] and [£.1f, The lower and up-
per bounds are specified in Appendix [C.4] The boundary conditions are
essential and one of the main advantage of using the RTO method. They
indicate under which conditions the system should operate to optimize a
process, e.g., if the production valve of well 1 is desired to be open at
all times, then the inequality is specified as {1 <wuy(t) <1=u; = 1}.
Similarly, values can be relaxed by the boundaries, e.g., if {0 < u;(¢) <1},
then wuy is allowed to be at any valve opening position. Hence, the RTO
produces the steady state point at which the production is optimal.

In conclusion, The RTO’s optimal control problem described by Equation
is solved less often in order to find the optimal steady state solutions of
the decision variables X,pt 55, Zopt,55 and Ugp:,s5 while taking into account
the disturbances that occur on the system periodically.

4.2 MPC strategy

During the operation of the real process, state variables and system param-
eters, such as the GOR and W', are most likely subject to disturbances.
In addition, the plant measurements could be subject to low or high noise.
Hence, an optimal closed loop or feedback control approach would be much
preferable, giving the optimal control for a sufficiently large range of time
points tg, initial values xy and parameters py. In other words the solution is
computed at time tg and recomputed at every time step where the final time
ty progresses with fg, i.e. ty —to = T. Here, T' is the prediction horizon.
This approach is called Model Predictive Control (MPC), [9], [4],]15],[5].

The MPC strategy can be formulated in the following steps:
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1. Observe the system’s present state Zg.

2. Predict and optimize the future behaviour of the system for N steps
in the prediction horizon starting with Zg.

3. Apply the first control action u,y to the process to minimize cost of
the objective function.

4. Move the optimization horizon T one step forward and repeat the
same procedure.

Step (4) in the MPC is referred to as receding horizon control (RHC), due
to the allocation of the prediction time horizon T'. See Figure to see the
strategy of the receding horizon.

Figure [4.1] illustrates the overall MPC controller strategy. As can be seen,
the controller takes in initial values for the differential states, which are used
to predict the future values of the output variables based on the model.
Later, the optimization problem is solved using the collocation method.
Finally, the manipulated variables for the first time step are implemented
on the model/plant to fulfill the objectives and constraints. Here, the model
represents the gas lifted oil network sketched in Figure [3.1

The principle of model predictive control is presented in Figure 4.3l The
limitation of the horizon to a finite length N allows to solve the problem
numerically. If IV is large enough, it will be a good approximation of infinite
horizon problem. In Figure the optimization is essentially solved for
each time step N, where the time steps are determined by the the sampling
period h. The latter yields the following: N = %

To understand the different outcomes resulted by different values of N,
h and T, different sampling periods were tested. Finally, it was decided
that, in the case of the gas lifted oil network, the prediction horizon time
is T'= 4000s with a sampling period h = 200s, which yields N = 20 steps.
This is made by taking into consideration:

1. The time it takes for the system to reach steady state.
2. How often plant measurements are obtained.
3. How often disturbances occur.

Thereafter, the optimization problem is solved at every sampling time, to
produce a complete control trajectory, as can be seen in Figure How-
ever, only the first control action, ue¢, is applied to the plant. In the end
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Xo

-

NMPC ¢ (t+N|o) |2
v(t+ N[t)
x(t+NJt)

Plant

Model

Reference

Optimizer

Objective Function
and Constraints

Future Errors

Figure 4.1: The overall strategy of the receding horizon. Displayed the initial dif-
ferential states, zo. The MPC controller box (orange) includes the all
the operations within the optimization, (1) specifying objective func-
tions and constraints, (2) setting up and formulating an optimizer,
(3) optimization and predicting the model, (4) finding control trajec-
tory, u for each time step. Later, only the the first control action is
implemented ¢ on the plant. The measured values are compared
with the reference provided by the RTO, and the future errors are
returned.

of the simulation the complete set of the states responses along the control
action inputs are registered.

The primary advantage of model predictive control over a single step opti-
mization is that MPC couples feedback control with open loop optimization,
by requiring a new solution from the open loop optimization based on the
future measured errors, see the following algorithm.

Algorithm 2 State feedback MPC procedure
for t = 0,1,2,3,... do
Obtain current state value from measurement data;
Solve the dynamic OCP on the prediction horizon T" from ¢ to t + N;
Apply the first control action u; on the plant;
end for
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< Optimization at time step ¢ E—
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Figure 4.2: Receding horizon strategy depicted for two steps. The process is
repeated N times.

4.3 Nonlinear MPC

The gas lifted well network studied in this thesis operates under stiff per-
formance specifications due to large amount of constraints imposed on the
system and demanding economical consideration to operate the system close
to boundary. Because of the process model nonlinearity, the controller of
this system becomes a Nonlinear Model Predictive Control, (NMPC). The
basic principle shown in Figure still applies.

In section[3.7]the gas lifted oil network is modelled according to the following
differential algebraic equation (DAE) system:

= f(x,y,u,t) (42)
0 = g(z,y,u,t)

The optimal steady state solutions of z, z, and u are supplied by the RTO

through Equation [4.1] These states are assumed to be measurable. Thus,

from the optimal steady state solutions and the measured states, it is pos-

sible to return future errors. The errors are returned to the NMPC through
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the closed loop system, and the NMPC attempts to produce a control tra-
jectory that minimizes the errors. Hence, a tracking NMPC. The NMPC
optimization problem is formulated as follows:

i

. 1 re re
min §(Xt+1 - xtﬂ)TQx(XtH - $t+€)

t=0
1 re re

+ §(Ct+1 - Zt+{)TQz(Ct+1 - Zt+{) (4.3&)
1 re re

+ 5 = T R — )
1

+ §AU?RAtA’U,t

subject to
X0 — Xy = 0, (4.3b)
x(t) — f(x(t),C(t),v(t)) =0, t € [to,ty], (4.3¢)
g(x(t),C(t),v(t)) =0, t € [to,ty], (4.3d)
X' < x(t) < XM (4.3¢)
clow < ¢(t) < ¢hion, (4.30)
Vo < w(t) < oM (4.32)
— Ay <y (t) < Ay, (4.3h)
where

Q.+ 0, (4.31)
Q.+ 0, (4.3j)
R, >~ 0, (431()
Ra: ~ 0, (4.31)
Aut = Ut — Ut—-1]- (43m)

In Equation X, ¢, and v represent the predicted differential state, alge-
braic, and control input trajectories at time instance t for ¢ € [0,...,N — 1]

In Equation [4.3| the objective function includes the minimization of the dif-
ference between system current states and their respective reference points.
That is because the system needs to follow a reference trajectory that leads
to optimal production, hence the terms (x¢+1 — m;ﬁ), (Ct41 — ztrﬂ) and

(vy — ub®). The reason for using index ¢ + 1 for the states x and ¢ is that
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the states of interest are x1,...,xn;(1,...,(n since the initial states x( are
fixed. Similarly, a quadratic penalty on Awu; is imposed on the optimization
problem. Here, u is a parameter in the optimization problem. In this case,
the previous input u_1 is required to calculate Au. The terms in the objec-
tive function of the optimization problem above have weighting terms that
are used for system tuning. These parameters communicate to the opti-
mization program which variables have higher significance and are essential
to reach steady state robustly. @Q., Q., R; and Ra; are always positive
semidefinite matrices. Furthermore, the objective function is subject to the
nonlinear differential and algebraic constraints shown in Equations and
The equality constraint is imposed by setting the initial predicted
state xo equal to the actual state x(, which is obtained from measurement
data.

Upper and lower bounds are placed on the differential and algebraic states
and the control parameters. These include pressure and gas injection flow
rate limits in the system’s submodels. The control input constrains run
from 0 to N — 1 since uy_1 defines the control input on the time horizon
t € [N — 1,N]. The change in the control input is restricted by This
is usually an issue in optimization since valves do have limitations on their
dynamic performance, e.g. the step and speed with which a control input
may change.

Notice that economic measures like revenue or cost are often linear in one
or several states, and can be added to the objective function in Equation
as terms for minimization dg:x¢, d,r2z: and dyzus, where dyt, dop and dy;
include sales prices and the costs of input factors [19]. In this thesis they
are not included in the objective function. Thus, the NMPC merely tracks
optimal points of production provided by the RTO.

Equation does not include any feedback control. Hence, it represents an
open loop nonlinear DAE optimization problem. The loop can be closed by
applying the the following algorithm:

Algorithm 3 NMPC procedure with state feedback
fort = 0,1,23,..., N —1do
Obtain current state of the model x;.
Solve the dynamic nonlinear OCP on the prediction horizon T’
from t tot + N.
Apply the first control action u; on the plant.
end for
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Figure 4.3: The principle of MPC. The top axis displays the open loop optimiza-
tion problem, calculated for one sampling period of the model. After
which only the first control action is applied to the model, and the
states and inputs are registered on the bottom axis.

The algorithm above creates a NMPC system using the optimization prob-
lem developed earlier. The key addition is obtaining the current state of the
system from the model plant and feeding it back to the optimization prob-
lem. Thereafter, determine whether the system is approaching the optimal
steady state solutions obtained in Eq[4.1] An illustration of the algorithm
is displayed in Figure The red arrow shows that once the current states
are obtained and the optimization problem is solved over T', the first optimal
control action can be applied.

4.4 Discretization and transcription of OCPs

In section[2.4]the basics and background of direct collocation were presented.
The discretization method applied to the gas lifted oil network model, is the
direct orthogonal collocation. This section shows the discretization method
of a DAE system and the transcription of the OCP [13].
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The OCP in both the control and states are discretized on the collocation
interval t € [tg,tp41] C [to,ts], where k € [0,...,N — 1], using a K'*-order
polynomial p(t,vg). The polynomial p depends on the coefficients zj. The
approximated polynomial is found by building Lagrange polynomials for the
set of collocation times t,q,...,tx ¢ Which are constructed as follows:

P= 1] ﬂ (4.4)

thi — th
G0 T

By combining the coefficients v and the Lagrange polynomials I(t) the fol-
lowing is obtained:

t xk Zxk szz (4.5)

Further the property of the Lagrange polynomial is as follows:

1 if i=j
Pty i) = R 4.
i (t.) {0 i it (4.6)
The latter property entails that for ¢ = 0,...,K the polynomial p will take a
unitary value at the collocation time ¢ ; and a zero at all other times ¢, ;.

Equation is used for the simple ODE (t) = f(x(¢),t). However, the
gas lifted well system is a DAE system. Thus, in order to account for the
algebraic variables an addition polynomial to Equation 4.5]is added.

t .Tk Z$k sz:z (4.7&)
K

a(tzr) = > 2k, Pei(t) (4.7b)
=1

Using the polynomials in Equation [£.7] the integration over the time inter-
val [ty,tg41] can be performed by selecting collocation variables x ; and zy, ;
this is done by solving algebraic equations that ensure that the polynomial
in is a precise rendering of the states trajectories. By enforcing several
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conditions, and assuming that the initial state value is available, the inte-
gration of the system over a time interval [tx,t;11] can be found via solving
collocation equations.

Continuity: The initial condition must be enforced, that is, zj(tg,xx) =
xp. Here it is assumed that the initial state xj at the beginning of the
interval time = t, = tj o is measured. Consequently, xj(t5,25) = T = Tp 0.
Satisfying the initial condition requires simply 0 = 1, o — xj, to hold. Notice
that has (K + 1) degrees of freedom (DOF), while requires only
K DOF. The reason for the additional DOF in the differential polynomial
is to ensure the continuity of the states by forcing all shooting gaps to
close. This latter condition is unnecessary for the algebraic states which can
have discontinuous trajectory. Moreover, the continuity boundary condition
is also applied on the end of the interval, i.e. the beginning of the next
interval, 0 = x g — Tp11,0-

Dynamics: The dynamics on the remaining collocation times y 1,...,tx i
must satisfy the dynamics of the polynomial zy(¢,zx). Hence, the following
equation is imposed:

1)
axk(tk,iﬂ?k) =F(xp(trir) 2h,0ur) (4.8)
————’

=Tk,i

In the latter equation, %:ﬁk(tm,wk) denotes the time derivative of the La-
grange polynomials, and F denotes the model differential states as described
in section 3.7

Algebraic: The dynamics of the algebraic states on all collocation times
tk1,---tk,k must not be subject to change. Thus they are equal to zero:

0= G(wk(tr,irTk) +2kiruk) (4.9)
—————

=Tk,i

Where G denotes the model’s algebraic states derivatives %, as described
in section 3.7

Control inputs: The control inputs are assumed to be piecewise constant in
the interval [ty,tr11], which is given by:

u(t) = ug (4.10)
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Figure 4.4: Third order direct collocation in the interval [tx,tx11]. From the top,
the differential states with (K + 1) DOF, the algebraic states with
(K) DOF, and the control input.

In the gas lifted oil network, it is sufficient to use the third order poly-
nomials K = 3. Moreover, by solving the collocation equations above, the
differential and algebraic states can be well approximated. Figure shows
a simple and clear depiction of how the method works and how it is solved,
with the blue curves indicating the solution from the collocation equations.
Notice that, at the end of the interval, the continuity boundary condition
also applies 0 = & k — Tp41,0-

4.5 Nonlinear programming problem

After the discretization process, the OCP can be transcribed into a finite
dimensional nonlinear programming problem (NLP). The NLP is using a
software library for large scale nonlinear optimization of continuous sys-
tems. By using the third order polynomials in the discretization, the NLP
problem can be formulated as in Equation in which all the equations
are discretized and optimized simultaneously in the collocation loop, using
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the collocation points for the states and controls.

subject to
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(4.11a)

(4.11p)

Here, xx+1; € R™, (k4145 € R, and v € R™ represent the predicted
differential state, algebraic, and control input at time instance k for k €
[0,...,N — 1] and collocation point i for i € [1,...,K]. Notice that the sum of
the objective function in is taken from i = 1,...,K. That is justified
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by the presence of algebraic variables, and the initial condition where i = 0
in the constraints. Furthermore, the constraints of the NLP are based on
the conditions of the collocation method, namely, the continuity, dynam-
ics and algebraic conditions. Finally, the time derivative of the Lagrange
polynomial is defined as in where f3;; are the weights produced af-
ter differentiation (see [18] and [1] for detailed differentiation), and can be
plugged in for the state dynamics constraints.

The NLP developed here uses the collocation points t;, ; developed for poly-
nomials of the third degree by Gauss-Radau. That is because the Radau
Collocation chooses a set of collocation points that includes the end point
of the interval. This is an advantageous property for stiff systems [15].

The NMPC formalized in Equation [4.11] can be solved in a receding hori-
zon fashion, where at each time k, the measurement xj is assigned as the
initial state for the optimization problem. Then, the optimization problem
is solved to compute the optimal states and input trajectory over the pre-
diction horizon. Later only the first step of the optimal control sequence is
implemented on the plant, ux = v;. Finally, at the time k 4+ 1, new mea-
surements of the state xy11 are obtained and the optimization procedure is
repeated, hence enabling feedback control [19].

4.6 The NMPC system and software package

The entire optimization and control system built in this thesis is described in
Figure [4.5] The figure shows the complete application of the mathematical
modeling of the network (Plant Model), developed in section 3l Moreover,
the real time optimization (RTO) program, Equation is developed in
section Finally, the nonlinear model predictive control (NMPC) pro-
gram, Equation [4.11] is formulated in section [4.3

1. The RTO provides the system with the optimal steady state values of
zr, z and u.

2. The NMPC takes in the measured states as the initial points and
attempts to minimize the objective function in Equation There-
after, it applies the first step of the optimal control sequence v = ugp
on the plant.

3. The plant runs and returns measured values for the states to the
NMPC.
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Usually, the NMPC is used to provide set-points to a lower regulatory layer
such as PI controllers (see Figure from which the controllers manipu-
late the valves to keep the plant at optimal steady state operations. How-
ever, in this thesis the regulatory layer is not considered. Rather, the NMPC
is used directly to manipulate the valves in the gas lifted oil network.

This thesis uses the optimization software package CasADi (Computer al-
gebra system for Automatic Differentiation) to solve the OCP problems
developed, namely, the RT'O in and NMPC in [2]. The software
uses simultaneous approach to solve the OCPs as described in Figure [2.6
CasADi is a symbolic framework for algorithmic (a.k.a. automatic) differen-
tiation and numeric optimization, and allows users to construct scalar (SX)
or sparse (MX) symbolic expressions. These expressions efficiently use the
method of algorithmic differentiation in forward or reverse modes and graph
coloring techniques for generating complete, large and sparse Jacobians and
Hessians. CasADi makes it very simple to calculate the relevant derivatives
in the DAE system, which drastically reduces the efforts for users to find
derivatives (see [2] for a full manual guide and description of CasADi).
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Figure 4.5: A schematic representation of the optimal control strategy and design
of the gas lifted oil production network. Here, y € R"x, { € R™¢,
and v € R™ represent the predicted differential state, algebraic, and
control input respectively. In addition, the first control action uyp: =
vy ¢ is displayed.



Chapter

Numerical Case Examples

This chapter investigates the following:
1. The open loop step response of the system.
2. The relationship curve between oil production and gas injection.
3. NMPC with low and high magnitude noise.
4. RTO and NMPC robustness with regard to parameter changes.

In this thesis, the plant simulations are done in Matlab, where the system of
the DAEs is integrated using the function ode15s. For the open loop step
response simulations the ode15s is initialized using the steady state solu-
tions from the fsolve function. Further, the steady state OP in Equation
is solved using CasADi and the ITPOPT plugin. Finally, the dynamic
OP is transformed into a discrete NLP problem, Equation where the
model in the predictive state is integrated using the orthogonal collocation
method with 37¢ degree radau collocation points and the NLP is solved
using the IPOPT Plugin.

Initially the RTO runs to find the optimal steady state solutions that are
supplied as tracking points to the NMPC. The NMPC runs to find optimal
control trajectory for the gas injection, of which only the first control action
is applied to the plant. Further, the plant (odel15s) runs to compute the
states, these are sent to the NMPC as the starting points of the following
iteration. In CasADi the IPOPT displayed at all times "Optimal solution
found".

o7
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5.1 Open loop system simulation

This section investigates the modified mathematical model introduced in
Chapter Initially, an open-loop response simulation is performed when
the wells have different reservoir pressures to check model stability. Later, a
step response simulation is done when wells have varying GORs and W(C's
to investigate their effects. Towards the end, the relationship curve between
total oil production and gas injection is displayed.

Open loop step response

The objective here is to check the stability of the modified model. The
production chokes, u; . for ¢ € [welll, well2, well3, riser], of the gas lifted
well network are kept fully open, given that there is no constraint on the
total production of oil. Hence, the steps are applied only on the control
inputs of the gas injection valves, us 5 in Equation in which the sub-
script n € [1,2,3] denotes the well number. The steady state solutions for
the states in Equations [3.58] are found using the function Fsolve when all
injection valves are half way opened, us, = [50%]. The parameters used in
the simulation are shown in Table This choice is made to investigate
the step response with varying reservoir pressures.

Table 5.1: Parameters used in open loop step response on gas injection valves for
wells with varying reservoir pressure

Symb. Description Well 1 Well 2 Well 3 units
Pres reservoir pressure 140 150 160 bar
Ky, production choke constant 2.80 2.80 2.80 -
GOR mass gas oil ratio 0.15 0.15 0.15 -

PI productivity index 3.00 3.00 3.00 kg/s/Pa
wc water cut 0.15 0.15 0.15 -

Figure shows the open loop step response when the gas injection valves
positions are adjusted to ua, = [70%]. As can be seen, the system sta-
bly adjusts to new operations and reaches steady state after 2000s. This
indicates that the modified model is stable. In addition, with increasing
reservoir pressure the total production of liquid increases from the corre-
sponding well. The larger the pressure differences in the wells, the larger is
the driving force of the flow. Hence, more mass will escape to areas subject
to low pressure.
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On the top left, the gas injection step increase is displayed. On the
top right, the liquid outflows are displayed. On the bottom, total
liquid production from the riser with WC = 15% is displayed, as well
as the reference line (red) before the step response.
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Gas injection step increase us, = 70%. On the top, the manifold
pressure increase with reference line (red). On the bottom, the bot-
tom hole pressures in the wells.
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For higher gas injection rates, the overall oil production decreases and
reaches a new steady state point below the previous, as indicated by the
red dashed line in Figure[5.1] The system’s production rates are affected by
several factors in the gas lifted well network. The observation in Figure [5.1
can be justified by the trade off that is done between the pressures loss due
to friction, Equation and the hydrostatic pressure in Equation To
illustrate, the gas is injected into the wells in order to decrease the density
of the fluids in the tubing, thus decreasing the bottom hole pressure. When
the bottom hole pressure is decreased more oil escapes from the reservoirs
as the pressure difference increases. However, this is beneficial only to some
extent, given that the hydrostatic pressure drop cannot compensate the in-
creased friction loss which is originating from increased gas flow inside the
tubing.

Figure[5.2] shows the manifold and bottom hole pressures behavior when the
gas injection is increased. Although this leads to decrease in the bottom
hole pressure however this also leads to decline in the pressure difference
between top and bottom of the tubing. As indicated, the pressure at the
manifold increases when gas injection is increased. Thus, less oil is driven
out of the tubing and through the riser. Hence, the high coupling of the gas
lifted well network.

Effects of reservoir parameters on the system

This section briefly shows the GOR and W effects on the total liquid and
oil production of the system. These quantities are based on the nature of the
reservoir and cannot be controlled or manipulated. Therefore, during the
life time of the reservoir these parameters are considered as disturbances.
The effects are studied by carrying an open loop step response on the gas
injection for wells with varying GORs and W(C's. See Table

(1) Water cut: The water cut was introduced to the model in Chapter
Figure shows a step response done on the gas injection valves
into the wells with varying WC's. In addition Figure [5.3] shows the oil
production rates from the corresponding well. As can be seen, wells with
lower WC's produce more oil, which is expected, since W' is a fraction
quantity. On the other hand, the total production of liquid flow is slightly
decreased from the nominal value (red dashed line). This is justified by the
density and viscosity changes that have direct effects on the pressures in the
tubing. The larger the W' in the well, the higher the density of the mixture
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Figure 5.3: Step response simulation when us ,, is increased to 70% for wells with
varying water cuts, WC = 0.15, 0.10, 0.05, for wells 1, 2 and 3
respectively. Displayed on the top left, the gas injection into wells.
On the right, oil outflows from the wells. On the bottom, liquid and
oil outflows from the riser.

becomes, which leads to higher bottom hole pressures and less reservoir
outflow. However, Figure indicates that the W' has insignificant effect
on the total production of liquid mixture, because there is no significant
increase in the density.

(17) Gas to oil ratio: The GOR is an important parameter in dimensionless
metric units, which affects the productivity and efficiency of the oil pro-
duction from reservoirs. Figure depicts liquid outflows from wells with
different GOR values. On the top left of Figure although the same gas
injection step is applied to all wells, the gas entering the tubing through the
gas injection point varies due to fluid densities. The higher the GOR is, the
lower the density at the bottom of the tubing. On the top right, liquid pro-
duction is lowest for the well with the lowest GOR, well 3. Further, for well
1 the liquid production is the highest, with slightly higher production than
well 2. This shows that increasing GOR values is beneficial only to some
extent. The gas lift injects gas to minimize the density of the liquid at the
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Figure 5.4: Step response simulation when us ,, is increased to 70% for wells with
varying gas to oil ratios, GOR = 0.2, 0.15, 0.1, for wells 1, 2 and 3
respectively. Displayed on the top left, the gas injection into wells.
On the right, liquid outflows from the wells. On the bottom, liquid
outflow from the riser.

bottom of the tubing. The same phenomenon also applies to increasing gas
ratios. However, the overall production from the riser is less than the nom-
inal production point. This is caused by the trade off between hydrostatic
pressure loss and pressure loss due to friction. Notice, the gas lift network
in this system is highly coupled and nonlinear. This can be seen for very
low values of GOR, in which the ode15s will display abnormal simulations
and errors.

Effect of gas injection on production rates

This section attempts to justify the need for optimization in the gas lifted oil
network depicted in Figure As shown earlier, different parameters and
operating conditions affect the gas lift system diversely. Thus to investigate
the possible benefits of optimal control, a simulation study was performed
using the parameter setup in Table
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Figure 5.5: Total oil production rate wy;; oyt from the riser subject to gas in-
jections in the three wells, where us,, is the gas injection opening
position. The red cross shows the point at which maximum oil pro-
duction is achieved.

The relationship between gas injection and oil production is displayed in Fig-
ure [5.5] Figure [5.5] shows that the production rate of oil increases rapidly
to a certain point before it starts dropping again. This implies that the
injection rate of gas can be both advantageous and disadvantageous at dif-
ferent rates or valve opening positions. This curve is justified by the the
hydrostatic pressure drop that cannot compensate the increased friction loss
which is due to the increment of gas mass in the tubing parts of the wells.

Furthermore, Figure shows the pressure difference between the bottom
hole pressure and the reservoir pressure, AP = P,.; — Py,. As indicated,
the pressure difference curve has a similar behavior as in the oil production
curve in Figure [5.5] This indicates that the main driver of oil production
is the bottom hole pressure P,,. That is because the lower the bottom
hole pressure, the more oil will escape to the gas lift in pursuit of relieving
conditions. The red cross in Figure depicts the point at which the
bottom hole pressure is lowest and the pressure difference is highest. This
relationship is also justified by the modeling Equation[3.27] where a decrease
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Figure 5.6: Reservoir pressure, P,.s, and bottom hole pressure, Py, difference
subject to gas injection valve opening position, us ,. The red cross
shows the point at which AP is maximized.

in the bottom hole pressure is beneficial since the term under the square
root increases with decreasing Py, thus the reservoir production rate wi.s
increases.

5.2 Steady state optimization

The RTO is used to find the optimal steady state values of X,p¢ 55, Zopt, 55,
and u,y g9, for differential states, algebraic, and gas injection control in-
puts, respectively. At all times the production chokes are left fully open
assuming that there are no constraints on the total production. Hence,
more liquid leads to more oil. This is done to achieve optimal production
conditions while operating within bounds and constraints. The optimal
steady state values are calculated less often to account for the occurrence
of disturbances in the plant model, eg. W and GOR increase in the wells.
These optimal values are found by solving the optimization problem given in
Equation [5.1} The objective function in the optimal control problem below
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can be set based on the user’s desires. In Equation different economic
objectives can be defined. In this thesis, the maximization of liquid mass
rate outflow from the riser and minimization of gas injection into wells are
considered as the objectives of the RTO. By making the choice of maximiz-
ing liquid, this directly leads to maximization of oil at all times regardless
of the variation of the uncontrolled water cut parameter, given that there
are no constraints on the production and that the production chokes are
left fully open. In addition, the choice for the minimization of gas injection
is merely to minimize costs of injection, assuming insufficient gas resources.
However, under different circumstances the objective of the RTO can be
modified to fit suitable conditions.

After setting the problem in the CasADi software, the IPOPT finds the
optimal steady state solutions. These solutions are moved forward to the
NMPC, see Figure for set up and Appendix [B] for decision variables.
The same procedure is done several times within the limits of the prediction
horizon to investigate how the controller functions when disturbances occur.

3
min. — W, out,r + w;z:1 WG i well (5.1a)
subject to
f(z,z,u) =0, (5.1b)
g(x,z,u) =0, (5.1c)
glow < g < ghigh, (5.1d)
Jlow < 5 < Shigh (5.1e)
ulew < < M9t (5.1f)

When plugging ugp: 55, Xopt,s5, and Zept,s5 in the plant, the ode156s displays
that the system is at steady state. Hence, the RTO solutions are valid. This
simulation uses the parameters in [5.2] and the bounds in Appendix [C.4]
Notice that for varying combinations of parameters values it is difficult to
find the optimal control solutions manually as in Figures and The
latter is due to high nonlinearity and high coupling of the gas lifted oil
network which leads to errors displayed by the odel15s. Thus, employing
the RTO method is very beneficial, but, a control trajectory is required to
control the system.
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Table 5.2: Parameter values used in NMPC simulations

Symb. Description Well 1 Well 2 Well 3 units
Pres reservoir pressure 140 150 160 bar
Ky, production choke constant 2.80 3.00 3.20 -
GOR mass gas oil ratio 0.15 0.10 0.15 -

PI productivity index 3.00 2.50 2.00 kg/s/Pa
wc water cut 0.15 0.10 0.05 -

5.3 NMPC case studies

The objective of the NMPC is to track the optimal steady state solutions
given by the RTO. The discrete NLP in Equation [4.11] is solved using the
IPOPT. In Equation [£.11] the outputs have to converge to the given refer-
ence points as much as possible while fulfilling the constraints. The values
considered for tracking are as shown in the objectives of Equation [{.114]
Namely, the differential states, masses of gas and liquid, and algebraic vari-
ables, rates of liquid and oil and gas injection, in the gas lifted oil network.
This section discusses different cases such as noisy measurements and set-
point tracking of the NMPC.

Case 1: NMPC with measurement noise

In real processes the measurements are not always accurate, thus the con-
troller has to handle noisy measurements. It is important that the controller
is not sensitive to the noise, in order to avoid exposing the valves to continu-
ous wear and tear. In this case study, a random low and high noise is added
to the differential states given in Equations and The noise is gen-
erated using the randn function in MATLAB. The function selects a random
scalar from a standard normal distribution which is then multiplied by the
magnitude, eg. noise(r1) = rand(1)*mag, where mag = 1072, 1073, 10~%.
The OCP is given in Equationwhere Tref, Zref, Uref are the steady state
optimal solutions supplied from by RTO. The RTO objectives are given in
Equation for maximization of liquid outflow and minimization of gas in-
jections shown in Further, in Equation [4.11] when the measurement is
corrupted by noise, the closed loop dynamics become xx11 = f(xk, Ck) + Wk,
here wy, € R™=.

Figure shows the simulations done for low and high magnitude mea-
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Figure 5.7: On the left, the indirectly manipulated variables for low magnitude
noise (black), high magnitude noise (blue) and optimal set point from
RTO (red). On the right, the oil outflows for low magnitude noise
(black) and high magnitude noise (blue).

surements noise of the differential states. The simulation is done using the
parameters given in Table[5.2] The low magnitude noise added to the states
is of the order 10™* on the gas mass in the annulus, and 1072 on the gas
and liquid masses in the tubing parts of the network. On the other hand,
The high magnitude noise added to the states is of the order 1073 on the
gas mass in the annulus, and of 1072 on the gas and liquid masses in the
tubing of the network.

Figure depicts the system’s gas injection on the left, and well oil pro-
duction on the right. The simulations indicate that the controller is more
sensitive to highly noisy measurements, thereby causing the system’s valves
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to be noisy, which in turn leads to increased oscillations and less stability
around the optimal point. For less noisy measurements (black lines), the
NMPC reaches the optimal steady state after 4000s. Hence, the objective
function is satisfied. The reason why the noise measurements have
wavy curves and spikes is the sampling time. In this thesis, the sampling
time in the NMPC is 200s with a prediction horizon of 4000s. The choice is
made based on engineering intuitions and trials so that all optimal solutions
are satisfied. Further, the ode15s receives the first control action and runs
the plant for 200s before returning a new measurement to the NMPC.
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Figure 5.8: From the top: Manifold pressure with its reference point and bottom

hole pressures for low magnitude noise (black) and high magnitude
noise (blue).

Similar results are obtained In Figure [5.8] where the manifold pressure
and the bottom hole pressures are depicted. As can be seen, the manifold
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pressure does not show significant noise oscillations. Rather, it reaches its
optimal steady state value after 2000s. On the contrary, the bottom hole
pressures experience higher instabilities when subject to high measurement
noise. Hence, for highly noisy measurements the oil production becomes
noisy and less stable. This is shown in Figure 5.9 where the liquid, oil,
water, and gas outflows from the riser are depicted for both low and high
magnitudes of noise. As can be seen the liquid mass outflow out of the riser
oscillates around the optimal steady states point (red reference line), while
for low magnitudes the optimal point is fulfilled steadily.
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Figure 5.9: From the top: liquid, oil, water and gas outflows from the riser for
low magnitude noise (black) and high magnitude noise (blue). The
red reference line is for the optimal liquid mass rate.

Demonstrating high sensitivity to noise is a normal effect of the NMPC.
However, due to systems nonlinearity and coupling it is extra important
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to address noise issues. One possible solution is to enhance the NMPC
tuning. The system can be tuned by taking into consideration the weighting
parameters in the objective function in Equation For example, the R;
and Ra; can be adjusted to counter high noise effects.

Case 2: NMPC robustness with regard to parameter changes

Typically, during the life time of the reservoir the gas to oil ratio (GOR) and
water cut (IWC') are subject to change. These changes can have significant
effects on the reservoir oil production. As discussed in chapter [3] the oil
production from the gas lifted oil network is subject to disturbances by
these uncontrollable natural parameters. This section investigates the RTO
responses and NMPC controller tracking ability when disturbances occur on
the GOR and W' in each of the reservoirs. The latter is done by running
the RTO, Equation [5.1] several times to account for these disturbances. The
RTO will produce new optimal steady state solutions, which are fed to the
NMPC as reference points. Further, The NMPC problem is solved to
produce a suitable control trajectory to be applied on the plant. The plant
runs and returns the initial values of states for the next iteration in the
NMPC. The same procedure is repeated until the end of the simulation.

In this case, the differential, algebraic and control inputs are considered for
tracking to maximize oil production while minimizing gas injection, accord-
ing to Equation The parameters used in this case are displayed in
Table .3l

Table 5.3: Parameters values used in NMPC disturbance simulations

Symb. Description Well 1 Well 2 Well 3 units
Pres reservoir pressure 140 150 160 bar
K,  production choke constant 2.80 3.00 3.20 -
GOR mass gas oil ratio 0.15 0.10 0.05 -

PI productivity index 3.00 2.50 2.00 kg/s/Pa
wc water cut 0.15 0.10 0.05 -

Effects of GOR

Figure [5.10] shows the gas injection inflow rates into the wells with their
corresponding set points. These set points are provided by the RTO and
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displayed as the red reference line. In addition, the oil outflow rates from
each well are displayed on the right. The simulation is displayed when the
reservoirs GOR values are subject to increase by 10% at time 2000s, 20%
at time 4000s and 30% at time 6000s, from their initial values in Table
As can be seen in the simulation results, at low GOR. values wells 1 and 2
require high gas injection rates. This is due to the large hydrostatic pressure
in the tubing. Hence, by injecting more gas into the wells the densities are
reduced which leads to the reduction of the bottom hole pressure.
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Figure 5.10: Set point tracking of gas injection in the wells when the gas lifted
oil network is subject to GOR disturbances. On the left, algebraic
variables wq in. On the right, oil outflows woir out-

Figure shows how the NMPC controller attempts to track optimal
steady state values of the gas injection, wg,in, generated by the RTO. As can
be seen the NMPC ability to track the setpoints while satisfying boundary
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conditions and constraints of is successful. On the left of Figure [5.10
every 2000s a pump occurs due the disturbance appearance. In Figure[5.10
the gas injection rate into well 1 slowly reaches the steady state point after
700s. However, because well 2 is still not at steady state the controller in
well 1 is forced to find another trajectory until all wells reach their reference
points.

Further, for varying GORs the oil outflow from the wells slightly increases
in well 1 while it decreases in well 2 and 3. The latter is justified by the
bottom hole pressures in Figure|5.11
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Figure 5.11: Set point tracking of the manifold pressure for new optimal steady
state solution when subject to GOR disturbances every 2000s. On
the bottom, bottom hole pressures Py, for the wells.

In Figure the manifold pressure is displayed, as well as its optimal
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steady state setpoint. In addition, the bottom hole pressures in each well
are depicted. As indicated, the bottom hole pressure in well 1 decreases
every 2000s with increasing GOR. From the conclusions drawn earlier, the
lower the bottom hole pressure is, the larger the oil production becomes.
The latter justifies why the oil outflow from well 1 increases while the oil
outflow from wells 2 and 3 decreases. Moreover, the manifold pressure P,
increases with increasing GOR values. Figure shows that the manifold
pressure steadily reaches the optimal steady state reference points every
time changes are applied to the GOR. This shows that the NMPC controller
is successful in tracking.
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Figure 5.12: Set point tracking of liquid outflow rate for new optimal steady
state solution, when subject to GOR disturbances. Additionally,
oil, water and gas outflow rates from the top production choke in
the riser are depicted.
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Finally, the total liquid, oil, water and gas outflows rates through the riser
choke are depicted in Figure As observed, every 2000s the liquid out-
flow in the riser is adjusted and the NMPC controller steadily reaches the
optimal solution. In general, it can be seen that, to some extent, increasing
GOR values is beneficial. However, at time 4000s and 6000s it shows oth-
erwise, as both the total liquid production and the oil production decrease.
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Figure 5.13: On the left set point tracking of the gas injection when subject to
W increase every 2000s. On the right, the oil outflows from each
well in the gas lifted well network are depicted.

Effects of W(C'

The following simulations are made by assuming that the WC' increases
during the lifetime of the reservoir. In Figure the gas injection rates
are displayed with their corresponding set points. The red reference lines
are the steady state solutions found by the RTO. The RTO runs every
2000s to provide the NMPC controller with suitable set points for tracking.
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These set points are the optimal steady state solutions generated each time
a disturbance occur on the gas lifted oil network. The disturbances are
applied so that W' values are subject to increase by 10% at time 2000s,
20% at time 4000s, and 30% at time 6000s, from their initial values in
Table The RTO finds new optimal points which are then tracked by
the NMPC. In Figure [5.13| after the occurrence of a disturbance, the RTO
runs to find the optimal steady state solutions, and the NMPC successfully
tracks these solutions as set points.
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Figure 5.14: On the top, set point tracking of the manifold pressure when subject
to WC increase. On the bottom, the bottom hole pressures for each
well in the gas lifted oil network are displayed.

Figure depicts the manifold pressure with its corresponding setpoint,
as well as the bottom hole pressures in the gas lifts. As indicated, increasing
water cuts do not affect the system significantly. However the RTO does
find new steady state solutions which are insignificantly different. The idea
is that increasing WC' will subsequently increase the density of the fluid
and the pressure at the bottom hole. Therefore for increasing WC's more
gas is required for injection to increase oil production.
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Figure[5.15| depicts the liquid, oil, water and gas outflow rates from the riser.
Given that there are no constraints on the total production and that the
quality of the product is not investigated, maximized production is desired
at all times. The total liquid outflow is not affected by changing water cuts
as expected, since all production chokes are left fully open and only gas
injection chokes are manipulated. Hence, more liquid implies more oil.
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Figure 5.15: Set point tracking of liquid outflow from riser, subject to WC' in-
crease. Additionally, oil, water and gas outflow rates from the top
production choke are depicted.

The RTO objectives are usually determined over a long term of case stud-
ies, eg. gas injection costs, and waste water treatment at other top facilities
costs. In this thesis, the maximization of oil and minimization of gas injec-
tion are investigated. Given that there are no constraints on production,
quality and that all production chokes are fully open, it is reasonable to
assume that maximization of liquid leads to maximization of oil. However,
if there are constraints on the quality of product, one might need to adjust
the production chokes of the gas lifts so that it gives the best combination
of products from each well to reduce overall water production.
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Conclusion

In this work, the optimization of production subject to gas injection in a gas
lifted oil network consisting of three wells and a riser is taken into consider-
ation. In this thesis, the Hagen-Poiseuille equation is proposed to represent
the pressure loss due to friction in the tubing of the gas lifted oil network.
In addition, the water cut is introduced to the gas lifted network model to
account for a three phase system. The mathematical model is formulated
as a DAE system and implemented and integrated in MATLAB using the
odel15s. Further, a two layer control strategy is proposed in order to control
the system optimally and steadily. The first layer applies RT'O to produce
optimal steady state solutions for maximization of liquid outflow and min-
imization of gas injection. The second layer employs NMPC strategy to
control the flow rates and the manifold pressure. The NMPC optimization
problem is formulated for a DAE system. The model inside the NMPC is
solved using the direct collocation approach using CasADi within the MAT-
LAB programming environment. Further, the simulations are conducted on
the model in order to analyze the behaviour of the system under differ-
ent circumstances. In addition, several numerical cases are carried out to
analyze the behaviour of the RTO and NMPC control system.

Initially, the gas lifted oil network behaviour is analyzed when the system
is subject to an open loop step response and parameter changes. It is
observed that the gas injection into the system can be both advantageous
and disadvantageous. This could lead to lower oil production and inefficient
operations when dealing with multiple gas lifts in a network. In addition, it
is observed that different parameter combinations such as GOR, W', and

7
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reservoir pressures could lead to instabilities, and less oil production. Hence,
it is important to have a good control structure that takes into account the
system’s behavior under different conditions and constraints. Therefore,
the RTO is suggested to produce the optimal steady states solutions. The
RTO is tested by running the optimization problem and then plugging the
results into the plant. Further, the NMPC layer is employed to produce an
optimal control trajectory to track reference points. The NMPC behavior
is studied to analyze the performance of the controller to sensitivity in
measurement noise. It is observed that the controller is sensitive to highly
noisy measurements. Thus, large measurement noise could lead to wear and
tear of the injection valves. However, for low magnitudes of noise, the system
performs steadily and the control structure fulfills its objectives. Finally,
the control system is studied when disturbances in water cuts and gas to oil
ratios are applied. In all cases, the states converged to their optimal steady
state setpoints provided by the RTO, while satisfying constraints.

The simulations show that the modified model is a good representation of
the gas lifted oil network. In addition, the results show that the control
system built is able to effectively counter low measurement noise and pro-
duce new optimal steady state points for tracking. The results discussed in
the thesis show that the simplified model and the two layer control system
consisting of RTO and NMPC respectively are good modeling and control
approaches for production optimization.

Future work

In this thesis, the RTO and NMPC are designed by considering flow rates,
manifold pressures and the control valves of the injection of gas as the
decision variables of the RTO and NMPC. However, other variables can
be considered if the production quality is to be optimized, for example the
bottom hole pressure or the oil cut in the riser. This must done when
the production chokes of the wells are relaxed. In addition, it is not yet
discussed to what degree these measurements are really available in the real
facilities. Therefore, based on the actual availability of the measurements,
an estimator should be introduced to the gas lifted network control structure
when testing different scenarios. The choice of the estimator could be the
extended kalman filter (EKF), which is one of the widely applied estimators
for nonlinear systems. Finally, a better tuning scheme can be introduced to
the NMPC built in this thesis.
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Appendix

Simulation Parameters

A.1 Subscripts

Table A.1: Subscripts

Subscripts

Symbol Description

a Annulus

t Tubing in both riser and wells
r Riser

top Top

btm Bottom

bh Bottom hole

L Liquid

G Gas

SS Steady State

opt Optimal solution
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A.2

Well Constants

APPENDIX A. SIMULATION PARAMETERS

Well Model

Table A.2: Well constants

Symbol Description Value

R Universal gas constant 8.314 J/Kmol
Lol Viscosity 3.64e-3 Pa - s
POil Oil density 900 kg/m?
Pwater Water density 1000 kg/m3

g Gravity 9.81 m/s?
Mg Gas molecular weight 16.7e-3 Kg/mol
Ton, Temperature 400 K

T; Temperature 369.4 K

Ly, Bottom hole length 5 m

Ly Tubing length 2048 m

Vi Tubing volume 25.03 m3

Sth Bottom hole cross section 0.0141 m?

Ky Gas lift choke constant 9.98¢-5 -

Kin; Gas injection choke constant  1.4e-4 -

P Pressure gas lift choke 140 bar
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A.3 Riser Model

Table A.3: Riser constants

Riser Constants

Symbol Description Value

R Universal gas constant 8.314 J/Kmol
Lol Viscosity 3.64e-3 Pa - s
POil Oil density 900 kg/m?
Pwater Water density 1000 kg/m3

g Gravity 9.81 m/s?
Mg Gas molecular weight 16.7e-3 Kg/mol
T, Temperature 3694 K

L, Riser length 250 m

Sy riser cross section 0.0507 m?

P, Pressure Gas lift choke 20 bar







Appendix

Decision Variables in The RTO and
NMPC

Table B.1: Manipulated variables in the gas lifted oil network

Symbol Description

U2 welll Gas injection choke in well 1
U2 well2 Gas injection choke in well 2
U2 well3 Gas injection choke in well 3
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Table B.2: Differential decision variables

Well 1

Symbol Description

T1q Mass of gas in annulus
Tot Mass of gas in tubing
x3¢ Mass of liquid in tubing
Well 2

Symbol Description

T1q Mass of gas in annulus
To ¢ Mass of gas in tubing
T3¢ Mass of liquid in tubing
Well 3

Symbol Description

Tla Mass of gas in annulus
Tt Mass of gas in tubing
T3 Mass of liquid in tubing
Riser

Symbol Description

T1,r Mass of gas in tubing

T2 Mass of liquid in tubing




Table B.3: Algebraic decision variables

Well 1

Symbol Description

Win;j Inflow of gas injection

Wres Total outflow from reservoir
Wout,t Total outflow from tubing
Well 2

Symbol Description

Winj Inflow of gas injection

Wres Total outflow from reservoir
Wout,t Total outflow from tubing
Well 3

Symbol Description

Win;j Inflow of gas injection

Wres Total outflow from reservoir
Wout,t Total outflow from tubing
Riser

Symbol Description

Wout Total outflow

waG,out Gas outflow

WL, out Liquid outflow

P, Manifold pressure
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Appendix

Programming Codes

C.1 Well Code

function [well]= well128_model(t,x,u,Pm,P_res,PI. Kpr, GOR,WC)

% The purpose of this model is to represent mathematically a simplified

% dynamical model for a well with a gas lift . 1. we find the gas mass flow
% into the annulus thus we require to find some pressure relations. 2. we
% find the pressure on the bottom of the tubing next to the injection point
% thus finding mass gas flow injected to the tube. 3. we find bottom hole
% pressure and hence the reservoir mass flow. 4. we find the density on top
% of the tubing tto find the mass flow out and use it in the riser model.

import casadi.x

% State variables of our model are x1 mass gas in annulus, x2 mass gas in
% tubing,x3 mass liquid in tubing

% xdotl = w_gin — w_g_inj

% xdot2 = w_g_inj + w_g_res — w_g_out

% xdot3 = w_l.res — w_l_out

% ODE variables

x(1) = x(1)%1000; % mass of gas in annulus [kg]
x(2) = x(2)%1000; % mass of gas in tubing

x(3) = x(3)*1000; % mass of liquid in tubing

% DAE vriables

w_res =x(4); %lkg/s]

weginj = x(5);

w_out = x(6);
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%% %% % % %0 % % % % %0 %0 %% % % %0 %o
% Call in parameters

PI = Plxle—6;

WC = WC/100;

GOR = GOR/100;

Kpr = Kprxle—3;

Pm = Pmsxleb;

P_res = P_resxleb;

X

% Parameters

Mg = 16.7e-3;

Va = 64.34;
Vt = 25.03;
Ta = 348;

R = 8.314;
P_gs = 140e5;
g = 9.81;
Lt = 2048;
La = 2048;
Dt =0.134;
T_bh = 400;
Tt = 369.4;
Lbh = 75;
Sbh = 0.0141;
Vbh = Lbhx*Sbh;
Dbh = 0.134;

Kinj = 1.40e—4;

Kgs = 9.98e—5;

rho-w = 1000;

rho_o = 900;

rhol = 1/(WC/rho_w + (1-WC)/rho_o);
mu-o = 3.64e—3;

mu = mu-o/(1+WCQC)"2.5;

%% % %% % %% %% % % % % %% % %0 % % % % Y%

%% % %% % %% %% % %% % %6 % % %6 % % % %

% first step is to find gas mass flow into the annulus
rhoga =x(1)/Va;

rho_g.in = P_gsxMg/R/Ta;

P_at = rho_g_axR«Ta/Mg;
% w_gin = Kgsxu(2)*sqrt(rho_g_insmax(P_gs—P_a_t,0));
% w_g-in = Kgs*u(2)*sqrt(rho_g-inx(P_gs—P_a_t));

w_gin = Kgs*u(2)*(rho_g_inx(P_gs—P_a_t))"(0.5);
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%% %% %% %0 % %% %0 %0 %o 70 6% %0 %o Yo o %0 %0 %0 %0 7o %0 6%

a_l ave = (x(3)—Vbhsxrho_1)/Vt/rho_l;

%% % %% % % % %0 % % %0 % % %0 % % %0 % % %6 % % %6 % % %6 %

% Second step is to find gas mass flow injected into tubing
dP_a = rho_g_axgxLa;

P_ab = P_at + dP_a;

rho_g_t-ave = x(2)/(Vt+Vbh—x(3)/rho.l);

rho_mix_ave = (x(3)4+x(2)—Vbhx*rho_l)/Vt;

Ptt = rho_g_t_avexRxTt/Mg;
Pd_t = rho_mix_avexgxLt;
Q =a_l_avexw_out/rho_mix_ave;

% and then we can add GOR to

P_t_fr = 128«xmuxLt+Q/(pixDt"4);

P_t_b = P_t_fr + Pd_t + P_t_t;

rhog.ab = P_abxMg/R/Ta;

% f1 = w_g-inj—Kinjxsqrt(rho_g-a_bxmax(P_a_-b—P_t_b,0));
% f1 = w_g-inj—Kinj*sqrt(rho_g_a_bx(P_a_b—P_t_b));

f1 = w_g_inj—Kinj*(rho_g_a_b*(P_a_b—P_t_b))"(0.5);

%0%%%% % %0 % %% %0 %0 %o %0 %% %0 %0 %o %0 %% %0 Yo

07.07
0/0
% now we want to find mass flow from reservoir and out of the whole system
% so we find pressure bottom hole in order to calculate the reservoir mass flow

a_g-b_m = GOR/(GOR+1); % gas mass fraction at the bottom of tubing
dP_bh = rho_lxgxLbh;

Q = w_res/rho_]; % should we use the average wres

P_bh_fr = 128+musLbh*Q/pi/Dbh 4;

P_bh = P_t_b+dP_bh+P_bh_fr;

% 2 = w_res —Plxmax(P_res—P_bh,0); % include an fsolve

2 = w_res —PIx(P_res—P_bh);

w_l res = (1—a_g_b_m)x*w_res;

w_g-res = a_g_b_mxw_res;

%% % %% %% % %% % %% % %% % % % %
% after finding the reservoir mass flow we are then able to calculate the
% actual volume fractions at the bottom of the tubing when reservoir mass
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% flow is included and no longer at the very hiiiigggh pressures of the

% well. using the new volume fraction we will be able to calculate the

% actual mixture density at the top of the tubing so that we have a correct
% mass flow out of the gas lift .

rho_g_t_b = P_t_bxMg/R/T_bh;

% we could calculate our way up

% al_ave = (x(3)—Vbhsxrho_1)/Vt/rho_l;

alb = w_lreskrho_g t b/(rho_g t bxw_lres + rho_lx(w_g res+w_g_inj));%
liquid volume fraction at bottom of tubing

alt = 2xa_lave — alb ; %
liquid volume fraaction at top of the tubing Jahashahi Skogestad 2011

a_g_t-m = (1—al_t)xrho_g_t_ave/(a.l_t xrho_14+(1—a_l_t)*rho_g_t_ave); %
gas mass fraction at top of tubing

rho_mix_t_t = rho_lxa_lt + rho_g_t_avex(l—a_l_t);

% £3 = w_out —Kprxu(1)=*sqrt(rho_mix_t_txmax(P_t_t—Pm,0));

% 13 = w_out —Kprs*u(1)*sqrt(rho_mix_t_t+(P_t_t—Pm));

3 = w_out —Kpr*u(1)*(rho_mix_t_tx(P_t_t—Pm))"(0.5);

w_g_out = a_g-t_mx*w_out;

w_l_out = (1—a_g_t-m)*w_out;

%% %% %% %0 % %% %0 %o %o % %% %0 %o %o %o %0 %o

%% %% %% %0 % %% %0 %o %o % %% %0 %o %o %o %0 %o

% formatting our state equations xdot(1,2,3)

xdotl = w_g_in — w_g_inj;
xdot2 = w_g-inj + w_g_res — w_g_out;
xdot3 = w_l.res — w_l_out;

%% %% % %0 %0 % %% %0 70 %o Yo %0 %% %0 7o Yo Yo

%% %%% %0 %0 %0 %% %0 %0 Yo % %6 %0 %0 %0 Yo Yo

% Defining outputs of our model

xdot = le—3%[xdot1;xdot2;xdot3];

residuals = [f1;f2;£3];

outflow = [w_g-out;w_l out;w_g_in];

y = [le—5xP_a_t; le—5%P_a_b; le—5%P_t_t; le—5%P_t_b; le—5*%P_bh];
well = [xdot;residuals ;outflow;y];

%% %% % %0 % % %% % %0 %o %o %0 %% %0 %o

Listing C.1: Source code for modeling the gas lift
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C.2 Riser Code

function [dots]= Riser128_model(t,x,u,flowl,flow2,flow3, WC_r,Kp_r,P_s)

% the purpuse of this model is 1. to find the amount of oil and gas produced
% at the top of a riser before connecting it to a separator. 2. to find the manifold
pressure at the bottom of the riser

import casadi.*

%% %% % % %0 %% % % % %% % % % %

% the system is represented such that xdot= f(x,u) , y=h(x,u) , x

% represents the mass of the phases liquid and gas which evolves according
% to f. the function h defines the variables y which gathers the input

% pressure and output mass flow rat variables for each phase

% ODE

x(1) = x(1)%1000; % check why you have to multiple by 1000

x(2) = x(2)%1000;

w_out = x(3);

wgout = x(4);

wlout = x(5);

gas_flowl = flowl(1); oil flowl = flowl(2); % this is meant to be liquid
flow and not oil flow

gas_flow2 = flow2(1); oil flow2 = flow2(2);

gas_flow3 = flow3(1); oil_flow3 = flow3(2);

g fin = [gas_flowl, gasflow2, gas_flow3];

o_fin = [oil-flow] , oil_flow2 , oil_flow3 |;

07.07
0/0

% call in Parameters
WCxr = WCx/100; % mass water cut [fraction]

Ps = 20x1eb; % Pressure after riser production choke [Pa] this can be
adjusted later
Kpr = Kprxle—3; % Production choke constant [—]

% given Parameters

Sr = 0.0507; % cross section riser [m2]
Lr = 250; % length riser [m)]

Vr = SrxLr; % volume riser [m3]

rho.w = 1000; % water density [kg/m3|

rho.o = 900; % oil density [kg/m3]
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rhol =1/(WCx/rho-w + (1-WC_.r)/rho_o); % liquid density [kg/m3]
R = 8.314; % universal gas constant [J/mol/K]

g = 9.81; % gravity [m/s2]

Tr = 369.4; % riser temp. [K]

Mg = 16.7e—3; % gas molecular weight [kg/mol]
muo = 3.64de—3;

mu = mu-o/(1+WCrx)"2.5; % viscosity [Pa.s]
Dr = 0.134; % riser diameter [m]

a_l_ave = x(2)/Vr/rho.l;

%% % %% % %0 % %0 %% %0 %0 % %0 %0 % %0 %0 % %0 %6 % %0 % % %0 % %o
% first step is to find the manifold pressure

rho_g-t = x(1)/(Vr—x(2)/rho.l);

rho_mix_ave = sum(x(1:2))/Vr; % average density around the entire riser

Q = a_l_avexw_out/rho_mix_ave; % average volumetric flow

Prt = R«Tr*rho_g_t/Mg; % pressure at the top of the riser

Pd = rho_mix_avexgxLr; % pressure drop from t to b of riser

P_fr = 128+muxLr+Q/(pixDr"4); % pressure liquid friction with inner surface
area or riser

Pm = P_rt+Pd+P_fr; % pressure at manifold, first objective of this
model

%%%%% % %0 % %% %0 %0 %0 Yo 70 %6 %0 %o 7o Yo 0 %6 %0 Yo %o Yo 70 %6 %o

%% % %% % %% %0 % % %0 % % %0 % % %6 % % %6 % % %6 % % %6 %

% second step is to find mass flow rates of liquid and qas

% [SARRY] try using only average and see how results vary

% the reason for that is each well will have different densities of gas and
% liquid as they enter the bottom of the riser

% the reason we could do that is because we have Pm and this allows us to
% find the density at the maniflod aka bottom

% al_ave = x(2)/Vr/rho_l; % average liquid volume fraction in
riser

rho_g_b = Pmx+Mg/R/Tr; % Density at the bottom of riser

alb = sum(o_f_in)*rho_g_b/(sum(g_f_in)*rho1 + sum(o_f_in)*rho_g_b); % liquid
volume fraction at the bottom

alt = 2+a_l_ave — a_l_b; % this is a relation from Jahanshahi
and Skogestad (2011)

rhomix t = alt*rhol+(1—allt)xrho_g_t; % this is the density mix at the top
since it will vary from bottom to top

% f = w_out — Kp_rxuxsqrt(rho_mix_t+max(P_r_t—P_s,0)); % residule for
fsolve of w_out

% f = w-out — Kp_r+xussqrt(rhomix_t+(P_r_t—P_s));

f = w_out — Kp_rsux(rho_mix_t+(P_r_t—P_s))"(0.5);

am-g.t = (1—a.lt)xrho_g_t/((1—a.lt)+rho_g_t+altxrhol); % gas mass fraction

at top of the riser
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f1 = w_g_out — a_m_g_txw_out; % residule for fsolve of w_g_out
2 = wlout — (1—a_m_g_t)*w_out; % residule for fsolve of w_lout
xdot1 = sum(g-f_in)—w_g-out; % gas mass flow over riser

xdot2 = sum(o_f_in)—w_l_out; % liquid mass flow over riser

%0%%0%% % %0 % %% %0 %0 %o 70 %6 %6 %0 %o 7o %0 76 %0 %0 %o Yo Yo

% the output is [dots] of size 10:

%[xdotl, xdot2, f , f1 ,f2 , Pm , mass_gass_out, mass_water_out,mass_oil_out,P_r_t]

dots=[xdot1xle—3;xdot2x1e—3;f;f1;f2;1e—5+xPm;w_1_out]; %w_g_out; WC_rxw_1_out;(1—
WC_r)xw_1lout;P r_txle—5]; % if additional outputs are desired

95

Listing C.2: Source code for modeling the riser

C.3 Network Code

function [y] = network_128(t,x,u,p)
Y%latest change i did here was that i added L as an output of this model

% in this function we combine three wells towards a manifold that enters a

% riser. each of the wells will have different properties of PI,Kpr,GOR,WC,
% and will recieve Pm from the riser. The riser in return will accept

% values of gas and liquid flows from each well and the total flow to

% complete the circuit.

import casadi.x

xowelll = [x(1:3); x(12:14)]; % the fiirst 24 states are the ones taken into
account

x-well2 = [x(4:6); x(15:17)];

x-well3 = [x(7:9); x(18:20) J;

xriser = [x(10:11); x(21:23)];

Pm = x(24); % has been changed

% i

% % Definig all constants to each model PI,P_res, GOR, WC,K _pr

% GOR = [0.15;0.1 ; 0.15]; % for [welll well2 well3]

% WC =[0.15; 0.1 ; 0.05]; % for [welll well2 well3]

% Kpr  =1[2.8 ; 3.0 ; 3.2 ;3.4]; % for [welll well2 well3 riser ]
%

% p=[GOR(1),WC(1),Kpr(1),...
%  GOR(2),WC(2),Kpr(2).,...
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%  GOR(3),WC(3).Kpr(3),...
%  Kpr(4)];
% TEERRRRRRRREREEr e e ey

% Definig all constants to each model PL,P_res, GOR, WC,K _pr, (Deafult)

GOR = [p(1); p(4); p(7)]*100; % for [welll well2 well3]

PI =B ;25; 2 % for [welll well2 well3]

Pres = [140 ; 150 ; 160]; % for [welll well2 well3]

WwC = [p(2); p(5); p(8)]*100; % for [welll well2 well3]

Kpr = [p(3); p(6); p(9); p(10)]; % for [welll well2 well3 riser ]
% % Definig all constants to each model PI,P_res, GOR, WC,K_pr

% GOR = [0.15;0.1; 0.15; % for [welll well2 well3]

% P1 =[3 ; 25; 2 % for [welll well2 well3]

% Pres = [140 ; 150 ; 160]; % for [welll well2 well3]

% WC =[0.15; 0.1 ; 0.05]; % for [welll well2 well3]

% Kpr =[28 ; 3.0 ; 3.2 ;34]; % for [welll well2 well3 riser |

% % Definig all parameters equal, use this only when all p are equal

% GOR = [p(1); p(4); p(7)]*100; % for [welll well2 well3]

% PI1 =B 83 % for [welll well2 well3]

% Pres = [140 ; 140 ; 140]; % for [welll well2 well3]

% WC = [p(2); p(5); p(8)]*100; % for [welll well2 well3]

% Kpr = [p(3); p(6); p(9); p(10)]; % for [welll well2 well3 riser |
% % Definig all parameters equal,

% GOR = [p(1); p(4); p(7)]*100; % for [welll well2 well3]

% PI =B 83 s % for [welll well2 well3]

% Pres = [150 ; 150 ; 150]; % for [welll well2 well3]

% WC = [p(2); p(5); p(8)]*100; % for [welll well2 well3]

% Kpr = [p(3); p(6); p(9); p(10)]; % for [welll well2 well3 riser |
uwelll = [u(1);u(2)]; % for well 1

u_well2 = [u(3);u(4)]; % for well 2

u-well3 = [u(5);u(6)]; % for well 3

u_riser = u(end); % for riser

%% %% % % %% % % % %0 %% % % %

%calling well model so we could find the flows and connect it to our riser

welll = well128_model(t,x_welll,u_welll,Pm,P res(1),PI(1),Kpr(1),GOR(1),WC(1));
well2 = well128_model(t,x_well2,u_well2, Pm,P res(2),P1(2),Kpr(2),GOR(2),WC(2));
well3 = well128_model(t,x-well3,u_well3,Pm,P_res(3),PI(3),Kpr(3),GOR(3),WC(3));
%% %% % % %% % % % % % % % % %

%%%%% %0 % % % %% %0 % %o % % %o
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% calling riser model to find Pm pressure and connect with well models
flowl= well1(7:8);
flow2= well2(7:8);
flow3= well3(7:8);

WCr = (flowl(2)*WC(1) +fow2(2)x*WC(2) + flow3(2)*WC(3))/ (lowl(2)+fow2(2)+
flow3(2));

riser = Riser128_model(t,x_riser, u_riser ,flowl,flow2,flow3, WC_r,Kpr(4));

f = riser (6)— Pmy;

%0%%% %% %0 % %% %0 % %o %0 %%

%% %% %% % % %0 %0 %o %o %o %o %o Yo

% Organized outputs

diff = [welll (1:3); well2(1:3); well3(1:3); riser (1:2)] ; % 11 xdots
alg = [welll (4:6); well2(4:6); well3(4:6); riser (3:5);f] ;% 13 residuals

measurements=|riser(7);welll(7:end);well2 (7:end);well3 (7:end) |;

% y: 24 elements consisting of all states (11), and fsolve variables (13) a simple
vector

% measurements consisting of the following :
% 1 w_l_out Riser %1

% 2 w_g_out

% 3 w_lout

% 4 w_gin

%5 P.at WELL 1 %8
% 6 P.ab

%7 Pt

% 8 P_t-b

% 9 P_bh

% 10 w_g_out

% 11 w_lout

%12  w_gin

% 13 P.at WELL 2 %8
% 14 P_ab

% 15 P_t_t

% 16 P_tb

% 17 P_bh

% 18 w_g_out

% 19 w_l_out

% 20 w_g_in

% 21 P_at WELL 3 %8

% 22 P_a_b
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% 23 P_t_t

% 24 P_tb

% 25 P_bh

y = [diff ;alg;measurements];
end

Listing C.3: Source code for the gas lifted network

C.4 RTO Code

function [xSS,uSS]=RTO_network128(x0,u0,p)

% clc;
% clear; df
% close all ;

addpath(’C:\Users\sarriyh\ Downloads\casadi—matlabR2014b—v3.2.3’)

import casadi.*

% in this case the upper and lower bound of the production choke of the
% riser are equal such that is always open. in addition the objective
% function is to minimize injected gas and maximize oil production from

% riser.

% defining symbolic variables

% well 1

x1 = MX.sym(’x1’); % Mass of gas in annulus
x2 = MX.sym(’x2’); % Mass of gas in tubing
x3 = MX.sym(’x3’); % Mass of liquid in tubing
% well 2

x4 = MX.sym(’x4’); % Mass of gas in annulus
x5 = MX.sym('x5’); % Mass of gas in tubing
x6 = MX.sym(’x6’); % Mass of liquid in tubing

% well 3

x7 = MX.sym(’x7’); % Mass of gas in annulus
x8 = MX.sym(’x8’); % Mass of gas in tubing
x9 = MX.sym(’x9’); % Mass of liquid in tubing

% riser
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x10 = MX.sym('x10’); % Mass of gas in tubing
x11 = MX.sym(’x11’); % Mass of liquid in tubing

% algebraic variables

% well 1

x12 = MX.sym(’x12’); % Inflow of gas injection

x13 = MX.sym('x13’); % Total outflow from reservoir
x14 = MX.sym(’x14’); % Total outflow from tubing

% well 2

x15 = MX.sym(’x15’); % Inflow of gas injection

x16 = MX.sym(’x16’); % Total outflow from reservoir
x17 = MX.sym(’x17’); % Total outflow from tubing

% well 3

x18 = MX.sym(’x18’); % Inflow of gas injection

x19 = MX.sym('x19’); % Total outflow from reservoir
x20 = MX.sym(’x20); % Total outflow from tubing

x21 = MX.sym('x21’

x23 = MX.sym('x23’

; % Total outflow

; % Liquid outflow

)

x22 = MX.sym('x22’); % Gas outflow

)

x24 = MX.sym(’x24’); % Manifold pressure

x = [x1;x2;%3;%x4;x5;%x6;x7;x8;x9;x10;x11;x12;x13;x14 ;...
x15;x16;x17;x18;x19;%x20;x21;x22;x23;x24];

u=[ul;u2;u3;ud;ub;ub;u7f;

% TEULLTIETL LR e

% Definig all constants to each model PI,P_res, GOR, WC,K_pr

% GOR ~ =10.15; 0.1 ; 0.15]; % for [welll well2 well3]

% WC =[0.15; 0.1 ; 0.05]; % for [welll well2 well3]

% Kpr =128 ; 3.0 ; 3.2 ;3.4]; % for [welll well2 well3 riser |
%

% p=[GOR(1),WC(1),Kpr(1),..
% GOR(2),W ( ),Kpr(2 ),
%  GOR(3),WC(3),Kpr(3),..

99
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%  Kpr(4)];
% TERRRREEERRTO e e e et e e e et e e e e

model = network_128(0,x,u,p);
diff = model(1:11);

alg = model(12:24);
%L = model(25) ;
% lbg = zeros(24,1);
% ubg = lbg;

% lower and upper bounds x(diff and alg) and u x1..x24 represent the same
% quantities presented above

%diff wells and riser

x1lb = le—3;
x21b = le-3;
x31b = le—3;
x4 1lb = le—3;
x51b = le—3;
x6_1b = le—3;
x71b = le—3;
x81b = le-3;
x91b = le—3;
x10_1b = le—3;
x11.lb = le-3;
Y%algebraic wells
x12_1b = le—2;
x131b = le—2;
x14_1b = le—2;
x151b = le—2;
x16_1b = le—2;
x171b = le—2;
x18.1b = le—2;
x191b = le—2;
x20_1b = le—2;
Y%algebraic riser
x21 1b = le—2;
x22 b = le—2;
x23_lb = le—2;
Y%manifold pressure
x24 1b = 0.1;

%DOF riser and wells production chokes and gas injection chokes
ul_lb=0.1;
u2_1b=0.1;
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u3_1b=0.1;

ud_1b=0.1;

u5_1b=0.1;

u6_1b=0.1;

u7_lb=1;

% setting the above in a vertical concatenation( a seriec of inconnected

% things)

Ibx = vertcat(x1.lb,x2 1b,x3_1b,x4 1b,x5_1b,x6_1b,x71b,x8_1b,x9 1b,x10_1b,x11 1b ,...
x12_1b,x13_1b,x14 1b,x15 1b,x16_1b,x17_1b,x18_1b,x19_lb,x20_1b,x21_1b,x22_1b,
x23.1b,x241b);

Ibu = vertcat(ul_lb,u2 1b,u3_lb,ud_1b,u51b,u6_lb,u71b);

% same as above only for UPPER bounds as can be seen the production is

% relaxed by allowing the bounds to be very large

x1_ub = 10e7;
x2_ub = 10e7;
x3_-ub = 10e7;
x4_ub = 10e7;
x5_ub = 10e7;
x6_ub = 10e7;
x7_ub = 10e7;
x8_ub = 10e7;
x9_ub = 10e7;
x10_ub = 10e7;
x11_ub = 10e7;
x12_ub = 50e4;
x13_ub = 50e4;
x14_ub = 50e4;
x15_ub = 50e4;
x16_ub = 50e4;
x17_ub = 50e4;
x18_ub = 50e4;
x19_ub = 50e4;
x20_ub = 50e4;
x21_ub = 50e4;
x22_ub = 50e4;
x23_ub = 50e4;

x24_ub = 150e4;

ul_ub=1;
u2_ub=1;
u3_ub=1;
u4_ub=1;
ub_ub=1;
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u6_ub=1;
u7_ub=1;

ubx = vertcat(x1-ub,x2_ub,x3_ub,x4_ub,x5_ub,x6_ub,x7_ub,x8_ub,x9_ub,x10_ub,x11_ub,
x12_ub,x13_ub,x14_ub,x15_ub,x16_ub,x17_ub,...
x18_ub,x19_ub,x20_ub,x21_ub,x22_ub,x23_ub,x24_ub);

ubu = vertcat(ul_ub,u2_ub,u3_ub,u4_ub,u5_ub,u6_ub,u7_ub);

% decision variables

w ={} % why does this work and why do we put w first what is w ? why
do brackets differ ?

w0 = [J; % why does this work and why do we put w first what is w ?

Ibw = [J;

ubw = [J;

% constraints

g =1k

Ibg = J;
ubg = [J;
w = {w{:},x,u}; % why does this work and why do we put w first what is w ?

Ibw = [lbw;lbx;lbu];
ubw = [ubw;ubx;ubul;
w0 = [w0;x0;u0]; % why does this work and why do we put w first what is w ?

%Add the system model as constraints
g {g{:},vertcat( diff ,alg) };

Ibg = [lbg;zeros(24,1) |;

ubg = [ubg;zeros(24,1) ];

Ystage cost

L = —x23 +x19 +x16 +x13; % max oil min gas % PI used to affect results
%L = —x23; % max oil
%L = +x19 +x16 +x13; % min gas

% Economic objective
J =1L

nlp = struct(’x’, vertcat (w{:}), f’,J, g, vertcat (g{:}));

solver = nlpsol(’solver’,’ipopt’,nlp); % NLP solver TPOPT

sol = solver(’x0’,w0,’lbx’,1bw,’ubx’,ubw,’lbg’,1bg, *ubg’,ubg); % then we feed it
values initial lower and upper bounds of x and g

% Extracting solutions
w_opt_SS = full(sol.x);
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uSS=w_opt_SS(25:end);
xSS=w_opt_SS(1:24);

Listing C.4: Source code for RTO

C.5 Collocation Setup Code

function [B,C,D,d] = collocationSetup()
% Joel Andersson, joel@casadi.org, 2016
import casadi.*

% Degree of interpolating polynomial
d = 3;

% Get collocation points
Y%tau_root = [0 collocation_points(d, ’legendre’) |;
tau_root = [0 collocation_points (d, 'radau’)];

% Coefficients of the collocation equation
C = zeros(d+1,d+1);

% Coefficients of the continuity equation
D = zeros(d+1, 1);

% Coefficients of the quadrature function
B = zeros(d+1, 1);

% Construct polynomial basis
for j=1:d+1
% Construct Lagrange polynomials to get the polynomial basis at the collocation
point
coeff = 1;
for r=1:d+1
if r =3
coeff = conv(coeff, [1, —tau_root(r)]);
coeff = coeff / (tau_root(j)—tau-root(r));
end
end
% Evaluate the polynomial at the final time to get the coefficients of the
continuity equation
D(j) = polyval(coeff, 1.0);

% Evaluate the time derivative of the polynomial at all collocation points to get
the coefficients of the continuity equation

pder = polyder(coeff);

for r=1:d+1
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C(j,r) = polyval(pder, tau_root(r));
end

% Evaluate the integral of the polynomial to get the coefficients of the quadrature
function
pint = polyint(coeff);
B(j) = polyval(pint, 1.0);
end

Listing C.5: Source code for collocation setup

C.6 NMPC Code

function [w,w0,J,u_nlp_opt,x_nlp_opt] = optProblem_net128_test0412(N,u0,p,x0,z0,
xz0_measured,uSS,xSS)

% xz0_measured should be a column vector of length nx+xz

% N pridiction horizon

% u0 and x0 z0 are merley initial states

% this optimization problem maximizes oil production from riser, while

% tries to simultaneuously minimize the injected gas into the system. the
% production chokes of the riser and lifts are always fully opened

addpath(’C:\Users\sarriyh\ Downloads\casadi—matlabR2014b—v3.2.3’)
import casadi.*

load(’ Qxzu.mat’)

% Initial values these values could be changed for a better guess
% N= 20;

nx=11;

nz=13;

nu="r;

T=4000;

% T=200;

tf=T/N;

% lower and upper bounds x(diff and alg) and u
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%diff wells and riser

x11b = le—2;
x21b = le—2;
x31b = le—2;
x41b = le—2;
x5 1lb = le—2;
x61b = le—2;
x71b = le—2;
x81b = le—2;
x91b = le—2;
x10_1b = le—2;
x11_1b = le—2;

Y%algebraic wells

x12_1b = le—2;
x13.1b = le—2;
x14_1b = le—2;
x15.1b = le—2;
x16_1b = le—2;
x171b = le—2;
x18.1b = le—2;
x191b = le—2;
x20_1b = le—2;

%algebraic riser

x21 1b = le—2;
x22_1b = le—2;
x231b = le—2;

Y%manifold pressure
x24 1b = 0.1;

%DOF riser and wells

ul_lb=1;

u2_1b=0.1;

u3_lb=1;

ud_1b=0.1; % works well also with mpc
ub_lb=1;

u6_1b=0.1;

u7.1b=0.1;

% setting the above in a vertical concatenation( a seriec of inconnected
% things)

Ibx = vertcat(x1-1b,x2_1b,x3_1b,x41b,x5_1b,x6_1b,x71b,x8_1b,x9_1b,x10-1b,x11_1b);

Ibz = vertcat(x12_1b,x13 1b,x14 1b,x15_1b,x16_1b,x17_1b,x18_1b,x19_1b,x20_1b,x21 1b,
x22.1b,x23.1b,x24_1b);
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Ibu = vertcat(ul-lb,u21b,u3_lb,ud_lb,u51b,u6_lb,u71b);

% same as above only for UPPER bounds

x1_ub = 10;
x2_ub = 10;
x3_-ub = 10;
x4_ub = 10;
x5_ub = 10;
x6_ub = 10;
x7_ub = 10;
x8_ub = 10;
x9_ub = 10;
x10_ub = 10;
x11_ub = 10;
x12_ub = 50;
x13_ub = 50;
x14_ub = 50;
x15_ub = 50;
x16_ub = 50;
x17_ub = 50;
x18_ub = 50;
x19_ub = 50;
x20_ub = 50;
x21_ub = 53;
x22_ub = 50;

x23_ub = 50; % this can be contrained by setting maximum amount of water however
then production chokes of the lifts must be relaxed
%x23_ub = 50;

x24_ub = 150;
ul_ub =1;
u2_ub =1;
ud_ub =I;
u4_ub =1;
ub_ub =1;
u6_ub =I;
u7.ub =1;

ubx = vertcat(x1_ub,x2_ub,x3_ub,x4_ub,x5_ub,x6_ub,x7_ub,x8_ub,x9_ub,x10_ub,x11_ub);

ubz = vertcat(x12_ub,x13_ub,x14_ub,x15_ub,x16_ub,x17_ub,x18_ub,x19_ub,x20_ub,
x21_ub,x22_ub,x23_ub,x24_ub);

ubu = vertcat(ul_ub,u2_ub,u3_ub,u4_ub,u5_ub,u6_ub,u7_ub);



C.6. NMPC CODE 107

% begin p T

% Definig all constants for each model PI,P_res, GOR, WC,K_pr

% GOR  =1[0.15; 0.1 ; 0.15]; % for [welll well2 well3]

% WC =[0.15; 0.1 ; 0.05]; % for [welll well2 well3]

% Kpr  =1[2.8 ; 3.0 ; 3.2 ;3.4]; % for [welll well2 well3 riser ]

%  GOR(2),WC(2),Kpr(2
%  GOR(3),WC(3),Kpr(3
%  Kpr(4)];

%End p iy

% p=[GOR(1),WC(1),Kpr(1),...
)y
)y

)

%% %% %% % % %%

% on this side we put the main ideas of collocation and then later add

uSS=uSs;
xSS=xSS;

% Collocation setup double check
[B,C,D,d]= collocationSetup();

% Build NLP solver

% empty NLP

w ={}
w0 = [|;
lbW - []a
ubw = [];
J =0
g ={h
lbg = [|;
ubg = [[;

% initial conditions

X0 = MX.sym('X0’,nx);

70 = MX.sym(’Z0’,nz);

w = {w{:},X0,Z20};

w0 = [w0;x0;z0]; % what are those two values ? x0 z0 in nmpc gaslift defined dx0 z0
Ibw = [lbw;lbx;lbz |;

ubw = [ubw;ubx;ubz];
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% Begin penalty

ubd_du = vertcat (0.1,0.1,0.1,0.1,0.1,0.1,0.1) ;

Ibd-du = vertcat(—0.1,—0.1,-0.1,—0.1,—0.1,—0.1,—0.1);
% End penalty

% formulate NLP
Xk=X0;

7k=70;

Xkj={};

Zkj={};

g= {g{:},[X0;Z0]—[xz0_measured]}; % x0 closing the loop
Ibg=[lbg;zeros (nx+nz,1)];
ubg=[ubg;zeros(nx+nz,1)];

for k=0:N—1
Uk =MX.sym(['U.’ num2str(k)],nu);
w o ={w{:},Uk};

Ibw =[lbw;lbul];
ubw =[ubw;ubu];
w0 =[wO0;u0];

% Regularization term for control

% the below can be added or not
Jeontrol = (Uk—uSS)’*diag(Qxzu(nx+nz+1:end,1))x(Uk—uSS); % Add Q or R
weighting , uSS (reference point)

Xkj={};
Zkj={};

for j=1:d % d degree of collo. polynomial ax"3 + bx"2 ...
Xkj{j}=MX.sym([’X_ num2str(k) ' num2str(j)],nx); % this looks like (nx)x1
casadi.MX vector in this case 11x1 []
Zkj{j}=MX.sym(['Z_" num?2str(k) ’_’ num?2str(j)],nz);
w = (wl XKt} 2K
w0 =[w0;x0;z0]; % initial values only
Ibw =[lbw;lbx;lbz |;
ubw =[ubw;ubx;ubz];
end

% loop over collocation points
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Xk_end=D(1)*Xk; %D(1) is the coeff of continuity eq. at polynomial at final time

for j=1:d
% Expression for the state derivative at the collocation point
xp = C(1,j+1)*Xk; %coeff of collocation equation C is a 4x4 matrix

for r=1:d
xp=xp+C(r+1,j+1)*Xkj{r};
end

model = network_128(0,[Xkj{j};Zkj{j}],Uk,p); % here p is supplied
diff = model(1:11); %hard coded
alg = model(12:24);

g={g{:},tfx diff —xp,alg}; % dynamics and algebraic constraints
Ibg = [lbg;zeros(nx,1);zeros(nz,1) J;
ubg = [ubg;zeros(nx,1);zeros(nz,1) |;

% add contribution to the states
Xk_end=Xk-end +D(j+1)*Xkj{j};

end

% add control moves and penalty term in the objective Function
% Begin Penalty
if k>0
% Equality Constraint
g = {g{:},(Uk_prev — Uk)};
Ibg = [lbg;lbd_du];
ubg = [ubg;ubd_du];

% Include Penalty Term In Objective function with weight
J_penalty= (Uk_prev—Uk)’*diag([ones(7,1)])*(Uk_prev—Uk); %weighting
should be added
J=J4J _penalty;
end
% End Penalty

% New NLP variable for state at end of interval

Xk = MX.sym(['X_" num2str(k—+1) ], nx);
w = {w{:},Xk};

Ibw = [lbw;lbx];

ubw = [ubw;ubx];

w0 = [w0; x0];

% Shooting Gap constraint
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g = {g{:}Xiend—Xk};
Ibg = [lbg;zeros(nx,1)];
ubg = [ubg;zeros(nx,1)];

% regularization term for state variable
Jstate =([Xk;Zkj{j}] — xSS)’ *diag(Qxzu(l:nx+nz,1))x ([Xk;Zkj{j}] — xSS); % add
a Q weighting

% economic objective state cost if you would like to have an economic

% NMPC

Jecon = —Zkj{jH(12)+Zkj{j}(8)+Zkj{j}(5)+Zkj{j}(2); % max oil min gas
%  Jecon2 = —Zkj{j}(12); % max oil
%  Jecon3 = Zkj{j}(8)+Zkj{j}(5)+Zkj{j}(2); % min gas

% stage cost Cases
% J = J + Jstate; % tracking only
% J = J + Jstate + Jcontrol; % tracking and control

% if u like to have an economic NMPC

J = J + Jecon + Jstate + Jcontrol; % Mix tracking econ (stable)

% J = J + Jecon + Jcontrol; % Mix econ control (less stable)
% J = J + Jecon; % Pure econ max oil min gas(unstable)
% J = J + Jecon2; % Pure econ max oil(Doesnt work)

% J = J + Jecon2 + Jstate + Jcontrol; % Mix tracking econ2 (stable)

% J = J + Jecon3 + Jstate + Jcontrol; % Mix tracking econ3 (stable)
% J =J + Jecon3 ; % econ3 (doesnt work)

% save previous inputs

Uk_prev=Uk;

end

nlp = struct(’x’, vertcat (w{:}), f’,J, g’ , vertcat (g{:})); % note i removed p since
there is no need for it
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% if you would like some extra options
% options = struct;

% options.ipopt. tol = le—12;

% options. acceptable_compl_inf_tol = le—6;

% solver = nlpsol(’solver >, ’ipopt’, nlp, options);

solver = nlpsol(’solver’, ’ipopt’, nlp); % i removed options for the time being

% sol = solver ’x0’, w0, 'p’, paramModel. GOR, ’lIbx’, Ibw, 'ubx’, ubw, ’
Ibg’, Ibg, ’ubg’, ubg);

tic

sol = solver(’x0’,w0,’lbx’ ,lbw, ubx’,ubw,’lbg’,lbg, "ubg’ ;ubg); % then we feed it
values initial lower and upper bounds of x and g

toc

w_opt_SS = full(sol.x); % 24 initial x0 z0 then 20 loops of 7 24 24 24 11 to get value
take value every 90th

% the below is to stop when solver Error
success = stremp(solver.stats. return_status, ’Infeasible_Problem_Detected’);
if (success)
keyboard;
end

% this plotting function is taken from EKA
[u-nlp_opt, xnlp_opt] = plotStatesGL_test0412(w_opt_SS, Ibw, ubw, N);

end

Listing C.6: Source code for NMPC

C.7 Control Structure Code

% This script is an MPC subject to Noise,
% noise can be simply removed by commenting it out

% This script uses optProblem net128_test0412,
% plotStatesGL_test0412,network128...

% addpath(’C:\Users\sarriyh\Downloads\casadi—matlabR2014b—v3.2.3’)
% import casadi.*

cle
clear
close all
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% begin A

% Definig all constants for each model PI,P_res,GOR, WC,K_pr
GOR =10.15; 0.1 ; 0.15]; % for [welll well2 well3]

WwC =[0.15; 0.1 ; 0.05]; % for [welll well2 well3]

Kpr =[2.8 ; 3.0 ; 3.2 ;3.4]; % for [welll well2 well3 riser ]

p=[GOR(1),WC(1),Kpr(1),... % for welll
GOR(2),WC(2),Kpr(2),... % for well2
GOR(3),WC(3),Kpr(3),... % for well3
Kpr(4)]; % for riser

%End T T T

x0 =[3.1933 0.5850 4.4132 3.3977 0.5601 5.0101 3.1600 0.5846 4.2971 0.2646 1.2903]’;
z0 =[15.6427 1.0425 15 14.3927 1.1855 20 14.6892 1.0511 28 48.0037 8.5439 39.4598

48.0963]’;
u0 =[1;0.5;1;0.6;1;0.5;1];

% Steady state values from RTO
[xSS,uSS] = RT'O_network128([x0;z0],u0,p);

% Pridiction horizon and run time

T = 4000;
% T = 200;
Nmpc = 20;

% Nmpc=200;
Nopt = 20;

ode_time = T/Nopt;

% Initialization
xz_append  =[[;
xz0_measured =[x0;z0];
u_opt-append =[];
outputs_append=][];

% MPC itiration

tic

for i=1:Nmpc
fprintf (’\n MPC iteration = %d \n’,i);
% run optimization

[w,w0,J,u_nlp_opt,xnlp_opt] = optProblem_net128_test0412(Nopt,u0,p,x0,z0,
xz0_measured,uSS,xSS);
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% extract control input
u_opt=u_nlp_opt(:,1);
u_ode= u_opt;
u_opt_append=[u_opt_append,u_ode];

% Run Odel5s
M=diag([ones(1,11) zeros(1,13)]);
options=odeset("Mass’,M);

% begin p ETT T
FF= Q(t,x) [eye(24,24) zeros(24,25)]xnetwork_128(0,x,u_ode,p);
% end p i

tspan=0:1:0de_time—1;
% [t,xz] = odel5s(FF,tspan,[x0;z0],options);
[t,xz] = odel5s(FF,tspan,xz0_measured,options);

% extract states and time
xz_append =[xz_append;xz];

% update xz0_measured
xz0_measured=[xz(end,:)]’;

Y% noise TIILELLETRr e m

% % mnoise creation low order
% noise=zeros(24,1);
% mnoise(2)=rand(1)xle—4; %mass gass well 1

% mnoise(5)=rand(1)xle—4; % ” well 2
% noise(8)=rand(1)xle—4; % ” well 3
% mnoise(10)=rand(1)xle—4; % ” riser
%

% noise(1)=rand(1)xle—3; %

% noise(3)=rand(1)xle—3; %

% noise(4)=rand(1)xle—3; %

% noise(6)=rand(1)xle—3; %

% noise(7)=rand(1)xle—3; %

% noise(9)=rand(1)xle—3; %

% noise(11)=rand(1)xle—3; %

% noise creation high order
noise=zeros(24,1);
noise (2)=rand(1)*1le—3; %mass gass well 1
noise (5)=rand(1)*1e—3; % ” well 2
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noise (8)=rand(1)*1e—3; % ” well 3
noise (10)=rand(1)*le—3; % ” riser

) ()xle—2; %
) (1)xle—2; %
noise (4)=rand(1)xle—2; %
) (1)
) (1)

(1)=rand
(
(
noise (6)=rand(1)xle—2; %
(
(

rand

noise (1
noise (3)=
4)=
noise (7)=rand(1)xle—2; %

noise (9)=rand(1)xle—2; %
noise(11)=rand(1)*le—2; %
xz0_measured=xz0_measured+noise;

Y% noise IR AR RRARRARARRARAAAA

for n=1:1:0de_time

% Passing extra parameters
panda=network_128(0,(xz(n,:))’,u-ode,p);

% Removing [differentials; residuals |
panda(1:24)=[];

% Appending outputs
outputs_append=[outputs_append,pandal;
end
end
toc

outputs_append=outputs_append’;

Yosave("plant_NMPC_high_noise.mat’,’uSS’,’xSS’ ’outputs_append’,’xz_append’,’
p
u_opt_append’,’t’,’p’,’ u0’,’x0’,"z0’)

Listing C.7: Source code for entire code structure
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