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ABSTRACT

In reservoirs where multiple wells have been drilled, the window
that the pressure has to stay within becomes smaller. This calls for
tight control of the pressure profile in the well. An extra challenge is
provided when drilling from a floating rig: The Heave motion. Dur-
ing normal operation the heave motion is compensated for. However,
when the drillstring needs to be extended it is connected to the rig,
which causes it to move with the rig. This creates huge pressure fluc-
tuations in the well. Multiple papers have been written on the subject
of suppressing these fluctuations. An experimental lab has been built
at NTNU to model this scenario, called the IPT-Heave Lab. The goal
of the lab is to have a realistic test environment for the developed
controllers and be able to test new control algorithms.

This thesis has concerned itself with making the IPT-Heave Lab op-
erational. The scenario the lab is built for is the use of a technique
called constant bottomhole pressure to suppress the heave motion.
With this technique a choke is used to control the pressure at the
top of the well. In this thesis a controller for the choke is developed,
and its performance has been demonstrated in the lab. Furthermore
motivated by literature study, a model of the lab has been identified
based on a black box modeling principle. The identified model has
then been used to design an MPC-controller. The MPC-controller has
been demonstrated to suppress disturbances, simplified to a single
sine wave, of a period of 3 seconds by approximately 46 %.
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INTRODUCTION

This is the introductory chapter for this master thesis. It contains the
general motivation for the thesis along with a description of what is
desired achieved. A scope for the rest of the thesis will also be given
as well as the task description for this master thesis.

1.1 MOTIVATION

Most easy prospects have already been drilled. In many reservoirs
only challenging drilling operations remain. What makes the remain-
ing drilling operations challenging is the narrow window the pres-
sure has to remain within. The pressure has to remain within these
environmental limits since exceeding them can be catastrophic for
the operation (see Chapter 2 for more information). Drilling from a
floating rig provides an extra challenge. Namely a floating rig moves
with the waves. During normal operations this movement is compen-
sated for. However, when the drillstring needs to be extended, an
operation called connection, the drillstring will be connected to the
rig. When the drillstring is connected to the rig it moves with the
rig, which causes large pressure fluctuations in the well. Managed
pressure drilling (MPD) is a collective term for techniques trying to
control the pressure profile of a well. The goal is to use MPD to com-
pensate for the pressure fluctuations experienced during connection,
which will make drilling otherwise undrillable prospects possible to
drill. In addition MPD can increase the safety and the efficiency of a
drilling operation.

1.2 SCOPE AND EMPHASIS

Multiple thesis and articles have been written on the uses of an MPD
technique called constant bottomhole pressure (CBHP) to suppress
pressure fluctuations caused by heave motions [15], [18], [16], [17],
[1] and [2]. All these papers are only theoretical and the algorithms
have only been tested in simulators. A lab, called the IPT-Heave Lab,
has been built at NTNU to model the connection scenario with CBHP.
Much of the work of this master thesis has been to make the IPT-
Heave lab operational. With CBHP the pressure at the top of the well
is controlled by a choke. During the fall of 2012 a project was done
on using this choke to control the pressure at the top of the well. Due
to problems with the equipment, that work was not finished. This
master thesis is a continuation of that work. Finishing that work has
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been the first goal of this master thesis. The second goal of this thesis
has been to design a controller for the bottomhole pressure in the well
and demonstrate its performance in the lab.

1.3 OUTLINE OF THESIS

Following this introductory chapter is a chapter on drilling. This is
a background chapter meant to make the unfamiliar reader familiar
with the basic terms and concepts of drilling. Chapter 3 is an in depth
documentation of the IPT-Heave lab, often referred to as the lab from
here on out. The retesting and design of a controller for the choke is
described in Chapter 4. A small literature study has been performed
on controllers developed for the connection scenario for a floating rig
in Chapter 5. This literature study motivated a black box approach
for modeling the lab. A linear discrete model was found, with the
procedure detailed in Chapter 6. This linear model was used as a ba-
sis for the controller developed in Chapter 7. A discussion wraps up
the thesis in Chapter 8, before a conclusion is drawn in Chapter 9.
Appendix A contains a startup guide for the IPT-Heave lab. This is a
really easy introduction with procedures and safety issues of the lab.
Software by the company Lenze named Engineer is used to control
the motors controlling the disturbance and the choke. Some documen-
tation of this software is given in Appendix B. Following this master
thesis is a CD containing the MATLAB files used. Appendix C con-
tains a description of the files on that CD. Finally an article will be
attempted to be submitted on the lab, the article is under preparation
and a draft is included in Appendix D.

1.4 PROJECT TASK DESCRIPTION

This thesis is a master thesis, which had the following tasks formula-
tions:

1. Verify the newly remodelled choke in the lab. Has backlash, as
identified in the project work, been removed?

2. Test reference tracking controllers for pressure developed dur-
ing the project work in the lab. Develop them further if neces-
sary. Demonstrate their performance in the lab.

3. Review relevant literature on the disturbance rejection problem
for heave, in particular the work of Ingar Landet, Hessam Mah-
dianfar, Aarsnes, Aamo.

4. Develop a control algorithm for the rejection of disturbances
(may be based on the references mentioned, or you may derive
your own controllers).
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5. Demonstrate the performance of your control design in the lab.

6. Write a report.






BACKGROUND ON DRILLING

This chapter is taken from Albert [3]. It is repeated here in order to
give an introduction to drilling and MPD drilling for the unfamiliar
reader.

The first section of this chapter gives an introduction to conven-
tional drilling. It is mainly based on the book "Drilling Technology in
Nontechnical Language" by Devereux [4]. In the second section man-
aged pressure drilling (MPD) is presented along with some different
MPD techniques and experiences.

2.1 CONVENTIONAL DRILLING
2.1.1 Reservoir Formation

Oil and gas (collectively called hydrocarbons) are produced from ani-
mal and plant remains. In areas like swamps, lakes, coastal regions
and shallow seas, animal and plant remains sometimes accumulated
millions of years ago. Through time these got buried by sediments,
and as the remains got deeper the pressure and temperature would
increase. Inside small spaces within the rock, called pores, remains
would under certain temperature and pressure conditions undergo a
chemical transformation into hydrocarbons.

Permeability is a measure of the ability of fluids to flow through
rock. For this to be possible the pores must be connected. After a long
time the hydrocarbons get squeezed out of their pore by pressure and
starts migrating towards the surface as long as the rock is permeable.
When the structure of the path of the migration flow for the hydro-
carbons has the right conditions, hydrocarbons will be stopped and
start accumulating. This is how an oil and gas reservoir is formed.

The reservoir has a complex structure. The hydrocarbons will be
contained in pores of the rock matrix of the reservoir. In addition to
water there may also be other materials such as clay within the pore
spaces. This can cause difficulties when drilling through the reservoir.
A reservoir is rarely uniform and the permeability of the reservoir
will depend on direction. This will sometimes make it necessary to
drill a horizontal well into it instead of a vertical. The whole reservoir
will have oil unevenly distributed, and can be thought of as a sponge.
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2.1.2  Discovering and Planning a Well

A prospect is an area where a company believes it to be hydrocarbons
present in economical quantities. Geologists will use different tech-
niques to estimate whether or not it is likely to find hydrocarbons in
an area. The company will then decide whether to take the econom-
ical risk of drilling an exploration well. An exploration well is a well
drilled to gather information. If hydrocarbons are found, the planning
of a production well can start.

It takes a careful plan to drill a well. First the different rock forma-
tions that are likely to be encountered must be identified. A rock forma-
tion is a body of rock that is sufficiently distinctive and continuous to
be mapped. A desired depth has to be decided before drilling starts,
since the initial diameter of the well will depend on it. Two important
parameters also have to be estimated before drilling starts: pore and
fracture pressure. Pore pressure is the pressure within the rock pores
at a certain depth. The fracture pressure is the pressure that would frac-
ture the hole. These are important environmental constraints that the
pressure of the well must stay within.

2.1.3 Drilling Equipment

There is a number of different drilling equipment that are important
for drilling a well. This subsection will describe the most important.

DRILLING RIG: This is the machine that is used to drill a wellbore. It
consists of everything used to drill a well, except living quarters.

[27]

DRILL BIT: This is the tool that is used to crush and cut loose rock
from the bottom of the well. There is a number of different types
of drill bits that have different advantages and disadvantages.
What type of drill bit used depends on the current rock forma-
tion. For a drill bit to drill rock, downward force and rotation is
required.

DRILL COLLARS: A thick-walled pipe providing force for the drill
bit.

BOTTOMHOLE ASSEMBLY (BHA): Drill bit together with drill collars,
stabilizers and other equipment used at the bottom of the well
are called bottomhole assembly.

DRILLSTRING: A well can be several thousand meters long. To get
the drill bit to the bottom of the well, tubes are screwed together
on top of the bottomhole assembly. This is called a drillstring.

ANNULUS: The space between the drillstring and the well wall is
called annulus.
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CUTTINGS: These are small pieces of rock that has gotten lose by the
action of the drill bit. [27]

MUD: This is a fluid that gets pumped down through the drillstring
and up the annulus. The mud has a number of different func-
tions, but one of the most important is to transport cuttings
from the bottom of the well to the surface. At the surface the
cuttings get separated from the mud before the mud is circu-
lated back down again. Usually mud is water or oil based with
some chemicals added to obtain desired properties.

CASING: A large pipe that is lowered into the well and cemented
in place. Its task is to maintain the integrity of the well through
the drilling operation and later production. When drilling a well
multiple casings are placed through the operations. This is the
reason why the diameter of the well depends on the depth of
the well, since the number of casings depends on the depth of
the well.

DERRICK: This is the large mast on top of the drilling rig. It is used
to support the drillstring.

2.1.4 Drilling Operation

To drill a well on the seabed, a welded steel structure, called a template,
is placed there. It will be welded to the seabed at each of its corners.
Guide wires are used to keep the rig in place over the template. The
template also contains a large pipe with conical guide above, which
is used to guide the drill bit down into the well.

The start of drilling the well is called spudding. A small diameter
drill bit is used since one might encounter a gas pocket, and a small
diameter is easier to control than a large one. Later a larger diameter
hole is drilled.

About every 30 meters drilling operation is stopped and the drill-
string is extended. This operation is called connection. A new tube is
screwed on top of the old tube before the drilling resumes. On a float-
ing rig the drillstring will be connected to the rig while connection is
performed. This will cause the drillstring to move in and out of the
well. The movement in and out of the well is called tipping. Under
normal drilling operations a tool called heave compensator prevents
tipping from happening. The increased pressure that is caused by the
drillstring moving into the well is called surge pressure, while the op-
posite is called swab pressure (decrease due to drillstring moving out
the well).

There are two components making up the pressure at the bottom of
the well during a drilling operation. The first component is the hydro-
static pressure, which comes from the weight of the drilling mud. The
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second component is frictional pressure that comes from circulating the
mud. To change the pressure it is possible to change the speed of the
circulating mud. However this velocity is mainly used to control the
rate of penetration (how fast the well gets drilled), and should therefore
not be used to control pressure. In addition during connections the
pumps will be turned off, and only the hydrostatic pressure makes
up the pressure in the well. This leaves one option to change the pres-
sure in the well and that is to change the density of the drilling mud.
Circulating out old mud and in new mud is both time consuming and
expensive, making it far from an ideal way to control the pressure in
the well.

There are two concerns regarding pressure during a drilling opera-
tion. First, the pressure has to stay below the fracture pressure. If this
is exceeded the well might collapse and then it will be lost. It is even
more important to stay above the pore pressure during drilling. If the
pressure in the well drops below this, one might experience influx
into the well from the formation, which is called a kick. If the kick
is not handled properly it can lead to a blowout, which is hydrocar-
bons reaching the surface and potentially ignite. To deal with a kick
the well has to be sealed off using a device called a blowout preventer
(BOP), and a heavier drilling mud is circulated into the well.

The pore and fracture pressures are estimated before drilling starts.
They will also be measured through the drilling process by decreasing
the pressure until influx is experienced or increase until the formation
starts to fracture. The limits can however suddenly change depending
on the rock formation that is encountered. Quickly reacting to such
changes can make drilling both more efficient and safer.

2.2 MANAGED PRESSURE DRILLING (MPD)

To maximize the production of a reservoir multiple wells have to be
drilled into it. First time a reservoir is drilled the margin between
pore and fracture pressure is quite wide, which allows huge pres-
sure fluctuations during the drilling. However for each well drilled it
gets more challenging since the previous wells leads to the pressure
in the reservoir changing. This leads to narrower margins between
pore and fracture pressure. Using conventional drilling techniques it
may become impossible to drill because of the large pressure fluctua-
tions from heave motion, and a more tight control of the pressure is
needed.

2.2.1  MPD techniques

A definition of MPD from International Association of Drilling Con-
tractors (IADC) from Hannegan [11]:
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MPD is an adaptive drilling process used to more precisely control the an-
nular pressure profile throughout the wellbore. The objectives are to ascer-
tain the downhole pressure environment limits and managed the annular
hydraulic pressure profile accordingly.

There is a number of different MPD techniques. The different tech-
niques being used in marine environments are:

A. Constant Bottomhole Pressure (CBHP)

B. Pressureized Mud Cap Drilling (PMCD)

c. Dual Gradient (DG)

D. Returns Flow Control (RFC also called HSE)

The following descriptions are based on the papers [11, 14, 19, 25].

2.2.1.1 Constant Bottomhole Pressure

With CBHP the annulus is sealed off at the surface and the mud flow
back to the surface is controlled by a choke. This leads to the pressure
in the well now consisting of three components: hydrostatic pressure,
frictional pressure drop and the pressure at the choke. Closing the
choke will increase the pressure at the top of the well and opening it
will decrease it. The pressure at the top of the well will after a small
delay transmit itself to the bottom of the well. This makes it possible
to use the choke opening to control the pressure at the bottom of the
well.

In order to get a pressure drop at the choke there must be circula-
tion of mud in the system. During connection the main pump is shut
down. To accommodate for this an extra pump, called backpressure
pump, ensures circulation through the choke.

When drilling with CBHP a lighter drilling mud will be used com-
pared to what would be used with a conventional technique.

2.2.1.2 Pressurized Mud Cap Drilling

To apply PMCD the operation has to encounter severe losses of drilling
mud. This is called circulation loss and results from mud being lost

into the formation. When this situation occurs, the rig can use seawa-
ter with some additives as drilling mud and the mud with cuttings

is forced into the zone that caused loss in circulation. To maintain

the pressure in the well a backpressure is applied. PMCD can also be

used even if severe losses is not encountered by provoking it.

2.2.1.3 Dual Gradient

DG is a whole class of drilling techniques where there is a second
fluid/gas system. One way to do DG is to use two different drilling

9
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muds, and let a pump at the seabed lift the heavy mud with cuttings
up to the surface in a separate hose. The layer between the light and
the heavy mud lies between the rig and the pump. By adjusting this
level one can change the hydrostatic pressure in the well thus con-
trolling the pressure profile. Another way of doing DG is to inject gas
into the annulus at some point which makes a different density of the
mud below and above the injection point.

2.2.1.4 Returns Flow Control

This is not an MPD technique but is considered to be an important
tool in an MPD operation. Instead of having the top of the well open
to the atmosphere, being at a potential risk of getting mud and hydro-
carbons on the rig floor, the flow is controlled. This greatly increases
safety of the drilling operation and one can avoid the need for closing
the blowout preventer.

2.2.2  Experience with MPD

MPD techniques have been successfully applied both to stationary
and floating rigs [10, 11, 19]. The Asian Pacific, North Sea, Gulf of
Mexico and offshore Brazil are all places where MPD has been used.
The motivations for using MPD have been increased safety of drilling
operations and a reduction in non-productive time along with be-
ing able to drill otherwise undrillable prospects. Reducing the non-
productive time is hugely economically beneficial, since drilling is
very expensive. Still MPD has not yet been applied to floating rigs in
harsh environment like the North sea where heave induced pressure
fluctuations can make the bottomhole pressure vary as much as +60
bars [25].
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Together with Appendix A and Appendix B this chapter documents
the IPT-Heave Lab. The lab is supposed to model a connection sce-
nario for a floating rig. This chapter contains the basis and simplifica-
tions made for that design. In addition a in depth explanation of each
component of the lab is given in this chapter. Appendix A is a chapter
common for Drennen [5], Gleditsch [9] and this report. It contains a
set of procedures used in the lab, for example startup. Appendix B
documents software called Engineer used in the lab.

3.1 BASIS FOR LAB

The IPT-Heave Lab is designed to simulate a connection scenario for
a floating rig with the MPD technique: Constant bottomhole pressure
(CBHP). The basis for the lab is a rig with a drillstring of 5 inches
diameter and a 8.5 inches in diameter hole exposed to a heave of
amplitude 1.5 meters and 11 seconds period. The length of the the real
well is 4000 meters, and is considered to be vertical. The bottomhole
assembly used as a basis is 70 meters long and with a diameter of 6.5
inches. The work on designing the lab was initiated the fall of 2011 by
Gjengseth and Svenum [8]. The design data is taken from that report.

3.2 LAB MODEL
3.2.1  Scaling

Both scaling and lab simplification argumentation are taken from
Gjengseth and Svenum [8]. They are rendered here for the complete-
ness of this chapter.

The main challenge of controlling the pressure with CBHP dur-
ing a connection scenario is the time for the pressure wave to travel
from top to the bottom of the well, called delay. When this delay is
large compared to the period of the heave disturbance, maintaining
a constant bottomhole pressure becomes difficult. This is the main
dynamics that was desired to model.

When scaling down the lab it was decided by Gjengseth and Svenum
[8] that the length of the well should be goo meters. The basis for
this choice was the propagation speed of the pressure wave and the
desired length of the delay from choke to bottomhole. The heave dis-
turbance was assumed to be a single sine wave. It was also decided
that the fastest period the system should handle should be about

11
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5 times the time delay. The pressure wave was assumed to travel
with the speed of sound in water at 25 degrees, which is 1498 m/s.
The fastest sine wave the disturbance should handle should then be
%XS ~ 3 seconds.

Furthermore the drillstring and the well was scaled down accord-

ingly, with the drillstring being 1 inch and the hole 1.7 inch. Thus

o . 2
maintaining the ratio between them compared to the real case, 1]—; =
8.5%

52

A 11 second period sine wave with an amplitude of 1.5 meters
gives a maximum velocity of 0.856 m/s. It was desired to keep this
velocity in order to obtain the desired pressure drop over the BHA.
To get a 0.856 m/s velocity for a sine wave with 3 second period the
amplitude needs to be 41 centimeters.

3.2.2  Simplifications

During a connection scenario the main pump, which pumps mud
down the drillstring, is slowly ramped down. At the same time the
backpressure pump is slowly ramped up to provide sufficient flow
through the choke. The BHA is connected to the end of a drillstring
and starts moving up as a result of heave motions.

The BHA is a set of different components, as described in Chapter 2,
but in the lab it is modeled as a single cylinder with an increased
diameter compared to the drillstring.

Three problems were discovered by Gjengseth and Svenum [8] when
having the BHA connected to the end of a drillstring. Firstly it is diffi-
cult to make the drillstring follow a given path, when only connected
at one end. Secondly a diameter of 1 inch for the drillstring will lead
to a flow of 26.21/m which will require a pressure difference of 15.7
bar. This will lead the lab to require a working pressure as high as
31.4 bar [8]. The equipment required for handling such high pressures
would be very expensive. The force required to move the drillstring
would be so high, that it could potentially bend it. A bend on the
drillstring would create local pressure variation in the hole. In addi-
tion having the BHA at the end of a drillstring would require both a
pushing and pulling mechanism.

First it was recognized that the main goal of building the lab is to
model surge and swab pressures. Thus making the main pump un-
necessary since it is not desired to model a connection scenario with
circulation of mud. This makes it unnecessary to have a hollow drill-
string and it can be replaced by a solid one, increasing the stability
of it. In order to solve some the problems mentioned above, the BHA
was also connected to a lower rod making it look more like a piston.
The advantage of having a lower rod is that there will not be any
significant flow through the well, and thus it is possible to keep the
working pressure of the system much lower. Having a lower rod also
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Component Diameter [mm] Length [m] Height [m]
Copper Pipe 19 (OD) / 16 (ID) 9oo0 2.3

BHA 40.9 - 0.035
Upper Rod 25 - -
(connected to BHA)

Lower Rod 22 - -
(connected to BHA)

PVC pipe (Hole) 42.53 - 0.8

Table 1: Properties of components in the lab

ID = inner diameter, OD = outer diameter

increases stability, making it necessary only to have a pull mechanism
and the drillstring will not bend.

The problem with not having a fluid displacement is that the con-
trol system is probably not able to accurately measure the pressure
variation downhole by only using topside pressure measurements. To
have some fluid displacement the lower rod was decreased in diame-
ter.

For the drillstring it was assumed that it does not affect the pres-
sure downhole by moving up and down, only the BHA. The advan-
tage of doing this assumption is that the drillstring does not have to
be extended all the way up to the top of the well. The drillstring is
only necessary at the bottom of the well, making it possible to coil
the pipe modeling the well. This makes it practical to build the lab.

The part of the well connecting the choke and the BHA was thus
made a 9oo meter long copper pipe coiled into a barrel. In addition
the bottom of the hole was modeled by a transparent PVC pipe able
to withstand 16 bar of pressure.

The final measurements used for the components in the lab are
given in Table 1.

3.3 COMPONENTS

In this section each component used in the lab will be described. Fig-
ure 1 shows a sketch of the lab with measurements marked. A picture
of the lab with some of the central measurements and components
marked is shown in Figure 2.

3.3.1 Backpressure Pump

The backpressure pump provides sufficient flow through the choke.
This is necessary in order to get a pressure drop over the choke. Fig-
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Figure 1: Lab Map

&l ==

ure 3 shows the locker with the control buttons for the backpressure
pump and the feed pump (see Section 3.3.2). The green button turns
the power on, while the red turns it off. The switch turns on the feed
and the backpressure pump. The feed pump has only the option to be
turned on or off. The backpressure pump can adjust power by using
the scroll button.

The backpressure pump was supposed to deliver a flow of 40 liter
per minute [7], but according to the measurements FT2 and FT3 it
does not deliver more than approximately 32 liter per minute. This
was originally considered to be problematic when controlling the
choke, since it might not provide a fast enough change in pressure
drop as a response to a change in choke opening (see Section 4.1.2).
However in later stages of designing the controller for the choke it
turned out not to be a concern.

On the pump there is a manual pressure measurement, an auto-
matic safety valve and a manual safety valve, named MV7y in Fig-
ure 12. Figure 4 shows a picture of the pump with valves and mea-
surements marked. The manual safety valve should be closed during
experiments as having it open will make the pump provide submaxi-
mal output and thus making it unable to provide a sufficient pressure
drop over the piston.

3.3.1.1 Problem

During the fall of 2012 pieces of plastic got into the pump. It was dis-
covered when the pump did not deliver the usual flow rate. The plas-
tic pieces were restricting the piston movement and were removed.
The only place the plastic pieces could have come into the system is
at the tank with the feed pump, where the system is open to air. To
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Figure 3: Locker with Control Buttons for the Backpressure Pump
The pump is currently turned on and is running at full capacity,
100 %
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Figure 5: tank

avoid getting more contamination in the system the feed pump was
wrapped with wire.

3.3.2 Tank with Feed Pump

The tank provides water for the pumps to pump through the system.
It should be as full as shown in Figure 5. If it is below this level it
should be filled, see Section A.7.

3.3.3 Choke

The choke is built with two components: A valve connected to an elec-
trical motor. The valve is made so that it is able to turn completely
around, in case the motor starts rotating. The range from o... 360 de-
grees corresponds to four ranges from open to closed. Only one of
these ranges were chosen. Figure 6 shows the choke in open and
closed position. For more information on how the choke is controlled
see Section 3.3.8. The choke is also equipped with a limit switch. This
switch stops the motor if it starts going outside its operating range.
It is also used in the homing procedure (Section A.6). The choke is
tailor made by Jarle Glad.
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Figure 6: Choke

3.3.3.1 Potential Problems

During the spring of 2013 assistance from the producer of the motor
and controller for the motor was hired to assist with setting up the
software (see Section 4.2.2.2). Two comments were made by the Lenze
personnel about potential problems with the current setup. First the
electrical motor does not turn completely around. It could easily go
warm, since the fan installed in it is designed for the motor turning.
His suggestion was to install a fan on top of the motor. In addition
the motor was not designed for being in the vertical position in this
setup. Gravity could potentially lead the motor oil in the gear to flow
away. It could be necessary to unscrew the motor and turn it every
once in a while before putting it back in place.

3.3.4 Pressure Tube

A extra tube has been added to the lab during the spring of 2013.
This tube enables to pressurize the system without the backpressue
pump. The reason for this expansion was to test the lab for resonance
frequencies. For more on these tests see Gleditsch [9]. Figure 7 shows
a picture of this tube. See Section A.g for a procedure on how to use
it.

3.3.5 Copper Pipe

The copper pipe models the transport delay from the choke to the
bottom of the well. It is equipped with a pressure measurement for
every 100 meter of the pipe starting with PT1 closest to the choke and
ending with PT10 closest to the bottom of the well.

3.3.6 Bottom of Well

The PVC pipe is used to model the bottom of the well. The pipe is
transparent making it easy to see the BHA, which is black. It is in-
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Figure 7: Pressure Tube

stalled a pressure measurement at the bottom (P2) and at the top (P1)
of the well. In addition a flowmeter (FT4) was supposed to measure
the flow in and out of the well. Unfortunately the producer of the
flowmeter has not been able to deliver this as of June 2013.

The BHA, also referred to as the piston, is moved by a sawtooth
belt, which is controlled by an electrical motor. At each end of the
well the sawtooth belt is equipped with a limit switch. These switches
are there for safety. If the motor attempts to run the piston out of the
pipe the switch will stop it. In addition the switch for the lowest point
in the well is used in the homing procedure (see Section A.6).

The pressure propagation waves that travel through the well are
highly depended on the bulk modulus of the water in the well. This
bulk modulus will change rapidly if air is introduced to the system.
To remove air from the system see Section A.11.

3.3.6.1 Problem

If the controller for the piston and choke is enabled (switch in Fig-
ure 8), but no control signal is enforced on the piston controller, the
piston will start drifting slowly downward due to gravity. Eventually
it will flip the lowest limit switch. This will lock the electrical mo-
tor and make it necessary to reset the limit switch before being able
to run the piston again. Before resetting the limit switch the piston
needs to be manually moved away from it, or else it will only trigger
the limit switch again. To pull the piston away from the limit switch
and resetting it see Section A.4 and Section A.5.
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Figure 8: Control box for Piston and Choke

Inputs -10V oV 10V

Piston Velocity Reference | Maximum downwards | Rest Maximum upwards
Choke Position - Closed Open

Outputs oV 5V 10V

Piston Position Bottom Middle Top

Piston Velocity Maximum upwards Rest Maximum downwards
Choke Position Closed Half open | Open

Table 2: Analog Inputs and Outputs for Piston and Choke

3.3.7 Control Box

Figure 8 shows the control box used to enable control and perform
homing for the piston and the choke motor. To perform the homing
procedure see Section A.6.

To shut down the controller, flip the Enable Controller switch up to
the off position and the three other switches down.

3.3.7.1 Problem

The choke has suddenly started not to reach open position after per-
forming the homing procedure. If this happens then first try to restart
everything to see if the problem persists. If the problem persists the
offset needs to be changed in the software from Lenze. To do this see
Section B.4.

3.3.8 Electrical Motors

Both the electrical motors controlling the piston (LE2) and the choke
(LE1) are controlled by the inverters shown in figure 9. There is a
software from Lenze called Engineer used to set up these boxes. See
Appendix B for documentation. There are multiple inputs for the two
boxes. The most important is the analog inputs and outputs, which
are expressed as voltage signals.
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Figure 10: Drain

3.3.8.1 Problem

Along with the homing problem described in Section 3.3.7.1 the range
of the choke has suddenly changed. If the choke does not home to the
correct open position the whole operating range will be shifted. In
addition it has been experienced that even after correcting the homing
offset the o..10 Volt does not correspond to the go..0o degrees. Then
the range of the input signal to the choke needs to be changed, see
Section B.5 on how to do this.

3.3.9 Drain

Figure 10 shows the drain. Down here it is possible to empty out all
the water in the system.

3.3.10 Control Card

A control card from National Instruments is used to take in all the
measurements and set the outputs from the computer. Figure 11 shows
the setup. The card has 32 analog input channels and 4 analog out-
put channels. See table 3 for an overview of the input channels for
the control card.
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Channel Tag Measurement Location Signal

1 Empty - - -

2 P2 Pressure Bottom of well o0..10 Volt
3 P1 Pressure Top of well o..10 Volt
4 C2 Pressure Choke inlet o..10 Volt
5 C1 Pressure Choke outlet 0..10 Volt
6 PT1 Pressure om copper pipe o..10 Volt
7 Tank Pressure Tank o0..10 Volt
8 PT8 Pressure 700m copper pipe o0..10 Volt
9 PT6 Pressure 500m copper pipe o0..10 Volt
10 PT9g Pressure 8oom copper pipe o..10 Volt
11 PT2 Pressure 100m copper pipe o0..10 Volt
12 PT3 Pressure 200m copper pipe o..10 Volt
13 PTy Pressure 6oom copper pipe 0..10 Volt
14 PT4 Pressure 300m copper pipe 0..10 Volt
15 PT10 Pressure g9oom copper pipe o0..10 Volt
16 PTs Pressure 400m copper pipe 0..10 Volt
17 Empty - -

18 FT1 Flow Copper pipe inlet o..10 Volt
19 FT3 Flow Choke outlet o0..10 Volt
20 FT2 Flow Backpressure pump outlet o..10 Volt
21 FTy4 Flow Copper pipe outlet* o..10 Volt
22 Empty - - -

23 Empty - - -

24 Empty - - -

25 Empty - - -

26 Empty - - -

27 FT1 Direction Copper pipe inlet o0..10 Volt
28 Piston Vel  Velocity Piston Velcoity 0..10 Volt
29 Encoder - - Digital
30 Empty - - -

31 Piston pos Position Piston position 0..10 Volt
32 Choke pos Pressure Choke position 0..10 Volt

Table 3: Output Channels Control Card

*FT4 is currently (June 2013) not installed
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Figure 11: Control Card Setup
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3.3.11 Measurements

There are basically two types of measurements used in the lab, pres-
sure and flow. In addition there are some position and velocity mea-
surements done by the electrical motors. All the pressure transmit-
ters are delivered by Druck and are the UNIK 5000 models (except
the one in the tank). They measure gauge pressure in the range o0..16
bar where 2 Volt = o bar and 10 Volt = 16 bar. The transmitter in
the tank is a PTX1400 and measures in the range o0-100 mbar. All the
transmitters should measure the pressure with an accuracy of 0.15%.

Two types of flowmeters are used in the lab. FT2 and FT3 are tur-
bine flowmeters delivered by Parker measuring in the range o-100
liter per minute. Here 2 Volt = o liter per minute and 10 Volt = 100
liter per minute. FT1 is a magnetic flowmeter able to measure flow in
both directions. For FT1 2 Volt = o liter per minute and 10 volt = 8
liter per minute. A extra input channel provides the direction of the
flow.

3.3.12  Manual Valves

There is a number of manual valves installed in the lab. These enables
setting up different flow paths, manually close the choke or to drain
the system. Figure 12 shows all the valves in the lab and the different
flow paths. The backpressure pump pumps water in a closed circu-
lation through the choke, up to the tank and back again. This path
is marked by red in the figure. The path from the well to the closed
circulation is marked with black. Here the flow moves in both the di-
rections as a result of the piston movement and the choke movement.
In addition there is a bypass line, marked with purple, which enables
bypass of the copper pipe. The system can by pressurized without the
backpressure pump by use of the pressure tube (Section 3.3.4). This
path is marked with green. Finally the valves enable the system to be
drained. All paths leading to the drain are marked with blue.

Table 4 lists the valves along with their function. All the manual
once are controlled manually on the location they are placed except
MV11 and MVi12. These valves are controlled by an air pressured
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Figure 12: Map of the valves in the lab

switch placed to the left of the electrical motor controlling the choke.

3.3.13 Safety Valves

There are two safety valves in the system. One at the backpressure
pump and one at the backpressure pump outlet. These will let the
water out of the system if the pressure exceeds a threshold in order to
protect the system. Through testing it was established that the safety
valve at the backpressure outlet opens at approximately 14 bars.

3.3.13.1 Problems

When attempting to pressurize the system with the pressure tube
(Section A.9) it was discovered that SV1 leaked. To stop this leak an
extra valve was installed, MV5. This enables closing the automatic
safety valve, which is a potential risk. Thus MV'5 should always be kept
open when the backpressure pump is running.

3.4 SIMULINK MODEL

The MATLAB toolbox SIMULINK has been chosen to take in mea-
surements and set output signals in real-time. Figure 13 shows the
SIMULINK model used with the lab.

The SIMULINK model has three main boxes. In the system box the
input signals are taken in and output signals are set. In addition all
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Tag Type Function
MV1i  Manual Enable flow to tank
MVz2  Manual Enable flow to pressure tube
MV3  Manual Enable flow to pressure tube
MV4  Manual Manual control of choke opening
MVs  Manual Enable flow from backpressure pump
(Used to pressurize system)

MV6  Manual Enable flow to drain
MVy7  Manual screw valve Manual Safety Valve on backpressure pump
MV8  Manual Enable flow to drain
MVg  Manual Enable flow through copper pipe
MVio Manual Enable flow through bypass line
MVi1i1 Manual Enable flow through bypass line
MVi2 Manual Enable flow through copper pipe
MV1i3 Manual Enable flow to drain
MV14 Manual Enable flow to drain
SV1 Automatic Safety valve
Sva Automatic Safety valve

Table 4: Manual and safety valves in the lab

fety Signals Top = P1 Bottom = P2

Contraller

PTIPTIO—

E]

Model/System

To choose betwesn Mod! or System block, do the fallowing
-Right click on the Model/System variant suts ystem block
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The system block 3 hould not be used outside the Isb, 83 it will cause an emor,

n
-

Check Well Pressue,
and stop simulstion if itis o high
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Figure 13: SIMULINK model
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Figure 14: Safety Signals

the input signals are separated from each other and converted from
Volt to bar or liter per minute. All the raw measurements are stored
by writing them to the workspace, such that the user can use the
save('filename.mat’) command to save all measurements.

The small box at the bottom of the figure is a safety box installed
in order to make sure that the pressure in the well stays between -
0.5 bar and 10.5 bar in the well. The pressure transmitters measure
gauge pressure, which means that measurements of less than -1 barg
indicates vacuum in the well. Both vacuum and too high pressure is
dangerous for the equipment and should be avoided. Thus the simu-
lation is stopped if either P1 or P2 shows too high or low pressure.

The last box is the controller. Here the control of the piston, the
choke and the bottomhole pressure are implemented using all the
measurements and output signals. In addition the safety signal from
the safety box is taken in. This enables the user to quickly see what
has happened when the simulation aborts. Figure 14 shows this box.

The SIMULINK model uses a callback function in order to initialize
the model for each run. The file called each time is initModel.m. This
file is divided into three parts. The first part is concerned with setting
up the controller, see Chapter 7. It can easily be changed if another
controller is desired with a different setup.

The measurements have some biases. In addition the choke con-
troller requires some of the measurements to be filtered. The biases
were found by having no flow in the system and it ran for approx-
imately two minutes. Then the biases were calculated for selected
measurements and stored along the filters for pressure and flow in
biasFilter.mat. In the second part of initModel.m the biases and filters
are loaded. In the last part of of the initModel.m a dataserie is made in
order to identify the choke characteristics, see Section 4.4.2. IMPOR-
TANT: initModel.m clears the workspace of MATLAB, thus the data
from a test should be saved in a .mat file before a new test is run.

For more information about the choke controller and the bottom-
hole controller see Chapter 4 and Chapter 7. More information about

25



26

IPT-HEAVE LAB

the choke and piston input signals are found in Section A.13 and
Section A.12.



CHOKE

During the fall of 2012 it was discovered that the choke installed in
the IPT-Heave lab had a backlash Albert [3]. This made the choke
perform too poorly for control. As a consequence a new tailored
choke was installed between the fall semester of 2012 and the spring
semester of 2013. In this chapter the process of testing and tuning a
controller for the choke will be addressed.

All pressure signals in this chapter have been filtered with a first
order lowpass filter with cutoff frequency of 50 Hz. The choke mea-
sured position signal has not been filtered and the flow signals have
been filtered with a first order lowpass filter with cutoff frequency of
30 Hz.

4.1 TESTING THE NEW CHOKE

Before installing a controller for the choke two questions needed to
be answered. First: Is there still deadband in the choke? Second: How
fast is the choke able to move? Tests to answer to these questions
were performed and the results are given in this section. In addition
the problem with the backpressure pump not delivering enough flow
rate is illustrated.

4.1.1  Choke Properties Tests

To begin some new properties of the choke had to be established.
The new choke is, as the old choke, controlled by an electrical mo-
tor delivered by Lenze. The motor takes in a signal between o-10
volt that through multiple conversions corresponds to 0-360 degrees
choke opening. By having a small flow through the choke and visual
measurements it was established that 1.75 volt corresponded to fully
closed choke, while 4.25 volt corresponded to fully open.

To establish a lower limit for the choke opening the backpressure
pump was set to 100%, corresponding to about 32 liter per minute
of flow, while the choke opening was steadily decreased. 38 degrees
was found to give a pressure of about 10.5 bar at the choke inlet.
Even though a lower opening was established no software saturations
block was applied in SIMULINK. The safety valve, SV1, was tested
and found to be working. The advantage of not having a software
saturation block is that it can affect the controller performance. A
safety valve is both safer and does not impact the performance of the
controller.
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Figure 15: Input Choke Set Position Backlash Test

In the report Albert [3] a step function was used to test for back-
lash in the choke. The disadvantage of using this approach is that
during a step the choke set position will not correspond to the actual
choke position at all times. To overcome this disadvantage a slowly
varying ramp function was used as illustrated in Figure 15. The re-
sult is shown in Figure 16. As can be seen in the figure the backlash
is approximately one bar at its worst. Based on the test, the operating
range for the choke was considered to be between 38 and 75 degrees.

To find out how fast the choke was able to move a step was ap-
plied. It was discovered that a step from 9o to 38 took 0.8 seconds to
reach the desired position. To further test the speed of the choke a
time varying sine signal was applied to the choke set position. Since
the operating range for the choke was found to be from 38 to 75 the
sine signal was set to vary between these values. Different frequencies
were tested and the result is shown in Figure 17. It can be seen from
the figure that increasing frequency makes it difficult for the choke
to follow. The disturbance designed for the lab has a period of 3 sec-
onds, which corresponds to 0.33 Hz in frequency. For this frequency
a set position of 55 degrees will result in the choke being either about
45 degrees or about 65 degrees depending on whether the choke is
closing or opening.

4.1.2 Pump

It was discovered during the fall of 2012 that the backpressure pump
did not deliver a flow rate of more than about 32 liter per minute
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Figure 18: Choke Speed Pressure Test

according to FT2 and FT3 Albert [3]. In the construction of the IPT-
Heave lab the pump was expected to deliver about 40 liter per minute
[8]. This affects how fast the choke is able to change the pressure. This
is illustrated in Figure 18. Here a step has been done from go to 38
degrees twice. First the backpressure pump is set at 100% correspond-
ing to about 32 liters per minute and then with 50% corresponding
to about 18 liters per minute. As can be seen from the test result the
pressure takes more time to increase with a slower flow rate.

4.2 ACTIONS CONSIDERED AFTER CHOKE TEST RESULTS

Without the backpressure pump fulfilling the demands it becomes
difficult to address whether the choke was performing satisfactory,
meaning moving fast enough with a small enough deadband. How-
ever with the choke moving this slowly it was concluded that the
choke did not perform well enough for control. A couple of options
were looked into to solve this problem.

4.2.1  Buying a New Choke

Due to the multiple problems with the choke both having a deadband
and moving too slowly, buying a new choke was considered. Both the
author of this thesis and Phade [24] looked into finding a new choke.
This resulted in two offers. One from Solberg & Andersen As v/Stian
Andersen and one from EPC. Both offers included a pneumatic valve.



4.2 ACTIONS CONSIDERED AFTER CHOKE TEST RESULTS

After reviewing the properties of both offers it was concluded that
none of the chokes could be expected to perform better than the choke
already installed. None of the chokes were able to have a closing time
within one second.

4.2.2  Improving the Installed Choke

After some discussing it was concluded that the electrical motor con-
trolling the choke should be able to deliver more power than it al-
ready does. By changing the software controlling the motor it should
be possible to get the choke to move faster. An encoder was also in-
stalled to measure the actual choke position and not just the position
of the motor as has been done earlier. This may make it possible to
completely remove the deadband.

4.2.2.1  Encoder

An incremental decoder was installed in order to measure the choke
position. The encoder was connected to the computer using channel
28 and 29. It works as following: A clockwise rotation is encoded by
the cycle 00 — 01 — 11 — 10 — 00, a counterclockwise rotation is
encoded 00 —+ 10 — 11 — 01 — 00. In the encoder one full rotation
of 0-360 degrees is divided into 5000 pieces, and one such cycle corre-
sponds to one piece or 360/5000 degrees. Thus the encoder has good
resolution.

The problem with the encoder is that it requires a fast sampling
rate. Too slow sampling rate will lead to samples being lost. Say if an
input becomes 00 — 11 there is no way of knowing if the choke has
rotated clockwise or counterclockwise.

Through trial and error the fastest sampling time for this SIMULINK
real-time application was established to be 1e-4 seconds between each
sample corresponding to a frequency of 10 kHz. From the datasheet
for the encoder it is listed that the maximum frequency for it is 300
kHz. Thus in order to use the encoder it cannot be implemented with
SIMULINK, but must be used with the Lenze software.

Even though a faster sampling rate is needed to capture the move-
ment of the choke when it is moving fast, a slowly varying ramp was
applied to the input as shown in Figure 15. The result is shown in
Figure 19 and Figure 20. As can be seen in the figure the encoder
is able to measure the deadband of the choke, making it possible to
remove it.

4.2.2.2  Software Change

The motor control was set up using Lenze software called Engineer
by Espen Uyebe during the summer of 2012 [3]. Through studying
the manual for the motor it was established that the setup used was
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4.3 RETESTING AFTER IMPROVED CHOKE

not ideal and should be improved. In order to save time, personnel
from Lenze was hired to help change the setup used in the Lenze
software for both the choke and the piston (for more about the piston
see Dronnen [5]). The software was changed so that the choke could
move faster. As before 0-10 Volt signal was used to control the choke
opening, but now o Volt corresponds to 9o degree (open) opening
and 10 Volt corresponds to o degree opening (closed). After homing
the controller the choke should go to fully open.

4.2.2.3 Results of improving the Choke

After doing the software change for the choke it was tested and the
performance was considered sufficient. The encoder was never im-
plemented. The main reason for this is that it needs to be connected
with the motor controller and a change in the Lenze software must be
made. As of writing this no port on the motor controller with a fast
enough sampling rate was available. Should it be desirable to connect
the encoder at a later stage Kristian Bakken from Lenze (email: Kris-
tian.Bakken@lenze.com) should be contacted to assist through phone
support to help make the necessary changes in the Lenze software.

4.3 RETESTING AFTER IMPROVED CHOKE

After doing the improvement on the choke the test done in Section 4.1.1
was redone. First 41 degrees was found to give about 10 bars at the
choke inlet. Then a step was done from 9o to 41 degrees. Earlier about
0.8 seconds were spent in reaching the desired position, after the soft-
ware change the choke used 0.3 seconds. However the choke over-
shoots it position with about 2 degrees after the software change and
spends 1.2 seconds to settle at the desired value. The other speed test
was also performed: The choke was set to a time varying signal of
18.5sin 27txt + 56.5. In Figure 21 the choke measured position is com-
pared to the choke set position before and after the software change.
As can be seen in the figure there is a clear improvement. For a period
of 3 seconds the choke has gone from 45-65 degrees measured choke
opening for a 55 degrees desired opening, to 50-60 degrees measured
choke opening.

No improvement has been done on removing the deadband, and
thus the deadband test was not done again.

4.4 CHOKE CONTROLLER

After having improved upon the choke an attempt to make a con-
troller was made. In this section the controller derivation of a PID
controller with feedforward is done based upon the suggestions from
Albert [3]. Gleditsch [9] discovered that the hoses from the end of the

33



34

CHOKE

Choke Setposition = 18.5sin(2*pi*x*t)+56.5
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Figure 21: Choke speed compared before and after software change

copper pipe to the choke introduces undesired dynamics into the sys-
tem. To bypass these dynamics the choke controller was made to have
the choice between using the pressure measurement at the choke, C2,
and the pressure measurement at the end of the copper pipe, PT1, as
reference.

4.4.1 Filter

During the design process of the controller it was discovered that the
filter used to filter the pressure and flow measurements greatly af-
fected the controller performance. Speed is an essential component
to the controller and since a filter introduces a delay it were chosen
carefully. Higher order filters introduces more time delay than a lower
order filter, and thus a first order filter had to be chosen. The cutoff
frequency is related to delay as follows: T = ﬁfc where T is the time
delay and f. is the cutoff frequency [20]. A lower cutoff frequency is
desired in order to remove noise, but because of the delay it intro-
duces it cannot be chosen too low. Through trial and error the filter
S i%o was used for pressure measurements and Si% was used for
flow measurements.

The resulting controller output ended up being very noisy. How-
ever the noise could not be removed from the measurements without
affecting performance too much. To avoid too much wear and tear on
the choke equipment the output was thus filtered with the following

. 30
filter 130




4.4 CHOKE CONTROLLER

4.4.2 Choke Characteristics

In order to design the controller a choke characteristics was needed.
The following equation for a choke was used:

p
Pc —Po @)
where u is the choke opening, G(u) is some strictly increasing char-
acteristics function, q. is the flow through the choke, p is the density
of the liquid and p. and py is the pressure at the choke inlet and out-
let. The equation can be derived from a Bernoulli equation for steady
flow.
A characteristic is needed to be identified for both C2 and PT1 as
reference. The following procedure was used to identify characteris-
tics, G(u), for both choices as reference:

G(u) =qc

1. Run the choke through the slowly varying ramp function, shown
in Figure 15.

2. Calculate G(u) using Equation 1 with p = 998.2.

3. By looking at Equation 1 it can be observed: [p. —pol — O,
G(u) — oo. Removing all points with u > 70 degrees avoids this
problem with low pressure drop. Instead in the implementation
a maximum angle of 70 degrees was set for the feedforward.

4. The MATLAB function polyfit() was used approximate G(u) as
a user set order polynomial. polyfit() uses a least squares tech-
nique to approximate the data.

The resulting polynomial identified with C2 as reference:
G(u) = 0.01u3 — 0.80u? +44.29u — 790.82 (2)
The resulting polynomial identified with PT1 as reference:

G(u) = 21.53u—0.80 (3)

4.4.3 Controller Implementation

As suggested by Albert [3] a PID controller with feedforward was im-
plemented. However a modification had to be done: A gain scheduler
had to be implemented for the integral gain.

4.4.3.1  Feedforward

The feedforward part of the controller was implemented using Equa-
tion 1. By changing the inlet pressure, p., with the desired inlet pres-
sure, pc ref, and solving the equation with regards to the choke open-
ing leads to:

p

u=G"" (qey/ ——
Pec,ret —PO

(4)

35



36

CHOKE

o
Constant1 1-D T{u)
- .
® Product
Saturstion!
e R
Ginv
poref o Divide1 Sat
ollaeo NG®)
! :
w0
.
=

Switch

Swich connects umen if peref < p0

Figure 22: Feedforwad Controller implementation

The inverse of G(u) was implemented using a look-up table block
from SIMULINK. To avoid getting an error in the output if p¢ rer >
po a check was done. If pcref = po the controller was set to give
out 70 degrees. A saturation block was also used to make sure that
the feedforward controller is only operating in the range it has been
designed for, having a lower limit of 41 degrees and an upper of 70
degrees.

4.4.3.2 PID

During initial tuning discoveries were made. First derivate action only
worsened the performance of the controller and thus was removed.
This is not surprising since the measurement contains much noise.
Second the integral gain turned out to be difficult to tune. A value
that worked well for low pressures, did not work well for higher
pressures. This motivated the idea from Albert [3] to implement a
gain scheduler.

The PI controller was implemented with anti-windup and track-
ing in a parallel form. The controller implementation can be seen in
Figure 23.

For the gain scheduler a different approach was used than sug-
gested by Albert [3]. In Albert [3] a set of PID-controllers imple-
mented in parallel with use of tracking to get bumpless transfer was
suggested. Instead the integral gain was implemented as a function
given by the current pressure and the pressure deviation. A lookup
table was used for each input and the two were multiplied together.
At the end of the integral gain function a saturation block was set
to make sure the integral stayed within certain limits. The advantage
with such a continuous integral gain function is that bumpless trans-
fer does not become an issue. It also enables the user to specify an
integral gain for each given pressure. The implementation of the inte-
gral gain function is illustrated in Figure 24.

The connection between the choke opening and the inlet is inverse,
meaning that increasing choke opening actually means decreasing
pressure at the inlet. To compensate for this the output of the con-
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Reference | P Ky K¢  Icurrent_pressure Iyressure_deviation
Co 10 2 y=[3030302927252422851] y=[11110.20.1]
x = [0:10] x = [0:5]
PT1 1 10 2 y=[30302520201715131055] y=[110.70.20.20.1]
x = [0:10] x = [o0:5]

Table 5: Tuning Parameters for Choke Controller

Test Pressure Reference

Test1 | 2 Sin(ZT[%t) +4

Test 2 | 1sin(1 .57’[%t) +2 sin(Znﬂ—ot) +45

Test3 | 1 sin(Zn%t) +15 sin(27t17t) +0.5 sin(27rl1—]t) +5

Table 6: Reference Signals used for Testing Choke Controller

troller had to be multiplied by -1 and thus making it necessary to
multiply the feedforward part with -1 before entering it on the track-
ing part of the PI controller. This lead to the initial for the integral
part of the controller being -9o instead of 9o and the upper and lower
limit of the anti-wind-up being o and -9o instead of 9o and o.

4.4.4 Tuning

The controllers were tuned manually online. The fastest and thus
most difficult reference signal for the controllers is expected to be
a sine wave with a 3 second period. In addition the sine wave is ex-
pected to vary around + 2 bar. For the online tuning a reference signal
of 2 sin(ZTc%t) +4 was chosen. The resulting tuning parameters can be
found in Table 5.

4.4.5 Controller Performance

Three different tests were performed in order to assess the controller
performance. The reference signal for each test can be found in Ta-
ble 6. In the first test the controller was suddenly turned on to see
how it reacted. Parts of the test have been picked to illustrate per-
formance for C2 as reference in Figure 25, Figure 26 and Figure 27.
Similar results can be found for PT1 as reference in Figure 28, Fig-
ure 29 and Figure 30.

4.5 CHOKE CONCLUSION

It was concluded from the results obtained in Section 4.4.5 that the
controller designed performed satisfactory. It can be seen from all the
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tests that the pressure is lagging behind the desired pressure. How-
ever, this is to be expected since it takes some time to convert digital
signals from the computer to an analog input to the motor. A total lag
of approximately 0.2 seconds was therefore considered to be the best
performance possible with the current setup. In addition changing
the reference to PT1 worsens the performance. This is also expected
since the distance between the choke and PT1 is much larger than
between the choke and C2, thus introducing an extra delay in the
control loop, which deteriorates the performance.



REVIEW OF LITERATURE ON THE DISTURBANCE
REJECTION PROBLEM

The issue of disturbance rejection, when drilling from a floating rig,
has been studied to some extent. Two main models have been devel-
oped by Landet et al. [17] and Mahdianfar et al. [18], which will be re-
ferred to as the Landet Model and the Mahdianfar Model. The Landet
Model has been developed further by Landet et al. [16]. In addition
Aamo [1] has used the Landet Model to transform into a generalized
model, for which he has developed a control algorithm. Aarsnes [2]
has used the same approach as Landet et al. [16] to develop a more
complex model. In addition both Landet et al. [17] and Mahdianfar
et al. [18] have developed control algorithms for disturbance rejec-
tion. In the current chapter the different models with extensions will
be presented along with the control algorithms for disturbance rejec-
tion.

5.1 SYMBOLS

In order to ease the comparison of the different models and con-
trollers one set of symbols is used. Following is a list of all the sym-
bols used together with an explanation.

dm = mass flow change over
cross-section of a control
volume

p = pressure [Pa]

= deviated pressure [Pa]

<

is linearizing point of pressure
[Pa]

el

3 is the bulk modulus of the
mud

v = the mud velocity [m/s]

[ = the effective bulk modulus

<2

is deviated mud velocity

[m/s]

x = the spatial coordinate

v = the average mud velocity

[m/s]

f = the frictional pressure loss
per unit length

q =mud flow [m?/s] g = the gravitational constant

A =th -sectional e
¢ cross-sectional area v(x) = the inclination angle of

p = the mud density the pipe

m = mass flow over the cross-
section

U = the length of each control
volume
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Ah; = the height of each control
volume

x = 0 position bottom of the well

X =

choke
K. is a choke constant

Pc is the pressure at the choke
inlet

po is the pressure at the choke
outlet

G(u) is a strictly increasing and
invertible function relating

5.1.1  Subscripts

L position outlet of well,

to the control signal and the
actual choke opening

¢ = the speed of sound in the
mud

w = frequency
¢ = phase
a = amplitude

k = coefficient for linear viscous
friction

K7 = Hopp-strain coefficient

N is the number of control vol-
umes

The subscripts are used to indicate derivative. It can also be used
to indicate what part of the model it is. For example A, means the
cross-sectional area of annulus.

t = the partial derivative with re-
spect to t

d = drillstring

b = openhole
x = the partial derivative with re-

spect to x ¢ = choke

a = annulus bpp = backpressure pump

5.1.2  Superscripts

In the control volume models and the discretization of models, the
superscripts are used to indicate which control volume it is or the
part of the discretization.

j = properties of the jth control
volume or discretization

1 = properties of the first control
volume or discretization

N = properties of Nth control
volume or discretization

5.2 MODELING

The two main models developed by Landet et al. [17] and Mahdi-
anfar et al. [18] both use mass and momentum balances. However a
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different approach is used for the two models. While Landet et al.
[17] takes a control volume approach, Mahdianfar et al. [18] utilizes
differential analysis. Aarsnes [2] uses a control volume approach as
Landet et al. [17] does, however he uses it not only for the annulus as
done by Landet et al. [17] and Mahdianfar et al. [18] but also for mod-
eling the drillstring and the openhole in the bottom of the well. This
section contains all three models, in addition to the transformation by
Aamo.

5.2.1 Landet Model

Landet et al. [17] uses a differential control volume with mass and
momentum balances to model the annulus. The control volume has
area A, density p, pressure p and length dx. Reynolds Transport The-
orem (White [30, p.143]) applied on a single dimension pipeline for
mass and momentum yields:

ap

Aadxa—t =1 — (hm+dm) = —dm (5)

0
3t PV Aadx = Aap —Alp+dp) + J pvidAq—
A

J [pv? +d(pv?)]dAq — Fdx + Aqpgcos(y(x))dx
‘ (6)

In the derivation an assumption of the connection between density
and pressure are made: dp = %dp. In addition the term % i A, pvZidAq
is considered to be small and is therefore ignored. This result in a set
of similar equations as derived in Kaasa et al. [13]:

9 B og
ot | Ay ox @)

S =T - T+ Aagcos(y(x) ®
The annulus is then divided into N control volumes and the equations
(7) and (8) are integrated over each control volume. Two boundary
conditions are needed in order to solve this set of equations numeri-
cally. First it is considered that the bottom volume will continuously
change with v4(t)Aq4. Second the pressure at the top of the well, by
the choke, is assumed to be known given by the equation:

qc = KevPe —PoG(u) )
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This results in the following set of equations describing the flow dur-
ing connections:

1
1 B 1
p = (—d" —vaAa)
AlU
B 1 : .
i — P e I — _
P _Aili( q q’) 1i=23,...,N—1
N ™) e+ qupy) (10)
P ~ AN|N q qc T 9opp
r Al . F(g)A . AW
j — j _pitly _ _ Al
=15 (p—p") ol A9
i=1,2,...,N—1 (11)

In order to model the friction Landet et al. [17] looks at experi-
mental data. It turns out that the fluid behaves in accordance to the
theory of Newtonian fluids. This means that for low flow rates the
flow is laminar with a linear model describing the friction loss. At
higher flow rates the flow becomes turbulent and a nonlinear model
is needed to describe the friction loss. An additional challenge with
modeling the friction loss is that the drilling fluid behaves much like a
gel. This is an advantage since it prevents cutting from sinking when
the main pumps are turned off. It means that there is statical friction
that has to be overcome before any flow can occur, making it difficult
to model.

5.2.2  Aamo Transformation

Aamo [1] has developed a general theory for rejecting disturbances
when actuator equipment and sensors are installed several kilometers
away. The system is assumed to be on the form:

wi = —e1(x)wx +c1(x)v,
v = e2(x)vx +c2(x)w,
w(0,t) = qw(0,t) + CX(t),
v(1,t) = U(t),
X(t) = AX(t) (12)

Here w and v are states, q # 0, x € [0,1], e12(x) > 0, e12(x) €
C'([0,11), ¢1.2(x) € C([0,1]), U(t) is the control input and v(1,t) is the
measurement. A and C are matrices of appropriate dimensions to the
disturbance X(t). The disturbance rejection problem of drilling is a
specialized problem of this sort. The following coordinate transfor-
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x=L

Elastic drill string

Figure 31: Aarsnes model [2]

mation of the Landet-Model ((7) and (8)) makes it possible to get it
on the form in equation (12):

1 _IF
u(x,t) = =(q(x,,t) + —(p(xl,t) — +pglx)) x e2Vhs ©
2 q \/ﬁ P pSP Pg
1 A __F
vix,t) = = (q(xl,t) — —=—(p(xl,t) — +pglx)) x e 2vBe
2 q \/ﬁ P pS'P P9
(13)
where
1
e1(x) = e2(x) = l\ﬁ
P
1F
C1 (X) = _7fez\/ﬁ,
2p
1F __uF
CZ(X) =—5—¢€ 2\/%’
2p
q=-1,A=A,C=-AC (14)

5.2.3 Aarsnes Model

Aarsnes [2] divides the modeling problem into three parts: Annulus,
drillstring and openhole. This is illustrated in figure 31. Using mass
and momentum balances Aarsnes [2] ends up with 6 coupled PDEs.
In addition the mud is modeled as a non-Newtonian fluid, which re-
sults in a complicated model for the friction loss per control volume.
Such a complex model is difficult to simulate and use for control pur-
poses. To make the model available for control purposes Aarsnes [2]
makes some simplifications, which leads to a finite dimensional LTI
approximation of the model that can be implemented. N control vol-
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umes are used to describe the dynamics in the annulus and the drill-
string, with Ny, control volumes to describe dynamics of the borehole
below the drillstring. The resulting system is of order 4N + 2Ny:

pL="2T—v),  j=1,...,N

pvh = (Pl —pL) —Khvh t k), =0, N
AEIVN =d(c, pa =Pb b’
j
Pp 51
p) = l—j(\/{, —Vb),
. 1 1 . . Ky, i .
opvh =5 (Pp =Py ) =Ky (v = Vi) + 7 (Ph =P 5=0,...
Vy =Vd, pp pb
p{a :pr(V)bJr] Vb)/ ]:]/ ,Np
53
g1 5 :
pvl, :F(PL—PLHHW j=0,...,Np —1
b
V) =0, Apvht = Aav?1+Apvg (15)

If there is a change in the annulus cross sectional flow area the fol-
lowing equation should be used instead:

1 .
— ALV AAVT) =V (16)

5]
pCl A]

5.2.4 Mahdianfar Model

Instead of using a set of control volumes Mahdianfar et al. [18] uses
a differential approach. The equation of continuity and the Navier-
Stokes equation (White [30, p. 229 and 237]) together with an assump-
tion on the connection between fluid pressure and density (p(t, x) =

Pref + M ) results in the following equations:
Pt +Vvpx +(k+p)vx =0 (17)
Vi + VvV c* +gsin(y(x)) + F(x)v* =0 (18)
t x T K+ pr g YiX =

Here k is a constant related to the choice of equation state. The
boundary conditions chosen for this set of equations are the flow at
the bottom of the well, x = 0, and the pressure at the outlet, x = 1.
Resulting in the following two conditions:

v(t,0) = vo(t) (19)
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p(t,1) =pu(t) (20)

During a connection operation the main pump will be turned off,
thus making the movement of the drillstring the only source of flow
in the annulus. Therefore a linear model has been developed from
these equations around v(x) = 0. Zero flow is then used to find a
steady pressure profile before a linear model is developed. In addition
the assumption of a vertical well (sin(y(x)) = 1) is made. This results
in the following equations:

Pt +cvix =0 (21)
Vig+cpx =0 (22)
Here u; = %v(t, x). Riemann invariants are then used to represent

the PDEs (21) - (22), using p = « —d and vi = o+ d:

ot +coy =0
8t —cdy =0 (23)

These are a set of the transport equations (Evans [6, p. 18]).

5.2.5 Disturbance Modeling

Landet et al. [17], Mahdianfar et al. [18] and Aamo [1] model the
disturbance as a set of harmonic waves. In their simulations both
make the simplification of using just one single harmonic wave.

va(t) = asin(wt+ ¢)

X1 =va(t)
X1 = WXy
X2 = —WXx1 (24)

5.3 CONTROL ALGORITHM

Four different control algorithms have been developed. Landet et al.
[17] has two control algorithms. First he has a nonlinear output regu-
lation controller in addition to a more simple Linear Internal Model
controller. Mahdianfar et al. [18] has developed a controller from sim-
ply setting the pressure in the bottom of the well to be at the setpoint.
In this paper this will be called the Mahdianfar Controller. By trans-
forming the Landet Model into a general model Aamo [1] uses the
control he has developed, called Aamo Controller in this paper.
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5.3.1 Nonlinear Output Regulation Controller

Landet et al. [17] has used theory from the book Uniform Output Reg-
ulation of Nonlinear Systems by Pavlov, Wouw and Nijmeijer [23] to
develop this control algorithm. The general theory is based upon a
system on the form:

x =f(x,u,w)
€= hr(xzw)
Yy =hm(x, w) (25)

In this equation x is the state vector, u is the control input, e is the
regulated input, y is the measured output and w is the disturbance.
Setting e = ppit — Prer While y gets chosen depending on what mea-
sured variables are available the resulting controller becomes:

u=clw)+Kx—mn(w)) (26)

Where K is an appropriate matrix that ensures stability. c(w) and
mt(w) are solutions to the so-called regulator equations:

d
a71((1)) = f(r(w), c(w), w)
0 =m1(w) —Pres 7

The equations (10) and (11) can be put into the form (25). Then it
is possible to solve equation (27). This task grows with the number
of harmonic waves used in the disturbance and the number of con-
trol volumes used. From Pavlov et al. [23] the boundedness of the
solutions and [ppit(t) — prefl — 0 are guaranteed.

5.3.2 Linear Internal Model Controller

A much simpler control strategy is to view the system (11) and (10) as
linear. This is true with the exception of the choke equation, (9). The
idea is to find a so-called disturbance-generating polynomial and in-
clude it in the closed loop error feedback controller. This will make
the disturbance vanish asymptotically. A disturbance polynomial for
the disturbance is: I' = s + w?. Combined with a proportional inte-
gral controller:

(28)

Here, Q; are tuning constants and C(s) is the transfer function from
the error signal, e(t), to the signal, v(t). The controller then becomes:

u(t) = G (—v(1)) (29)

The applicability of this controller is that it does not demand a lot of
information and its is simple to implement.
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5.3.3 Mahdianfar Controller

Mahdianfar et al. [18] simply assumes that all states are known and
uses the equations to derive a controller. In the Mahdianfar model
p(t,x) is a deviation variable and the control objective is then to get
P(t,0) = 0 (zero pressure deviation from the setpoint at the bottom
of the well). This leads to the following controller:

5(t, 1) = %[cos(w?l)m (t) + sin(%l)xz(t)] (30)

Since this controller assumes that all states are known an observer is
needed to implement the controller. The top-side measurements can
be represented using the notation from (23):

Y(t) = a(t, 1)+ 6(t —2%,1) (31)

The system can then be written on the form:

X = AX
Y(t) = CX(t—D) (32)

This is an LTI system with sensor delay. A standard infinite-dimensional
observer can then be used:

X = AX + eAPL(Y — 2(0))
2y =2+ CeML(Y—2(0)) x€(0,D)
2(D) = CX (33)

In order to implement the infinite-dimensional observer given in equa-
tion (33) it is transformed into a transfer function. This transfer func-
tion is then reduced to a first- and a second-order approximation
using Laguerre based model reduction. A second-order reduction is
found to match the infinite-dimensional transfer function very well.

5.3.4 Aamo Controller

Utilizing a backstepping algorithm developed by Vazquez et al. [29]
together with an observer, Aamo [1] comes with the following control
law:

pu() = PPy () 2 PPy 15, — ol en
where
1 1 .
U(t) = JO K¥(1,m)a(a(n, t)dn +JO K™ (1, m)9(a(n, t)dn + KX () (35)
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The estimates for u(x,t),v(x,t) and X(t) comes from the following
observer:

e = e1(x)0x +c1(x)9 +p1(x) (u(1, 1) —1(1, 1))
Ve = €2(x)0x +co(x)0+p2(x)(u(1,t) —0(1,1))
1(0,t) = q9(0,t) + CX(t)
9(1,t) = U(t)
X = AX + e (u(1,t) —1(1,1)) (36)

where

:
p1(x) = CedeIL — g (1)PU¥(x, 1) —J pul(x, £)CeAhalE)] gg

X
1

p2(x) = —e1(1)PY¥(x, 1) —j PY¥(x, &) CeA=lELdg (37)

X

Finally the kernel will be given by the following set of equation:

/

€1 ()KL (x, &) + e1(MKE™ (x, &) = —€¢ (&

JKM (x, &) — 2 (E)K™Y (x, &)
€1 (WKE(x, &) — e2MKEY (x, &) = —€5(E)K™V(x, &) — 1 (E)KM ¥ (x, &)
e2(XKY(x, &) — e (MKY™(x, &) = —e (E)KY™(x, &) + c2(E)K™(x, &)
e2(WKY (%, &) + e2MKYY (x, &) = —e5 (E)KYV(x, &) + ¢1 (E)K ™ (x, &)

on T ={(x,&):0< & < x < 1} with boundary conditions
€2(0)
K"%(x,0) = —=K"Y(x,0
ATV

wiy ) =
KX = S+ e

K¥(x,0) = qez](g;)K"u(x,O)

i B c2(x)
KY"(x,x) = St e (39)




MODEL IDENTIFICATION

6.1 MOTIVATION

In Chapter 5 the different models for modeling a well during connec-
tions were presented. Similar for all the models were that after do-
ing some assumptions and simplifications they ended up with linear
equations. The exception was the choke equation. These results mo-
tivates to examine whether a linear model could be identified from
the well data. A linear model of the lab has the advantage that it can
easily be used to design a controller compared to a more complex
nonlinear model.

6.2 NOTATION

The following notation will be used for this and the following chapter:

pc is the pressure at the choke pgn rer reference  pressure
inlet, in the lab C2 downbhole
v, velocity of piston
Pcref is the reference pressure P ty ofp
at the choke inlet Vprer Treference velocity of pis-
ton

po is the pressure at the choke

outlet . in the lab C1 gw flow into (and out of) the

well, in the lab FT1

Pan pressure downhole, in the q. flow through the choke, in
lab P2 the lab FT3

63 SELECTING INPUT AND OUTPUT VARIABLES

The lab has two inputs: the piston velocity and the choke opening. In
a real well it might also be possible to control the backpressure pump,
but this is not the case in the lab. The objective of the controller is to
control the bottomhole pressure and thus it will be the output of the
identification.

The advantage with designing a choke controller (Chapter 4) is that
the nonlinearity at the choke can be abstracted away by replacing the
choke opening by the choke pressure as input to the model. Then the
objective of the controller will be to select a pressure at the choke that
will remove a given disturbance. The goal will therefore be to have a
model similar to the one shown in Figure 32
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Choke pressure

Bottomhole pressure

Figure 32: Black box model

Multiple approaches were attempted for identification of an accu-
rate model. It was quickly discovered that the piston reference veloc-
ity gave more accurate models than the measurement of the piston
velocity, and it was thus used.

6.3.1 Setup 1

The simplest approach of input variables is to use the one shown in
Figure 32:

IHPU’C u= [pc/ Vp,ref]

Output: y = [pan]

6.3.2  Setup 2

It could prove difficult to identify a model directly as picked in setup
number two. From the Mahdianfar model in Section 5.2.4 the inputs
are the flow into the well, the pressure at the choke inlet and distur-
bance. Thus resulting in the following choice of variables:

Input: u = [pc, quw, Vp,ref]

Output: y = [pan]

6.3.3 Setup 3

In the third setup it was attempted to exploit some knowledge of the
system. The challenge of controlling the bottomhole pressure is the
time delay from the top of the well to the bottom. This delay can
be estimated before running the identification, and later be approxi-
mated by a Padé approximation to get a proper model. It is of course
possible to do this indirectly though the identification, but making
the assumption may improve the accuracy of the result.

The same assumption could have been done for the flow. However
from the measured data a change in pressure at the choke inlet was
actually measured at the bottomhole before the flow was affected, see
Section 6.4.1.

Input: u = [pc with delay, w;, Vp,ref]
Output:y = [ pan]



6.4 CALCULATING ASSUMPTIONS

6.3.4 Setup 4

In order to use the setup 2 and 3 (Section 6.3.2 and Section 6.3.3) the
flow g, must be handled. This is not an independent input into the
system, but it depends on the choke opening and the piston velocity.
The MPC controller designed in Chapter 7 needs to use the model
to predict the future in order to decide the current input. In the first
attempt to use this controller the flow was predicted in the same way
as the disturbance, v, rer, with a harmonic wave (see Section 6.10).
The results were disastrous with the prediction being worthless. The
reason was that the flow depended very much on the choke opening
and as soon as it changed the prediction was no longer valid.

A model of the flow using the available data was needed. From
Kaasa et al. [13] there is the following connection between the flow,
the bottomhole pressure and the pressure at the choke, equation (25):

MDY —pe —Fldw, 1) +Glo) (40)
Here M is a parameter depending on the cross-sectional area of the
pipe and the density function. F(q.,,u) is the friction in the well and
G(p) is the steady state difference between the downhole pressure
and the choke pressure. By assuming a linear friction term: F(q.,, 1)
= uqq, this model was used as an inspiration for a setup to estimate
the flow into of the well
Input: u = [pan —pc — G(p)]

Output: y = [qw]

6.3.5 Setup s

A combination of setup 1 and setup 3 was also attempted:
IHPUt: u= [pc,with delay/ Vp,ref]
Output: y = [pan]

6.3.6 Setup 6

In addition to attempting to estimate the flow, q,,, from the equation
in setup 4, a simple setup was attempted:

Input: u = [pc pc]
Output: y = [qw]
6.4 CALCULATING ASSUMPTIONS

6.4.1  Time Delay

In order to calculate the time delay from the choke inlet pressure, p,
to the bottomhole pressure, p4n, the following procedure was used:

55



56

MODEL IDENTIFICATION

Delay 0.7200
16 T T T T T T

——— P,

Pan
Mean before wave||

Pressure [bar]

L
0 10 20 30 40 50 60 70
Time [s]

Figure 33: Time delay from choke inlet to bottomhole

1. The choke was kept at constant opening for about 30 seconds.
2. The choke was set to run through a half or full sine wave.

3. A mean value for the pressures was calculated for the first 30
seconds.

4. The pressure was defined to be changed when 50 samples on
the same side of the mean value had occurred

5. The time delay was then calculated from taking the time from
pressure change at the choke inlet to the pressure change at the
bottomhole pressure.

See Appendix C for MATLAB code. Multiple such tests were run and
Figure 33 shows a typical result. An average for all the tests were
calculated and found to be 0.72 seconds.

A similar procedure was attempted to find a time delay from the
flow into the well to the bottomhole pressure. However it was dis-
covered that a change in the choke opening was discovered quicker
downhole than at the pipe flow inlet, as can be seen in Figure 34. It
was thus concluded that including a time delay from the flow to the
bottomhole pressure will not improve the model.

6.4.2 Steady state difference between pan and pc

For the fourth setup (Section 6.3.4) the steady state difference between
the bottomhole and the choke pressure is needed. To find this differ-



6.5 ALGORITHMS

Delay 1.2400
20 T T T T 2

A ——— P, mean
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q mean
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0 L L L I L

1
-2
0 10 20 30 40 50 60 70
Time [s]

Figure 34: Time delay from choke inlet to copper flow inlet

ence the same dataset as used in Section 4.4.2 shown in Figure 15 was
used. In this dataset the choke opening was very slowly ramped up
and down. Since the choke is moving so slowly the well was consid-
ered to be in steady state through the whole test. The steady state
difference was thus found by taking the mean of pgn —pc. Seeing the
plot (not included in this report) the difference seemed to be constant
through the whole test. The value calculated: G(p) =0.3771.

6.5 ALGORITHMS

Two different subspace identification algorithms were used to try to
find as accurate model as possible for each of the six setups used. The
first algorithm named DSR was developed by David Di Ruscio [26].
The second algorithm, here be referred to as the Overschee algorithm,
were developed by Peter Van Overschee and Bart De Moor [22]. To go
into detail about the theory and implementation of these algorithms
are beyond the necessity of this report, and interested readers are re-
ferred to their respective citations. Implementation of the algorithms
can be found in Appendix C.

Both algorithms combine deterministic and stochastic properties
for identifying a system. The resulting system identified is a discrete
system on the form:

Xk+1 = Ax + Bug +K(y —9)
J = Cxx + Dux (41)
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6.6 IDENTIFICATION OF SYSTEM MODEL

To identify a model of the lab several different experiments were used.
The experiments consisted of having the piston and the choke con-
troller follow two sets of different sine signals.

In addition to input and output data, the identification algorithms
need to specify a maximum order of the system. This maximum order
for the system is then used to construct a block Hankel matrix, which
is then used to construct something called an extended observability
matrix. A single value decomposition of this matrix is done and the
singular values are plotted. The user defines the order of the system
based upon the number of singular values different from zero (this is
not a trivial task). The accuracy of the model will then both depend
on the maximum order set for the identification and the order chosen
by the user.

Both Ruscio [26] and Overschee and Moor [22] algorithms have the
option of predefining the order of the system instead of manually
select an order based upon the plot of the singular values for the
extended observability matrix.

Summing up there are a lot of different choices that can be done
when identifying a system on the form in Equation 41. First six dif-
ferent choices of input and output variables have been given (Sec-
tion 6.3). Then five different experiments were selected to be suitable
for identification. In addition a maximum order and an order for the
system had to be chosen. The model identified depends on the max-
imum order set. For example if the maximum order is set to 10 and
the order of the system is set to 4, the result will be different than
setting the maximum order to 20 and the order of the system to 4.
Finally there are two different algorithms that can be used for the
identification.

In order to find the best possible model a script was written to run
through all the different possibilities with a maximum order up to 75.
The number of identification runs then becomes: Setups x Identifica-
tions sets x Number of algorithms x Maximum Order! = 6 x 5 x 2 x
75! = 171 ooo runs. It took about 2 days to run the script.

To compare the different models identified a set of twelve different
experiments was used, called a test set. Each model was used to es-
timate the output from the input of each of the experiments in the
test set. Since the model is going to be used to predict into the future,
the K(y —§) term from Equation 41 was removed. In other words
the output was estimated solely based upon the input with no cor-
rection term. The average absolute error was calculated between the
test set output and the prediction. After the whole test set was run
for a single model, the average absolute error for the whole test set
was calculated and stored. Table 7 contains the different experiments
used for identification and testing of the identified model. As can be
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Name Piston [cm] Choke [bar] id test
A1 p1 | A2 p2 A1 p1 |A2 p2 |B
test6_020513 10 4 2 4.5 2 3 025 3.5 |4 X X
test8_2_020513 5 3 25 4 05 35|075 45 |4 |XxX X
test5_250413 15 5 17 10 1 3 2 12 4 X X
test6_250413 75 6.5 |16 4.5 1 3 2.5 20 4 X X
test8_250413 75 6.5 |16 4.5 1 3 05 17 | 4 X X
test1_020513 20 9 10 12 1 10 |2 11 5 - X
test2_020513 30 105 | 5 12 2 8 0.5 115 | 4 - X
test5_020513 20 4 5 3.25 || 0.5 3 075 3.75 |5 - X
test7_020513 10 3 15  3.25 || 0.75 4 1 35 | 4 - X
testq 250413 40 85 |- - 1.4 85 |- - 3.7 | - X
test7_250413 15 4 - - 2 3 - - 4 - X
test2_250413 15 10 5 20 2 3 1 10 4 - X

In the table the following abbreviations have been used: A1 = ampli-
tude 1, p1 = period 1, B = bias, id = identification. In addition the
piston bias was always = 40 cm. For example for test6_o20513 the
piston followed 10 sin(ZTC]]—Ot) +2 sin(27r4%t) + 40 and the choke fol-
lowed 2 sin(Zn%t) +0.25 sin(ZTt_,)%t) +4.

Table 7: Experiments used to identify lab model

seen in the table all the identification experiments were also used in
the test set. When using a set both as identification and to test after-
ward the result will naturally be very accurate, but since this was the
same for all the identification sets used it was not considered to be a
problem.

6.7 RESULTS

In order to be able to easily consider the possible trade-off between
model order and accuracy, the most accurate model was stored for
each order and setup. Then all average errors above 1 bar were con-
sidered to be useless and thus removed. This makes it much easier to
study the results, which are plotted in Figure 35, Figure 36 and Fig-
ure 37. Here for each setup and choice of algorithm the most accurate
model of a specific order is plotted.
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Figure 35: Best Models found for Setup 1 and 5

Setup 2: Input - [pc. A vwe'] Output [pdh]
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Figure 36: Best Models found for Setup 2 and 3

Setup 4: Input - [p anP-delta) Output [q J
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Figure 37: Best Models found for Setup 4 and 6
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6.8 DISCUSSION OF RESULTS

During initial testing it was thought too difficult to find an accurate
model for setup 1. This is the reason why all the other setups were
thought up. It was then a surprise to discover that the simplest setup
with no assumption yielded the best result. As can be seen from the
graph the DSR algorithm managed to identify a fourth order model
that has an average absolute error at just above 0.5 bar for over the
whole test set.

As can be seen in the resulting graphs there are more accurate
results found for setup 2, 3, 4 and 6. But in order to use one such
model, the model from setup 2 or 3 has to be combined with a model
from 4 or 6. As can be seen from the graph the Overschee algorithm
with setup 3 manages to find a model of first order with an accuracy
close to o. 32in average error over the test set. However, as mentioned,
it will have to be combined with for example the eighth order model
identified by Overschee for setup 6 with an accuracy at about 0.37.
Adding these two together the accuracy will be at approximately o.7
bar, which is more than the one identified by the DSR algorithm for
setup 1.

The fourth order model identified was on the form as Equation 41
with the following matrices:

0.9925 —0.08565  —0.01556  0.115
0.002906 1.002 —0.1638 —0.02512

—4.017e—05  0.0001124 0.9828 0.2725

| 3.289¢e—05 —1.936e—05 —0.03967  0.9808

[ —0.02297  0.2996

0.02016  0.02761
B— C= [—0.1772 02597 —0.3053
—0.0003411  0.02834

| 0.0005492  0.009049

—6.3912

3.0082
D= [0.00431 —0.4688} K= 01989 (42)

0.0455

The algorithm used was DSR with maximum order of 40 and the
identification set test8_2_020513.mat and the selection of input-output
variables from setup 1 (Section 6.3.1). The average error over the
whole test set was 0.5375 bar. This model was used when making the
MPC-controller Section 7.2. A demonstration of the identified model
is given in Figure 38 and Figure 39. In the first figure the model is
used without the Kalman gain while in the second it is included.
The LQG-controller designed in Section 7.1.2 was developed before
the complete identification script was run. The model used in that
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Avg. error 0.532
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Figure 38: Identified Model Predicting for test§_250413.mat

controller was a model identified manually. The setup used was setup
3 with the DSR algorithm. The identification set used was test8_250413.mat

with a maximum order of 4 and order 4. Resulting in the following
identified set:

[0.9898  0.7031 —0.2608 —0.3765
—0.0002 0.7061  0.6978 —0.4510

A=
—0.0001 —0.2033 —0.3070 —0.9215
| 0.0001  —0.0885 03079 —0.4263
[0.0140 —0.0251 0.6220

B _ | 00047 —0.0052 —0.7911

C= [—0.5076 0.6848 —0.5060 —0.1318}
—0.0007 0.0037 —0.6116

|—0.0007 —0.0077 —1.2229

—0.8576
—0.4267
0.1163
0.1404

D= [o.oozs 0.0139 0.2103} K= (43)

6.9 PADé APPROXIMATION

In order to use the model identified for the LQG controller an approx-
imation had to be done to get a proper linear model. The MATLAB
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Figure 39: Identified Model Predicting for test§_250413.mat with Kalman
Gain

functions delayss() and pade() where used to include the Padé ap-
proximation in the model, see Appendix C. The Padé approximation
has an almost identical response to the model identified with time
delay, due to the operating range of the frequencies of the input to
the model.

6.10 MODELING DISTURBANCE

The disturbance was modeled as a single harmonic wave. This is the
same model described in Section 5.2.5 used by Landet et al. [17], Mah-
dianfar et al. [18] and Aamo [1]. This requires the frequency of the
wave to be known.

x=Aax  y=Cax (44)
where
0 w
a0 Cleasli o
—w 0

The model of the disturbance was implemented with an observer

as shown in Figure 40. Pole placement was used to place the poles of
(Agq —LCq) in the left half plane.
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Figure 40: Implementation of Disturbance Estimator



BOTTOMHOLE CONTROLLER

First a PI-controller was tuned to try to suppress the heave distur-
bance (will also be referred to as the piston disturbance or just the
disturbance in this chapter). This was done in order to have a starting
point. Then based upon a fourth order model with setup 3 was used
to design a LQG-controller. The LQG-controller was chosen due to
its simplicity to implement, making it very time efficient to test. The
experience with the LQG-controller motivated the use of an MPC-
controller.

This chapter is built up as follows. First the PI-controller and the
LQG-controller implementation and testing is documented. Then the
remaining of the chapter is dedicated to the implementation of the
MPC and the testing of it.

7.1 INITIAL ATTEMPTS
7.1.1  PI-Controller

A PI-controller was attempted first for suppressing disturbance from
the piston movement in the lab. For the implementation a PID block
from the SIMULINK library Continuous was used. It was tuned online
with the piston following a sine wave. The input was pan,rer — Pdn
and the output p.. The parameters used in the test can be found in
Table 8. Three tests were run on the controller. All consisted of the
piston following a single sine wave with a given period and com-
pare the controller to constant choke angle. The target was to follow
a constant reference of 4 bars. All the numbers following are devia-
tions from this value. For a period of 10 the controller was able to
suppress the disturbance from +1.3 and -1.7 to +0.9 and -0.8 and for
7 second period from +3.4 and -3.1 to +2. However for a period of

Proportional gain P=o0s5
Integral gain I=o0
Initial condition integrator [p=2
Upper saturation limit =10
Lower saturation limit = 0.5

Anti-Windup with backcalculation Ky = 10

Table 8: Parameters for PI bottomhole controller
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5 seconds, the controller worsened the performance compared to a
constant choke angle.

The results were as expected. From Section 6.4.1 the delay from p.
to pan was found to be 0.72 seconds. This means that the controller
has to have some kind of prediction in order to suppress disturbances.
The PI-controller has no prediction and will only be able to suppress
disturbances when the time delay is short compared to the period
of the disturbance. It is therefore natural that when the period of
the disturbance decreases there will be a point where the controller
introduces more pressure fluctuations than it is able to suppress.

7.1.2  LQG- controller

The first model of the lab to be identified was one with input =
[Pc,detayed gw Vprer]l and output = [pgn], the setup described in
Section 6.3.3. By considering both the flow into the well, q,,, and
the piston movement, vy, ref, as disturbances an LQG - controller was
developed.

The motivation for developing an LQG controller was the simplic-
ity of implementation due to the easy available MATLAB functions.
Since the LQG controller does not have any disturbance prediction
like the PI-controller, it was not expected to handle disturbances with
a small period compared to the time delay from the choke to the
bottom of the well.

7.1.2.1 Implementation

An LQG controller is the combination of a Kalman filter and an LQR
controller. It is assumed to have a linear model of the system of the
form:

x =Ax+Bu+wq (45)
y=Cx+Du+wy

with wgq and w;, being the process noise and the measurement noise

with covariances Ewq (t)wq(t)T = Wo(t — 1) and Ewy, (t)wn (1) = V§(t — 1)

see Skogestad and Postlethwaite [28, p. 344-345]. The LQR controller
assumes a controller on the form u = —Kx and selects K from min-
imizing some objective function. In MATLAB this objective function
is:

] = J xTQx +u'Ru+2x"Nudt (46)

The target for the controller is to drive all the states off the system to
zero. This is not what is desired for the suppression of the heave mo-
tion problem. Thus some modifications are needed before applying
the MATLAB functions 1qr() and kalmany().



7.1 INITIAL ATTEMPTS

First the B and D matrices identified in Chapter 6 were separated
into a disturbance term and an actuator term:

x =Ax+Bu+Ed (47)
y=Cx+Du+Fd

Then the controller was assumed to be on the form u = —K(x —x*) +
u*. Here x* and u* are the state and input of the system when it
has reached its desired state. They were calculated by assuming that
the system reaches a steady state, x = 0. This is not an entirely valid
assumption since the disturbance is expected to vary and thus the
desired state and input will also have to vary in order to keep the
output constant. The desired reference value is noted as r and by
doing some simple algebraic manipulation, u* and x* were calculated

to be:
X .
u* —F

Setting this choice of x*, u* and u into (47) yields the following closed
loop system:

—1 —1

A B
C D

A B
C D

0] r (48)
I

x = (A —BK)x — (A — BK)x* (49)

This system will be stable as long as A-BK has negative eigenvalues.

The K matrix was calculated using the MATLAB function 1qr() with
the weights Q = 11, R = 10 and N = o (46).

The Kalman filter was calculated using the system on the form
Equation 45 with W = 0.1 and V = 0.05 and the MATLAB function
kalman().

See Appendix C for a list of files containing the implementation of
the controller.

7.1.2.2  Simulation

The controller was implemented with the model (47) and simulated
in SIMULINK. Figure 41 shows the simulation result using a slowly
varying disturbance. The LQG controller is successful in suppressing
the disturbance from the heave motion.

7.1.2.3 Test in Lab

The LQG controller was tested in lab. The result turned out to be
disastrous with experiencing vacuum in the copper pipe as a result
of the controller being unstable.

The huge difference between the lab and the simulation is that in
the simulation the choke controller is not taken into account. The
LQG controller sets the reference signal for the choke controller. The
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Avg. deviation from setpoint for LQG-controller 0.21 bar
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Figure 41: LQG-Controller SIMULINK simulation. In the simulation the
choke is not modeled, thus instead of comparing to constant
choke angle a comparison is made to constant choke pressure.
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7.2 MPC

resulting tracking signal for the choke pressure and the pressure can
be seen in Figure 42.

When looking at the figure it is clear that the choke controller is
unable to follow the reference set by the LQG controller. The LQG
controller sets an impossible reference by choosing reference pressure
less than zeros in addition to having a period of about 1.5 seconds,
which is about twice as fast as what the choke controller is designed
for.

One possible solution to the problem might be to put a higher
weight on the input usage in the objective function by increasing R.
In addition a saturation port needs to be used to avoid getting pres-
sures outside the operating range for the choke controller. However
adding a saturation port will make the objective function suboptimal
in addition to the fact that the LQG controller does not predict the dis-
turbance. Thus instead of improving the LQG-controller it motivated
the design of the controller described in the following section.

7.2 MPC

Motivated by the limitation of the LQG controller in Section 7.1.2 the
natural choice seems to be a Model Predictive Controller (MPC). An
MPC-controller has several advantages over an LQG controller:

1. It can handle constraints on input and outputs.

2. It can utilize knowledge of a disturbance to implement a feed-
forward mechanism.

However a disadvantage of an MPC controller is that it is compu-
tationally demanding to implement. In the IPT-Heave lab the time
between samples is 0.01 seconds and the computer will probably not
be able to solve a quadratic problem (QP-problem) this fast. This was
solved by having a slower sampling rate for the MPC controller.

7.2.1  QP-Problem Setup

In the following subsection the setup of the MPC controller is de-
scribed. It is mainly based upon chapter 6 in Hovd [12] with a few
modifications.

The idea behind an MPC controller is to solve a QP-problem for
each time sample and use the first output of the solution. A common
form for a QP-problem is:

min 0.5vTAv +cv (50)

subject to
Lv<b
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The QP-solver used in the MPC implemented in this thesis uses an
active-set method for solving the QP-problem, see Nocedal and Wright
[21] for more information about the active-set algorithm.

From Section 6.8 the following model was derived:

Xx+1 = Axy + Buyg + Edg (51)
Yk = Cx + Duyg + Fdk

In this model y = pgh, u = pc and d = v}, rer. A few modifications of
this model were made in order to implement the MPC controller. First
D and F were set equal to zero. This increases the error of the model,
but it greatly simplifies the calculations that have to be done on-line
for the controller, and thus saving a lot of computational power. In ad-
dition an extra time delay was introduced from p.. This was done in
order to model the choke controller dynamics described in Section 4.5.
The resulting model then becomes:

Xk+1 = Axx + Bux_1 + Edk (52)
Yk = Cx

where uy_ =0 for 1 < k. The control objective of the MPC-controller
is to try to make the bottomhole pressure follow a constant reference.
In addition it should be possible to set some constraints, both on the
controller input and how fast the controller input can change. In the
objective function it would be an advantage to be able to weight be-
tween the competing objectives of following the bottomhole reference
and the input usage. To accommodate for these demands the follow-
ing objective function was chosen:

mmf (x,u) Z{ —Xrefi) 'CTQC(Xi — Xreri) (53)

n— 1

D (AU — Atyer ) TP(AU; — Alyer )
i=1

(xn — Xref,n)TCTSC(Xn - Xref,n)

subjects to the following constraints:

Xo = given (54)
AU < Auy < AUy for0<ig<n
YL <Cx; €YU for0<ig<n

Here n is the prediction horizon and Auy = uy —ux_7. In order to
implement this objective function some changes had to be made in
the model in Equation 52:
X1 = A%y + BAuy_1 + Edy (55)
g = Cx
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~ cC 0 N X -
C= , R = | U = Yk
0 1 Up_1 Uk—1

These equations can now be combined into the following QP-problem:

. Q 0] |x
Ee [XT UT} [o pl v (56)
subject to

(X + Xref) = A(X +Xrer) + Aoxo + B(L + Aurer) + Ed

(57)
0 I —AUL + Atyey
0 1 H . AUy — Atyer
—-H 0 v —YL + HXpet
A o0 Yu — Axyer
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where
X1 — Xref,1 Aug — Algero
X = ’ v = ’
[ Xn — Xrefn Aun 1 — Auref,n71
[cTQCc 0 0 ] P 0
Q _ 0 ’ p_ 0
cTQc 0
0 0 CTscC 0 0
Y N _A_
. A : 0
A= " . Ao=| |,
K A | _O_
- N
: E o 0]
0
B=1[B o0 0 , E= ,
SN
0 -
0 0 E
0 L e
0 0 B 0]
¢ 0o ... 0]
f=|© ,
0
0 0 C
(AU AUy Y
AUp=1| : |, Aly=]| : |, A =]|:1|, AW
_AU.]_ AUu YL
Auref,O Xref,1
Auref = ’ Xref (58)
_Auref,n71 Xrefn

This QP-problem is an ineffective variant to implement. Looking
at the number of optimization variables it is easy to see that it is
n(n, + 1), where n, is the number of system states. By following a
similar procedure as done in Hovd [12, page 131-132], it is possible
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to reduce the number of optimization variables to n. Start by using
Equation 57:

~

(T=A)(x — Xrer) = Aoxo + B(v+ Altrer) + Ed
X =(I—=A) TAoxo + (I—A) "BV + Atyer) + (I
X = A2xo + B2 (v + Attrer) + E2d — Xyer
This expression can be separated into two parts by exploiting the
superposition principle. One that is independent of the optimization
variable, v, and one that is dependent. They will be named as follows:
Xdev = AZXO + BAuref + lE—Zd— — Xref
Xv = EZU (59)
Now it is possible to take Equation 59 and combine with Equation 56,

Equation 57 and Equation 58 and get Equation 50 with the following
parameters:

H= EEQBZ +P
¢’ =XdevQB2
I —AU; + AUyer
- AIA I AﬂAu — Myes (60)
—HB> —YL + H(Xrer +Xdev)
AB, Yu — A(Xyef +Xdev)

7.2.2 Implementation

The MPC-controller was implemented in MATLAB. The advantage
of the setup from Section 7.2.1 is that a lot of the calculations can be
done off-line.

To implement the off-line part of the problem a .m-file was used.
The results from the off-line calculation were stored in a .mat-file.
For the online implementation of the problem a SIMULINK level 2
S-function was used. The S-function loads the .mat-file and takes in
Pah,ref, Xo and do. The outputs are p¢ rer and Ap res. The user must
set the period of the disturbance. Inside the S-function the period pa-
rameter is used together with do to estimate the future disturbance
using the harmonic oscillator described in Section 6.10. The state ref-
erence, X,ef, is calculated by : X;e¢ = pseudoInverse(C)pdh,Tef. The
QP-problem is solved in the S-function by using the MATLAB func-
tion quadprog().

The inputs to the MPC-controller are found as follows. The refer-
ence value for the bottomhole pressure is set by the user. The distur-
bance state is calculated by using a harmonic oscillator as described
in Section 6.10. When doing the model identification, Section 6.8, a
kalman parameter gain was also identified. This parameter was then
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Listing 1: Tuning part of setupMPC.m

96%6%6%6%6%6%6%6 %% %% %%%%% MPC Tuning Parameters 9%9%9%%%%%%%%%%%%%%%%%%°%°%°%%%
sampleMPC = 0.2; % Sample time for QP problem
n = 30; % MPC horizon

% Reference point
urefm = 0; % deltaUref

% Weight

yweight = 1000;
finalState = 2000;
uweight = 1;
deltauweight = 800;

% Constraints
deltalUl = -0.5; deltalu = 0.5;
YL = [-Inf; O]; Yu = [Inf; 10]; % YL = [YLl; UL] Yu [Yu; Yul

% Delay for pc
delay = 0.6;

used together with the original model from Equation 51 to set up a
Kalman filter for estimating the state of the system.
For MATLAB-files implementation of the controller see Appendix C.

7.2.3 Tuning Parameters

There are multiple parameters that can be used for tuning the MPC-
controller. The advantage of doing the off-line calculation in a .m-file
and storing them in a .mat-file that gets loaded for each sample in
the on-line calculation, is that the MPC-controller can be tuned on-
line by running the off-line setup file. In addition the MPC-controller
gives out the change in the choke pressure even though this is not
necessary, but this enables the user to see if the constraints for the
change in choke pressure are active or not.

In Listing 1 is the tuning part of the file setupMPC.m that is used to
do the off-line calculation for the MPC-controller is shown.

The two most critical parameters for calculation time is the sample
time for the MPC and the prediction horizon. By multiplying these
two parameters the user is able to find out how far into the future
the MPC is predicting. As it is tuned in the given listing the MPC is
able to predict 0.2x30 = 6 seconds into the future. The parameter sam-
pleMPC should not be much less than 0.05 seconds since calculating
the on-line calculation for the MPC takes time. The predicted horizon,
n, depends on what the sample time is set to. Shorter times between
samples means a shorter horizon must be used.
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The parameter urefm should always be zero. This is the desired
change for Apc rer which always should be zero.

The weight parameters are used to assign weight to the different
objectives in the objective function. The change done in Equation 55
enables the user to easily assign weight to following the reference
pressure, change in the output and if desired the output. The weights
are used to make the Q, P and S matrix from Equation 53:

Q=

Yweight 0
0 uweight

g _ finalState 0
0 uweight

P = Auweight (61)

Constraints are used to make sure the choke controller is able to
follow the reference set by the MPC-controller. If the choke controller
is having trouble following the reference set from the MPC controller
the parameters deltalll and deltallu should be set to values closer to
zero. These parameters are very dependent on the sample time of the
MPC controller. The setup from Equation 55 makes Y1 and Yy contain
both the limits for the controller variable, pgn, and the output, p¢ ref.
First the p¢ rer is set to be between o and 10 bars through constraints.
This generally ensures that the bottomhole pressure is also within
these limits. The limits for the bottomhole pressure are removed since
having limits here can easily lead to an infeasible problem (a QP-
problem without solution).

Finally a delay from p. and into the model is set. This delay could
easily have been included in the model by using a Padé approxima-
tion as described in Section 6.9. However by introducing this time
delay into the model with Equation 52 and making it a tunable pa-
rameter turned out to be very useful. The delay parameters are used
together with the sample time of the MPC to set the constant 1.

7.3 SIMULATION

Figure 43 shows the MPC-controller suppressing a disturbance with
a 3 seconds period applied to the model identified in Section 6.8.
The tuning parameters and the implementation can be found in Ap-
pendix C.

In theory the MPC-controller should be able to perfectly reject the
disturbance if no constraint is active and full knowledge of the dis-
turbance is included. However recalling from Section 7.2.1 the model
was simplified from Equation 51 to Equation 52 in order to save on-
line computation time. This simplification should be sufficient to ex-
plain the small deviation from perfect tracking in the test shown in
Figure 43.
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Avg. deviation from setpoint for MPC-controller 0.41 bar for 3 second period disturbance
10 T T T T T

pdh,ref
,,,,,,,,, Pgp, With constant p,

Py, With MPC

Pressure [bar]
N

Il
0 5 10 15 20 25 30
Time [s]

Figure 43: MPC-Controller SIMULINK simulation. In the simulation the
choke is not modeled, thus instead of comparing to constant
choke angle a comparison is made to constant choke pressure.

Disturbance | Without MPC [bar] || With MPC [bar] | Suppression
Period [s] Low High Low High in %
10 2.6 6.2 3.5 4.8 63.9
5 1.5 74 29 54 57.6
3 3 5.6 3.4 4.8 46.2

Table 9: Variation of Bottomhole Pressure with and without MPC-controller

7.4 TEST IN LAB

The MPC-controller was tuned online in the lab. The disturbance was
set to follow a 3 seconds period, while adjustments were made in the
MPC-setup. The tuning parameters used in the tests can be seen in
Listing 1.

The results for attempts at suppressing disturbance with period of
10, 5 and 3 second period with the MPC-controller can be found in
Figure 44, Figure 45 and Figure 46. The variation of the pressure for a
4 bar reference with and without the MPC controller for disturbance
with different periods can be found in Table 9. The suppression in

t lculated by ] — _Pressure variation with MPC
percentage was calculate y pressure variation without MPC*
For a discussion of the results see Chapter 8.
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Suppression of 10 second disturbance
Choke angle constant at 53 degrees between 120 and 150 seconds
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Figure 44: MPC-Controller Suppression of Disturbance with 10 Second Pe-
riod in Lab

Suppression of 5 second disturbance
Choke angle constant at 53 degrees between 120 and 150 seconds
8 T T T T T T T T

Pah ref

— Pan
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0 20 40 60 80 100 120 140 160 180 200
Time [s]

Figure 45: MPC-Controller Suppression of Disturbance with 5 Second Pe-
riod in Lab



78

BOTTOMHOLE CONTROLLER

Suppression of 3 second disturbance
Choke angle constant at 53 degrees between 120 and 150 seconds

Pressure [bar]
w
T
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0 20 40 60 80 100 120 140 160 180 200
Time [s]

Figure 46: MPC-Controller Suppression of Disturbance with 3 Second Pe-
riod in Lab



DISCUSSION

The MPC-controller in Section 7.2 was only able to suppress the dis-
turbance by 40-60 % depending on the period of the disturbance. As
expected it turned out to be easier to suppress disturbances of longer
time periods, due to the fact that for shorter time periods the time
delay through the well is larger compared to the time period of the
disturbance.

There are mainly two reasons why perfect rejection of the distur-
bance was not achieved. The model used by the MPC is inaccurate.
The model identified in Section 6.8 is very accurate when using a
Kalman gain to adjust for the measured bottomhole pressure. How-
ever in the MPC the model is used to predict into the future, and thus
no measured bottomhole pressure is available. In addition in order to
save online calculation time the D and F matrix from Equation 51 was
set to zero (see Section 7.2.1). Also the model become more inaccurate
for shorter time period of the disturbance. In order to demonstrate
the inaccuracy of the model Figure 47 shows the prediction used by
the MPC-controller for a controller horizon during the suppression
of a 3 seconds period disturbance (Figure 46). As can be seen in Fig-
ure 47 the MPC-controller uses a prediction that is approximately 2
bars wrong in the worse case.

In addition to the inaccuracy in the model the choke controller is
not able to perfectly track the pressure set by the MPC-controller.
Figure 48 shows the choke tracking performance for the same period
of time as shown in Figure 47. The tracking is at most about 1 bar off
the desired pressure.

Besides the two mentioned reasons for the MPC-controllers inabil-
ity to perfectly reject the disturbance, an inaccurate model of the dis-
turbance might contribute. However, as can be seen in Figure 49, the
prediction of the disturbance is very accurate. Thus the prediction of
the disturbance does not contribute to worsen the performance of the
MPC-controller.

Designing a controller and identifying a model has been a cyclic
effort. First a model has been identified. Then the model has been
used to design a controller. When testing the controller it has been
discovered that more work is needed on identifying a better model.
If more time was available a new round of identifying a better model
would most likely improve the MPC-controller.

If a new model should be attempted to be identified it should be
done as follows. The experiments where the MPC attempts to sup-
press a 3, 5 and 10 seconds period should be used as identification
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Bottomhole Pressure Predicted the Prediction Horizon for the MPC
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Figure 47: Prediction used by the MPC-controller
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Figure 48: Tracking of the MPC-set trajectory by the Choke controller
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Prediction of Disturbance one MPC-Controller Horizon
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Figure 49: Prediction of Disturbance used by MPC

sets, since these are the cases an accurate model are needed for. It
might be considered to expand the online calculation for the MPC-
controller by not setting F, and perhaps D, to zero in Equation 51.
The model as used by the MPC-controller should then be used when
testing the identified model. This was unfortunately not how it was
done in Section 6.6. The model used to test the identified model was
not with the D and F matrices set to zero as was done for the MPC-
controller. This made the model used in the MPC-controller perhaps
not be as accurate as possible.

Even if perfect rejection of the disturbance was achieved, the con-
troller would still have made a few important simplifications com-
pared to the real case. First the disturbance is assumed to be a single
sine wave with a given frequency. This is not the case at sea. It is easy
to expand the model of the disturbance to include multiple sine waves
with given frequencies. However the model will still assume some pe-
riodicity in the waves. This may not be a valid assumption. It might
be necessary to have a more complex model with measurements of
the sea around the rig in order to predict the heave disturbance.

Another simplification of the problem is the bottomhole measure-
ment. This will probably not be available in the real case. The con-
troller will have to control the pressure based upon an estimate. Also
not having the bottomhole pressure available will make identifying a
model impossible as done in Section 6.6.

The goal of this thesis has been to show that it is possible to sup-
press heave disturbance in an experimental lab setup. Making the
above simplifications have made this easier to achieve. The goal has
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been reached since the MPC-controller introduced in this thesis was
able to suppress a 3 seconds period heave disturbance by approxi-
mately 46 % compared to constant choke angle. This is a clear im-
provement over the Pl-controller discussed in Section 7.1.1. The PI-
controller was only able to improve performance over a constant
choke angle for disturbances with period of 7 seconds and longer.



CONCLUSION AND FURTHER WORK

9.1 CONCLUSION

Much of the work of this master thesis has been to make the IPT-
Heave Lab operational. As discussed in detail in Chapter 4 getting the
choke controller to perform satisfactory proved more difficult than
expected. In addition getting the flowmeter, FT1, from the producer
was delayed multiple times. It was not installed in the lab until Easter.
However the lab is now (June 2013) fully operational with the excep-
tion of the planned flow measurement FT4, which will be placed at
the copper pipe outlet.

After getting the electrical motor controlling the choke to perform
satisfactory, a PI-Controller with feedforward and gain scheduling
for the integral part has been designed and demonstrated to perform
satisfactory in the lab (Chapter 4).

A small literature review has been performed in Chapter 5. This
literature study motivated the attempt at identifying a linear model
of the system using a black box approach. A script has been created
as a framework for identifying models of the lab. This has been used
to identify a reasonably accurate model of the lab.

The linear model identified in Chapter 6 has been used to design
an MPC-controller. The MPC-controller has been demonstrate to sup-
press disturbances with a period of 3 seconds by approximately 46
%. This was a clear improvement compared to the PI-controller tuned
for the problem in Section 7.1.1, which was not able to improve heave
suppression compared to a constant choke angle for disturbances
with a period of 5 seconds or faster.

9.2 FURTHER WORK

The results in this thesis motivate several future areas to focus re-
search on when it comes to the suppression of heave disturbance for
a floating rig during a connection scenario.

First it is possible to continue the work of this thesis with suppress-
ing the heave disturbance taking the simplification of a disturbance
of a single sine wave and use the measurement of the bottomhole
pressure. As discussed in Chapter 8 it should be possible to improve
the suppression of the disturbance compared to what was achieved
in this thesis. However, even though not a perfect rejection of a 3
seconds disturbance have been achieved, a suppression has been ac-
complished and it might be time to move on.
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After having successfully identified a linear model based upon a
black box approach the natural next step would be to develop a model
based upon physical principles. However even a model based upon
physical principles must be expected to have some kind of estimation.
For example, the friction and the effective bulk modulus of water in
the pipe must be expected to be estimated. An online identification
algorithm will probably have to be developed for estimating these
parameters.

The model used in the MPC-controller does not take advantage
of the flow measurement, FT1, topside. The measurement should be
included, and doing so will most likely improve the estimation of the
bottomhole pressure.

When a physical model is developed the MPC-controller from this
thesis or one of the controllers from Chapter 5 can be implemented
in the lab.

When suppression of a disturbance consisting of a single sine wave
has been done successfully, a more realistic disturbance model should
be attempted. Ideally no assumed knowledge of the disturbance should
be expected, unlike in this thesis where the frequency of the wave is
assumed to be known a priori.
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IPT-HEAVE LAB START GUIDE

This chapter contains a set of procedures for the lab. It is meant as
an absolute basic required for using the IPT-Heave lab. The same
appendix is also given in the reports by Drennen [5] and Gleditsch
[9]. Some of the content from Chapter 3 may be repeated for the sake
of both this chapter being independent and identical to Drennen [5]
and Gleditsch [9].

A1

STARTUP PROCEDURE

. Turn on computer. Password: Espen.

. Make sure the BHA does not trigger the limit switches and that

there is water in the tank, see Section A.7. If necessary pull the
BHA away from the limit switch, see Section A.4.

. Make sure the manual valves are set in desired positions, Fig-

ure 50.

. Turn on the Lenze controller with the switch on the electri-

cal cabinet (placed to the left of the computer). Make sure the
socket to the NI cards is plugged in (placed below the com-
puter), Figure 51.

. Home the BHA by using the switches on the control box, proce-

dure described in Section A.6.

. Turn on the feed and backpressure pumps, Figure 52. Pressurize

the system if desired by the procedure described in Section A.8
or Section A.9.

. Choose desired reference for the BHA. It is set in the Reference

Choice block in Simulink (Figure 61) and choose the parameters
in the chosen reference category. If a custom BHA reference is
made, be sure it is correct, Section A.12.

. Choose desired input for choke, see Section A.13.
. Turn controllers for BHA and choke on.

. Press the start button in SIMULINK.

SHUTDOWN PROCEDURE

. Stop the SIMULINK model
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. Store the results from experiment using MATLAB command

save('filename.mat’).

. Turn off BHA and choke controller by flipping all the switches

down on the control box, except the enable controller switch
which shall be flipped up. Shown in Figure 56.

. Turn off feed and backpressure pumps, Figure 52.

. Turn off the Lenze controller with the switch on the electrical

cabinet

. Turn off computer

WARNINGS

Make sure the manual valves MV5 and MV6 are open when the
pumps are running. Closing them could lead to rapid pressure
increase and damage to equipment and personnel. Fig. 50

Do not change the reference choice for the BHA while running

If wave generator or rig data is selected as reference signal for
the BHA, do not change the parameters while running

Pay attention to the pressure while running, the choke may
cause big pressure rises in the system.

Pressure in the system should not exceed 10.5 bars or be be-
low -0.5 bars. The pressure transmitters are measuring gauge
pressure and a measurement below -1 bar will indicate vacuum.
Both a pressure exceeding 10.5 bars and vacuum may be dam-
aging to the system. In the well these limits are ensured by a
control block in the SIMULINK model that will stop the simu-
lation if the limits are exceeded.
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Figure 50: The manual valves enables multiple flow paths for the system. In
addition MV4 enables to manually close the choke. MV6 should
always be open when the backpressure pump is on.

Figure 51: Socket for NI cards

A.4 PULL BHA AWAY FROM LIMIT SWITCH

The BHA is connected to a lower and an upper rod. These rods are
connected to a sawtooth belt, which is controlled by an electrical mo-
tor. To ensure that the electrical motor does not attempt to run the
BHA out of the PVC tube, two limits switches have been installed.
Triggering one of these will lead to the motor being locked. To reset
a limit switch see Section A.5. The setup is shown in Figure 53. If the
end of the lower rod connected to the BHA is triggering the lower
limit switch the BHA needs to be pulled away. To do this first make
sure that the controller for the BHA is turned off and that the power
of the electrical cabinet is switched to off. Then grab the sawtooth belt
and physically pull until the end of the lower rod is clear of the lower
limit switch.

91



92

BIBLIOGRAPHY

Figure 52: Electrical cabinet to the feed and the backpressure pump. To turn
them on first hit green button to turn on the feed pump. Then flip
the switch on top, to turn on the backpressure pump. The scroll
wheel enables adjusting the rotational speed for the backpressure
pump. The pumps are turned off by first turn the scroll wheel to
0 %, flip the top switch to zero and hitting the red button (not the
emergency stop).
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Figure 53: BHA with limit switches marked.
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Figure 54: How to plug in network cable

A.5 RESET LIMIT SWITCH IN ENGINEER

There are two ways to reset the limit switch. It can be done in the
software Engineer or the Lenze controllers must be shut down and
restarted.

To reset the errors in Engineer, follow this procedure:

1. Plug the network cable into the controller you want to access
the setting for (BHA /choke). See Figure 63.

2. Startup Engineer by double clicking on the L-Force Engineer High-
Level icon on the desktop

3. In the startup screen you get the choice between opening an
existing Engineer project or make a new project. Select open an
existing project.

4. For the choke, choose LE1_Anders and for the BHA choose LE2_Anders.

5. Once the project is opened up click the Go online button (marked
in Figure 64). Your screen should now look like Figure 64.

6. You are now ready to make changes in the software for the
controller.

Once Engineer is online, the limit switch can be reset:

1. Turn off the controller by flipping the Enable controller switch on
the control box.
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Enable the Lenze Controllers UP=0OFF, DOWN=0ON

Homing/Run (B2) UP=Run, DOWN=Home
BHA (B1) UP=ON, DOWN=OFF
Choke (Bo) UP=ON, DOWN=OFF

Table 10: Switches on controller box

Figure 56: Manual switches for control of the BHA and choke.

2. Pull the BHA away from the limit switch, see Section A.4.
3. In Engineer click on the Diagnostics tab.

4. In the lower right corner there should be a button called Reset
Error. Click this button

5. The status display at the bottom called C166/3 Mess. - error state
should now change from Ckoz: Neg. HW-LimitSwitch to No Fail.

A.66 HOMING PROCEDURE

To use the BHA and the choke, a homing procedure must be per-
formed. This enables the controllers to find their starting location.
Figure 56 shows the control box for the BHA and the choke. The dif-
ferent options for the controller are described in Table 10. Homing
procedure:

1. Enable the controllers by flip the lower left switch down.

2. Make sure B2 is flipped down. This keeps the controllers in
homing mode.
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Figure 57: Tank

3. Flip B1 and Bo up to perform the homing procedure for the
BHA and the choke.

4. Wait until the BHA and the choke has reached their positions
and stopped moving.

5. Flip B1 and Bo back down again

6. Flip B2 up to enable run mode and flip Bz and Bo to set BHA
and choke in ready. The BHA and the choke are now ready to
take input from SIMULINK.

The last step should not be performed before the experiment is ready
to run. When the controllers are in homing mode the motors are
locked. However if the BHA is in run mode, it will start to move
downwards due to gravity. After homing the BHA is close to the
lower limit switch and it will not take much time before it will be
trigged. If the limit switch gets triggered the BHA needs to be pulled

away (Section A.4) and the limit switch needs to be reset (Section A.5).

Waiting to put the controllers into run mode will prevent this.

The motors can also be locked in between experiments to avoid
the BHA moving downwards towards the lower limit switch. This
done by flipping the enable controller switch up to off. As long as the
electrical cabinet power is turned on, it is unnecessary to perform
a new homing procedure before running experiments. When a new
experiment is ready just remember to flip the enable controller back
down again.

A.7 FILL WATER IN THE TANK

The tank is located at the top of the copper pipe. The water level
should be as shown in Figure 57. If it is below this level, the crane
should be turned on. Figure 58 shows where the crane is and how
to turn it on and off. After the crane has been turned on and water
starts to flow out through the drain, the crane should be turned off.
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Figure 59: Backpressure pump with the pressurizing valve.

A.8 PRESSURIZE SYSTEM WITH BACKPRESSURE PUMP

In order to perform certain experiments, it might be desirable to pres-
surize the system. There are multiple ways of doing this, but the sim-
plest way is as follows:

1. Open the choke and make sure MV4 and MV5 are open. MV7y
should be closed

2. Set the Backpressure pump to desired velocity.

3. Set the choke opening in SIMULINK that corresponds to the
desired pressure in the system.

It is also possible to use the MV4 or MV7 to pressurize the system.
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A.9 PRESSURIZE SYSTEM WITH PRESSURE TUBE

If one desires to perform experiments on the pressurized system with-
out the backpressure pump running, then the pressure tube should
be used. This tube is positioned upright and is approximately 4m
long with an inner radius of around 4cm. It is filled partially with
water and partially with air. The tube is pressurized with an air com-
pressor which is connected to the top end of the tube. The pressure
setpoint is set to 5bar (gauge) as default. In order to use the pressure
tube instead of the backpressure pump to pressurize the system, the
following steps should be performed:

1. Make sure there is at least some water in the pressure tube.
If the water level is too low, we risk that the air leaks from
the tube and into the rest of the system. This may alter the
system behavior and skew our results. If there is no water in the
system, perform the steps in Section A.10 before performing the
following steps.

2. If there is enough water in the tube, it is important that the
following manual valves are closed in order to prevent leaks
from the system: MVs5, MV6, MV1.

3. Once these valves are closed, one may open manual valves MV2
and MV3.

4. In addition, the pressurized air inlet to the pressure tank should
be opened.

Once these steps are performed, the system should be set up to a
pressure setpoint of around sbar. Once the testing is completed, per-
form the following steps in order to switch back to the original setup.
For safety reasons, this should always be done.

1. Shut the manual valves MV2 and MV3
2. Open manual valves MV1, MV5, MV5.

3. Refilling the Pressure Tube

A.10 REFILLING PRESSURE TUBE WITH WATER

If the water level in the pressure tube is not sufficiently high, we need
to refill it with water. This is most easily done using the backpressure
pump. In order to do this, the following steps should be performed:

1. For safety reasons, make sure the following manual valves are
open: MV6, MVs5, MV1.

2. Make sure the following manual valves are closed: MV2, MV3.
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3

Figure 60: Button for Releasing Air from the System

. Turn on the backpressure pump to around 30% power.

Gradually close MV1 until the manometer on the backpressure
pump shows approximately 7bar. Leave MV1 in this position.
Now water should flow up into the water tank above MV1,
whilst the pressure in the system is higher than that in the pres-
sure tube.

. Open MVa2.

. Gradually open MV3 until the desired water level is reached. A

water level of 3ocm should be sufficient provided that there is
no significant leak in the system.

. Close MV3.

. Open MV1 and turn off the backpressure pump.

REMOVING AIR FROM SYSTEM

Inevitably some air will find its way into the system. To remove this
air the system should be pressurized (Section A.8 or Section A.9) and
the red button close to the piston, marked in figure 60, should be
pushed.
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Rig Data Period
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Manual Input
3. Rig Data Period

Stop
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Piston Controller

4. Manual Piston
Reference Signal

Start -
Switch to 0 to stop

Stop

Figure 61: BHA SIMULINK with three prefabricated reference choices.

A.12 BHA SIMULINK

A controller for the BHA is made in SIMULINK. This controller has
four choices for reference signal (the choice is specified by number in
the Reference Choice block shown in Figure 61):

1.

Sine Wave Parameters: This enables the user to set a reference
signal as a combination of 1-3 sine waves.

. Wave Parameters: This set the reference signal to follow a gen-

erated series of waves based upon a JONSWAP spectrum with
user defined parameters. See Table 11 for proposed values. The
filter is found in the subsystems for the Piston control.

. Rig Data Period: This sets the dominant reference signal to follow

a scaled down real rig series. The user specifies the dominate
wave period of the wave series.

Manual Piston Reference Signal: This enables the user to set a
manual reference signal for the choke. The signal should be be-
tween o and 8o cm, where o cm = bottom of well, 8o cm = top
of well.

. Stop: The BHA can be set to rest in case it is desired to only run

the choke.
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A.13 CHOKE SIMULINK

The choke opening is set by a signal in SIMULINK between o and 9o
degrees. 9o degrees correspond to open choke and o degrees to closed.
Figure 62 shows the setup for in SIMULINK for the choke with con-
trollers. The manual switches enable the user to choose between a
constant choke opening, specify a reference signal for the choke to
track, or to use the choke pressure controller. The choke pressure con-
troller can both take in a user specified reference signal or reference
signal from the bottomhole controller.
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Filter wg [rad/s] | Period [s] | Wave intensity o
3 1100

0.1 6 1000
15 600
3 200

0.5 6 200
15 200
3 100

1 6 125
15 150
3 75

2 6 90
15 150
3 50

5 6 60
15 150

Table 11: List with suggestions to o with chosen filter and period. The seed
in the uniform random number block is set to o. If the Seed or the
C-compiler is change these values are not valid.



LENZE SOFTWARE (ENGINEER) DOCUMENTATION

The software from Lenze used to control the electrical motors control-
ling the piston and the choke is called Engineer. This software has nu-
merous possibilities for setup for making the motors perform a whole
range of tasks. It follows that the software has a quite high level of
complexity. None of the students working on the lab have a exten-
sive knowledge of how the software works, and that was the reason
assistance from Lenze was hired to help set up the controllers (see
Section 4.2.2.2). However some knowledge have been gained from
hiring the assistance, and a few simple tasks can be done. The pro-
cedures are contained in this appendix .The part from Appendix A
about Engineer will be repeated here for completeness.

B.1 STARTUP OF ENGINEER
1. Plug the network cable into the controller you want to access
the setting for (piston/choke). See Figure 63.

2. Startup Engineer by double clicking on the L-Force Engineer High-
Level icon on the desktop

3. In the startup screen you get the choice between opening an
existing Engineer project or make a new project. Select open an
existing project.

4. For the choke you chose LE1_Anders and for the piston chose
LE2_Anders.

5. Once the project is opened up click the Go online button (marked
in Figure 64. Your screen should now look like Figure 64.

6. You are now ready to do changes in the software for the con-
troller.

B.2 RESET LIMIT SWITCH
When the piston hits the lowest limit switch the motor will be locked.
To reset this error do the following procedure:

1. Turn off the controller by flipping the Enable controller switch on
the control box. (see Figure 8).

2. Grab the belt connected to the piston and physically pull the
trolley away from the limit switch.
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Figure 63: How to plug in network cable
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3. In Engineer click on the Diagnostics tab.

4. In the lower right corner there should be a button called Reset
Error. Click this button

5. The status display at the bottom called C166/3 Mess. - error state
should now change from Ckoz: Neg. HW-LimitSwitch to No Fail.

B.3 SAVE CHANGED SETTINGS TO CONTROLLER

After doing some changes in the controller of the piston or choke the
new settings needs to be saved to the controller before any changes
are made.

1. Click on the Download parameters to device button marked in Fig-
ure 64.

B.4 CHANGE CHOKE HOMING POSITION

After the homing procedure is completed the choke should go to open
position and the piston should be at the bottom position. If this is not
the case it can be changed following;:

1. Click on the tab Application Parameters (this may already be se-
lected since it is the default choice).

2. Warning: Do not change the Motor control scroll down menu or
the Application choice at the upper right corner. Doing either
of these will reset the setting for the controller back to default
without giving a warning.

3. Click on the Basic Functions button within the Basic Functions
frame.

4. In the center of the frame click on the box Homing.

5. The homing position can now be changed by changing Ref. refer-
ence offset. If you have the motor in homing mode it will change
as this value changes.

B.5 CHANGE CHOKE OPERATING RANGE

It has been experience that the choke suddenly changes its operating
range.

1. Click on the FB Editor tab

2. In the FB Editor the complete setup for the controller is repre-
sented as different boxes with connections in between. Similar
to the SIMULINK toolbox in MATLAB.
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Figure 65: L_GainOffsetP_1

3. Scroll down to you find the box named LS_AnalogInput. It should
be located to the left part of the model.

4. The box is connected to another box named L_GainOffsetP_1. By
clicking on the parameter list at the upper right corner of this
box you will get a screen like shown in Figure 65.

5. By adjusting the gain and the offset the operating range of the
choke can be modified.



MATLAB FILES OVERVIEW

No MATLAB code is included in this appendix. However, all the
MATLAB files and SIMULINK models used in this thesis are on a
CD attached to the report. In this chapter a overview of the files on
the CD is given. The chapter is divided into one section for each
folder on the CD.

C.1 HELP FUNCTIONS

This folder contains a set of support functions used by multiple files.
It is suggested to add it to the MATLAB path when working with the
other files on the CD.

The most important functions (the remaining functions are self-
explanatory):

e signalNoFilter This function is used to take in a dataset saved
from a lab experiment and return the measurements in the fol-
lowing structure: [t,choke,piston,flow,tpressure bpressure,pipe].

o plotPcTracking Plots the reference signal and the choke pressure
for a lab experiment.

e plotPdhTracking Plots the reference signal and the bottom pres-
sure for a lab experiment.

C.2 CHOKE

The folder contains all the functions used in the chapter about the
choke.

e chokechar_o20513.mat A choke characteristic test. The choke has
been slowly ramped up and down.

e findChar Takes in a choke characteristic test (as for example
chokechar_o20513.mat) and calculates the choke characteristic us-
ing polyfit() using a polynomial order set by the user. The result
is written to a .txt file for easy copy-past into a SIMULINK look-
up table.

e plotRes Takes in a couple of test for the choke controller and
plots the results

e PID_impl This is a SIMULINK model used to test out the choke
controller for some user-set input signals.
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e initPID_impl The initialize function called by PID_impl at startup.
It task is to load the filters into workspace for PID_impl.

C.3 IDENTIFICATION

The folder used in the identification chapter.

e dsr The folder containing the DSR-algorithm implementation. It
is recommended to add this folder to the MATLAB path.

e overschee The folder containing the Overschee-algorithm imple-
mentation. It is recommended to add this folder to the MATLAB
path.

o runldentification This is a script containing a framework for iden-
tifying a model based up on the procedure described in Chap-
ter 6. Running the script with maxOrder 75 will take approxi-
mately two days.

e postProcessingldentification This .m-file takes in the output from
the runldentification file and plots the best models identified for
each setup and for each order. It enables the user to easily chose
between the potential trade-off between model order and accu-
racy.

o runSingle When a model has been decided upon from postPro-
cessingldentification, the input can be put into this file and it will
find the specific model, plot a demo of it and store the result in
a .mat-file.

o viewTimeseries Takes in a set of lab experiments and plot the
bottomhole pressure for the whole set.

C.4 1QG

This folder contains the implementation of the LQG-controller de-
scribed in Section 7.1.2.

o modelq_exclDelay.mat This is the model identified, which the LQG-
controller is based upon.

o LQG_model.slx This is a SIMULINK implementation of the LQG-
controller with the model identified.

o initandRunLQG This file uses the model (model4_exclDelay.mat)
and implements LQG-controller. After implementing the con-
troller the SIMULINK implementation is run through twice:
Once with the controller and once without. A plot comparing
the two results are made and stored in a .png-file.
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C.5 MPC

This folder contains both the MPC-controller implementation in SIMULINK
and the experiments from the lab. The experiments from the lab as

well as the processing files are stored in the folder LabResults and in

the following list the files in that folder will be marked accordingly

e model_28-May-2013.mat Model used by the MPC-controller.

e mpc_online The MATLAB level 2 S-function implementation of
the MPC-controller.

o setupMPC This file calculates the offline parameters for the MPC-
controller and stores them in mpcSetup.mat and mpcSamleTime.mat.

e mpc_impl.slx This is the SIMULINK implementation of the MPC-
controller with the model identified.

o initandRunMPC This file sets up the harmonic oscillator for dis-
turbance estimation and the kalman filter for state estimation.
Then the file runs through the SIMULINK implementation, mpc_impl.slx,
twice: Once with MPC-controller and once with constant pres-
sure. The results are plotted together and stored in a .png-file.

o LabResults\demoRes This file takes in three different lab exper-
iments with disturbance periods of 3, 5 and 10 seconds. The
results are plotted and stored.

o LabResults\pcTrackingAbility This file takes in the lab experiment
with a disturbance of 3 seconds and illustrates the suppression
ability of the MPC-controller.

o LabResults\testEstimators.slx This SIMULINK model is used to
illustrate the predictive ability of the kalman-filter and the har-
monic oscillator.

e LabResults\testModelPrediction This file uses the SIMULINK model
testEstimator to illustrate the predictive ability of the kalman-
filter.

e LabResults\testModelPrediction This file uses the SIMULINK model
testEstimator to illustrate the predictive ability of the harmonic
oscillator.

C.6 SIMULINK MODEL LAB

This folder contains the SIMULINK model used with the lab and all
the help functions.
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interfacelPT_lab_8may2013.slx This is the SIMULINK model used
with the lab to obtain all the lab experiments used in this re-
port. For more information on how it works see Section 3.4,
Section A.12 and Section A.13.

setupMPC Is the same file as in the MPC folder. Tuned for the
lab.

mpc_online Is the same file as in the MPC folder.

inirModel This file gets called by interfaceIPT_lab_8may2013.slx
each time it is run. It sets up the harmonic oscillator and kalman-
filter used in the experiments. It also loads biasFilter.mat which
contains the filters and biases used in the experiments. Finally
it sets up the ramp function used to identified the choke charac-
teristics.
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Suppression of Heave Disturbance in Lab for
Offshore Drilling with Model Predictive Controller

Anders Albert
Department of Engineering Cybernetics,
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Abstract—Fewer and fewer new drilling prospects are dis-
covered on the Norwegian Continental Shelf. The hydrocarbon
production is declining as a result. A way to continue producing
is to drill more wells in fields and environment that were deemed
to be undrillable originally. The fields deemed undrillable may
be due to scenarios such as narrow pressure window, depleted
fields, extreme loss circulations etc. Managed Pressure Drilling is
a set of techniques that allows drilling in such difficult scenarios.
Drilling in the North Sea also provides extra challenges due to
harsh environment. During a connection scenario when drilling
from a floating rig, the heave motion can induce large surge and
swab pressures in the well. This will be referred to as the heave
problem.

Multiple papers have been written on using a technique called
constant bottomhole pressure to suppress the heave problem. The
technique consists of sealing off the annulus and using a choke
to control the pressure of the well. In order to have a realistic
environment to test out controllers in, an experimental lab has
been built to model the connection scenario. In this paper the
experimental setup of the lab will be explained. The assumptions
and simplifications are discussed. A system identification has been
performed to identify a linear model of the lab and an MPC-
controller has been designed based on this model. The MPC-
controller has been demonstrated to suppress a disturbance,
simplified to a single sine wave of period 3 seconds, approximately
46 %.

I. INTRODUCTION

Managed Pressure Drilling (MPD) has become an increas-
ingly popular set of techniques for drilling wells [1], [2].
During drilling operations a fluid, called mud, is pumped down
through the hollow drillstring. The muds main purpose is to
transport rocks cut lose by the drillbit, called cuttings, up to
the surface through annulus. The target for applying MPD is
to control the pressure profile of a well, thus controlling the
pressure of the mud. During normal drilling operations the
pressure has to stay within certain environmental limits. First
it has to stay above the pore pressure. If the pressure drops
below the pore, pressure influx can be experience that can
lead to a kick, which in worse case become blowout. Second
the pressure must be lower than the fracture pressure. If this
pressure is exceeded, it may fracture the well which can result
in the whole well becoming lost.

One such MPD technique is called constant bottomhole
pressure (CBHP). In conventional drilling the pressure of the
well depends on two factors: The density of the mud and the
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Fig. 1. CBHP setup [5]

friction loss due to circulation of the mud. With CBHP the
annulus is sealed off and the flow back from the surface is
controlled by the choke. This enables the use of a mud with a
lower density since the pressure of the well now also depends
on the pressure drop over the choke. Figure 1 illustrates the
CBHP setup.

An additional challenge for controlling the pressure of the
well is provided when drilling from a floating rig. A floating
rig will move up and down with the waves, a motion called the
heave. During normal operation this movement is compensated
for by a heave compensator. However, when the drillstring is
in slips for making connection (extending the drillstring), the
drillstring is connected to the rig. This leads the drillstring to
move in and out of the hole. This creates pressure fluctuations
called surge (moving into hole) and swab (moving out of the
hole) pressures. These pressure fluctuations can be as large as
4 24 bars [3]. This problem will be referred to as the heave
problem in this paper.



Multiple papers have been written on using CBHP to
suppress the pressure fluctuations from the heave problem
[4]-[6]. In order to have a realistic environment to test out
these algorithms a lab has been built to model the connection
scenario for a floating rig with CBHP.

This paper presents the setup together with the simplifica-
tions and assumptions for the lab. The lab is then used to
identify a linear model, which is used to design an MPC-
controller. The MPC-controller is then demonstrated to sup-
press disturbances by approximately 46%.

II. DESIGN OF LAB
A. Design and Simplification

The lab has been built in order to model a connection
scenario. During a connection scenario the main pump will
normally be turned off. To ensure circulation through the choke
when using CBHP an extra pump, called backpressure pump,
is added. When making a connection the main pump will be
slowly ramped down, while the backpressure pump will slowly
be ramped up. In addition the heave problem will occur only
when the drillstring is in slips.

Three main difficulties with creating the lab were encoun-
tered. First it is difficult to make the drillstring follow a
given path. Second, even a scaled down bottomhole assembly
(BHA) and drillstring will cause huge pressure fluctuations
when moving up and down the well, requiring very expensive
equipment to withstand the pressure. Finally high pressure
in the well could easily lead to bending of the scaled down
drillstring.

The ramping down the main pump and up the backpressure
pump scenario was not included in the lab due to several
advantages that this result in. First the main pump does not
need to be included. Also no circulation of mud occurs, thus
the drillstring can be solid instead of hollow, making it more
stable.

To model the BHA a single cylinder with increased diameter
compared to the drillstring was used. In addition to being
connected to an upper rod, modeling the drillstring, it was also
connected to a lower rod. The result is that the bottom of the
well looks like a piston. This solves several of the difficulties
mention above. First having both and upper and lower rod
make it easy to follow a given path. In addition the pressure
in the well will be much smaller and can be scaled down by
varying the diameter of the BHA cylinder. Also having the
BHA connected to two points, only make it necessary to have
a pulling mechanism instead of both a pulling and pushing
mechanism to move it.

The piston modeling of the BHA provides a new problem.
The control system is likely to need some fluid displacement
in order to detect the pressure fluctuations from the surface of
the well. To accommodate the lower rod was given a smaller
diameter than the upper rod.

The drillstring itself has been assumed to not contribute
much to the pressure fluctuations by just moving up and down
though the well. This makes it unnecessary to include in the
lab model, which is essential to building the lab in a space
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Fig. 2. Schematics of Lab

restricted area. The well itself has been built as a pipe that
has been coiled in order to save space.

The well was thus separated into two components: A long
copper pipe, used for modeling the time delay from the
surface to the bottom of the well, and the bottom of the well
modeled by a PVC pipe. Using a transparent PVC pipe has
the advantage of easily being able to see the movement of the
BHA cylinder that is black.

In order to model the disturbance the BHA with rods were
connected to a sawtooth belt. The belt was then controlled
by an electrical motor. Using the electrical motor makes it
possible to move the BHA straight up and down in the PVC
pipe.

The choke was tailor made for the lab. It consists of an
electrical motor controlling the movement of a choke valve.

The heave disturbance was simplified to be a single sine
wave. This was done to estimate pressure drops before the lab
was built and in the initial controller. The lab has the ability
to create more complex disturbances if desired later on.

Water has been used for mud. A closed circulation system
has been setup with a tank and a backpressure pump. The
resulting lab sketch can be seen in figure 2. Flow measurement
have been marked with FT. The pressure measurement around
the choke are marked with C2 and C2, in the bottom of the
well P1 and P2, while the pressure measurements in the copper
pipe are marked PT1-10.

Two control cards have been used for receiving and setting
actuator signals. These control cards have been connected to
a computer and the MATLAB toolbox SIMULINK has been
used to process measurements and implement controllers for
the lab in real-time.

B. Scaling

The lab designed is based upon a real vertical well. The
scaled down measurements of the lab and the measurements
from the real case the lab is based upon can be found in table
I. In the table the lab component corresponding to the real
well component is given in parenthesis. In addition some of
the components which are only in the lab are also given in the
table.

When scaling down the lab the ratio between the cross-
sectional area of the drillstring and the well was kept constant,



TABLE I
SCALING OF THE LAB

Component Real well Lab
Well length (copper pipe) 4000m 900m
Copper pipe diameter - 16 mm
Well diameter (PVC) 8.5” 42.53 mm
PVC pipe length - 80 cm
Drillstring (upper rod) 5” 25 mm
Lower rod - 22 mm
BHA diameter 6.5” 40.9 mm
BHA length 70m 35 mm
Disturbance period Ils 3s
Disturbance amplitude 1.5m 40 cm

8.52 _ 42.532

S = S The BHA was down scaled in order to obtain
a desired pressure drop around =+ 2 bar in the well.

The length of the well was set to 900 meters. It was desired
to have the lab able to create disturbances of period about 5
times the time delay for the pressure wave to propagate from
the top of the well to the bottom. The delay was calculated
by assuming that the pressure would travel with the speed of
sound in water at 25 degrees, which is 1498 m/s. The fastest
sine period the lab should handle then becomes % ~3
seconds.

In addition it was desired to keep the velocity of the
drillstring from the real case. A sine wave of 11 second period
and 1.5 meter amplitude has a maximum velocity of 0.856 m/s.
To obtain this velocity with a 3 second period the amplitude
was set to 40 cm. Thus making the length of the PVC pipe
80 cm.

Finally the lab was designed for an operating pressure
between 0- 10 bar.

IT1I. SYSTEM IDENTIFICATION

In the approaches used by [4]-[6] the modeling equations
of the connection scenario simplify to a set of linear equations
with the exception of the choke valve. To avoid the nonlinear-
ity in the choke, the control problem was separated into two
parts. First a choke controller was developed for obtaining a
desired pressure at the choke. Second a bottomhole controller
was designed, which use the pressure at the choke in order to
suppress the heave disturbance.

In order develop controller some models for the choke and
the lab had to be developed.

A. Choke modeling

Based upon the Bernoulli equation for steady flow [7] the
following equation for pressure drop over the choke can be
obtained:

Pec — Po

p

where ¢, is the flow through the choke. p. and py is the choke
inlet and outlet pressure. p is the density of the fluid and G(u)

qc = G(u) (1)

Choke pressure

Linear Model of

Bottomhole pressure

Well

Fig. 3. Black Box Model of Lab

is a strictly increasing characteristic function individual to the
choke valve, which depends on the choke opening, u.

The characteristic function was found by slowly closing
the choke opening from open until a maximum pressure was
obtained in the system. Then the choke opening was slowly
opened again. The MATLAB function polyfit() was used for
identifying a characteristic equation for the choke:

G(u) = 0.01u® — 0.80u? + 44.29u — 790.82  (2)

B. Lab Model

For identifying a model of the system a black box approach
was used. In the lab there are two inputs into the system: the
BHA velocity and the choke position. The choke controller
is supposed to replace the choke position with the choke
pressure. Thus the resulting model becomes as shown in figure
3.

A linear model was assumed for the lab. Then a subspace
identification algorithm called DSR [8] was used to identify a
discrete system on the form:

Thy1 = Axy, + Buy, + Edy 3)
yr = Cxy + Duy + Fdj

y is the bottomhole pressure, u is the choke pressure and d is
the velocity reference for the BHA.

To identify a the model described in equation (3) the BHA
and the choke inputs were set to follow two different sets of
sine waves. In the DSR algorithm the user selects the order
of the system based on a singular value decomposition. The
singular value decomposition depends on a Hankel matrix.
The order of the Hankel matrix is set by the user. Multiple
combinations were attempted for Hankel matrix order and
system order. A 4th order model was identified and considered
to be sufficiently accurate.

C. Disturbance Modeling

In order to suppress the disturbance an estimate was needed.
In both [4], [5] the disturbance is modeled as a set of harmonic
waves. In simulations both papers simplify the disturbance to
a single sine wave. This is also the simplification done when
calculating the pressure drop done when designing the lab.

Thus the disturbance was modeled as a harmonic wave:
T = Ay y = Cyx )

where
0 w
Ad:[_w O}Cd:[l 0]

This models assumes a priori knowledge of the frequency of
the disturbance.
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Fig. 4. Choke Controller Tracking Ability

IV. CONTROLLER

A. Choke Controller

In order to control the pressure at the choke a PI-controller
with feedforward and gain scheduling for the integral constant
was designed. The feedforward part of the controller was
found by solving equation (1) for the choke opening , u. The
gain scheduler was made by a function having two inputs.
First a lower gain was used for higher pressures, since a small
change in the choke opening at high pressures results relatively
large pressure change. In addition the gain was made smaller
if the pressure deviates much from desired pressure.

Figure 4 shows the choke controllers tracking ability for a
reference signal consisting of three sine waves.

B. Bottomhole Controller

When designing a bottomhole controller a Model Predictive
Controller (MPC) was chosen. This controller has several
advantages when it comes to suppressing a heave disturbance:

o It can handle constraints
o It can easily utilize knowledge of disturbance

Unfortunately an MPC-controller demands much computa-
tional power. This was solved by increasing the times between
samples for the MPC-controller.

In implementing an MPC-controller a quadratic problem
gets solved on the form:

min 0.507 Hv + ¢Tv 5)
v
subject to
Lv<b

To solve the quadratic problem the MATLAB function quad-
prog() was used with an active-set algorithm [9]. The objective

function for the MPC-controller was chosen to be:

n—1
muin flz,u) = Z{(l’z - -rref,i)TCTQC(xi — Tref,i)
i=0
(6)

n—1
D {(Au; = Aty i) " P(Au; — Aty i)
i=l

(xn - xref,n)TCTSO(xn - xref,n)

where Q, P and S are weight matrices. Instead of using the
output, yx, as optimization variable, the system state was used.
This eases the implementation. The weight matrices, Q and
S, can easily be changed to weigh the output variable by
multiplying them by C from equation (3). This can be done
since, as seen later, D and F from equation (3) are set equal
to zero. When using the state as optimization variable, the
reference output cannot be used directly and a reference state
has to be calculated. The reference state was calculated from
the reference output: x,.y = pseudo inverse(y,.r). Finally n
is the controller horizon for the MPC-controller.

This objective function will attempt to drive the reference to
a desired state and try to avoid changing the input. These are
competing objectives and using this objective function enables
the use of weighting the different objectives. The constraints
used along the objective function:

o = given @)
AULgAulgAUU fOI'OSZ'gTL
Y, <Cx; <Yy for0<i<n

In addition the system equation were used as constraint with
some modification:

Trp1 = ATy + BAuy_; + Edy, (8)
i = Cy

where

=l 7 o[l e[l

~_|C 0 - T ~ | Yk
C= |:0 I:| y LTkl = [uk—l] y Yk = [uk—l

There are multiple reasons for changing the system equa-
tions. First D and F from equation (3) are set equal to zero.
This introduces some inaccuracy to the model, but it saves
online computation time. Second the input was changed to
change in input. This is necessary to implement the objective
function, but it also enables putting constraints on the input
change. Third, with the last change, the ability to put con-
strains on the input is lost. By expanding the output states to
also include the input it is still possible to put constraints on
it. Finally the choke controller introduces an extra time delay
into the system in addition to the time delay from the surface
to the bottom of the well. This time delay will always have
to be estimated, thus it is included into the model as a tuning
parameter, 1. When the 1 parameter is set to [ > 0 the following
is given: [ < k = Au = 0.



TABLE I
MPC TUNING PARAMETERS

Tuning parameters
sampleMPC 0.2
n 30
Yweight 1000
Yfinalstate 2000
Uweight 1
Auyeight 800
Delay from p¢ rep to pe | 0.6's
TABLE III
MPC CONSTRAINTS
lower | parameter | upper
-0.6 Au 0.6
-Inf Y Inf
0 1) 10

These equations can, by using some calculation, be included
into a problem on the form in equation (5). The resulting
MPC-controller have the tuning parameters and constraints
that can be found in table II and III. The sample time for
the MPC controller is selected as a tuning parameter in order
to have the possibility to adjust it accordingly to the controller
horizon. The table also contains the values chosen for the
MPC-controller used in the lab. The weight matrices Q, P
and S are calculated as follows:

Q _ |:yweight 0 :|

0 Uweight
S = |:yfinalstate 0 :|
0 Uweight

P = Auweight (9)

No constrains were used for the output, the bottomhole pres-
sure, as can be seen in table III. Having a constraint on this
state can easily lead to an infeasible quadratic problem. Also
having constraints on the input, the choke pressure, ensures
the bottomhole pressure.

The MPC-controller was implemented using a MATLAB
level-2 S-function with three inputs: The desired bottomhole
pressure, the disturbance state and system state. The dis-
turbance state was used to predict the disturbance for the
controller horizon. The equation state was calculated from a
kalman filter based upon equation (3).

V. RESULTS AND DISCUSSION

The MPC-controller was used to suppress sine waves of
period 3, 5 and 10 seconds. Table IV contain the approximated
suppression of the different disturbances while figure 5, 6 and
7 contain the suppression of 3, 5 and 10 seconds disturbance.

As can be seen in table IV it is more difficult to suppress
faster varying disturbances than slower. This comes as no

Suppression of 3 Seconds Heave Disturbance

Constat Choke Opening’
MPC-controller
Desired Pressure.

Pressure [bar]

5
Time [s]

Fig. 5. Suppression of Heave Disturbance with 3 Second Period

‘Suppression of 5 Seconds Heave Disturbance

Constat Choke Opening
MPC-controlier
Desired Pressure

Pressure [bar]
B
f
g
-

Time [s]

Fig. 6. Suppression of Heave Disturbance with 5 Seconds Period

Suppression of 10 Seconds Heave Disturbance

Constat Choke Opening
o MPC-controlier
A Desired Pressure

/ \ /

Pressure [bar]

2 4 B 8 10 12 4 16 18 20
Time [s]

Fig. 7. Suppression of Heave Disturbance with 10 Seconds Period
TABLE IV
SUPPRESSION OF SINE WAVE WITH REFERENCE PRESSURE EQUAL TO 4
BAR
Disturbance | Without MPC [bar] | With MPC [bar] | Suppression

Period [s] Low High Low  High in %
10 2.6 6.2 35 4.8 63.9
1.5 74 2.9 54 57.6
3 5.6 3.4 4.8 46.2




surprise since for the faster varying disturbance the time delay
from the surface to the bottom of the well will make up a larger
part compared to the period of the disturbance.

Two main reasons have been identified explaining why not
perfect tracking has been obtained. First the fourth order
model identified was found to not be perfectly accurate.
The inaccuracy of the model increased with faster varying
disturbance and could in worst case be almost 2 bars off. A
more accurate model would clearly increase the performance
of the MPC-controller. In addition the choke controller does
not manage to track the desired choke pressure perfectly. It
has been observed, in worse case, to be 1 bar off.

The harmonic oscillator could potentially introduce an error
when estimating the BHA velocity. However it was observed
that it estimated the disturbance very accurately for a single
sine wave.

Even if the MPC-controller had obtained perfect tracking
of the desired bottomhole pressure, the lab would still be a
simplification. In the real case the heave movement cannot
be modeled by a single sine wave. As the MPC-controller is
sensitive to model error, the estimation of the heave movement
is essential to accurately suppress it.

In a real well the bottomhole pressure will probably have to
be estimated. Thus the model used cannot use the bottomhole
measurement to find the state of equation (3).

VI. CONCLUSION AND FURTHER WORK

The heave problem has been presented. A lab designed to
model the heave problem realistically has been discussed. A
linear model has been identified of the lab, which has been
used to design an MPC-controller. The MPC-controller has
been demonstrated to suppress a heave disturbance of 3 second
period by approximately 46 %.

There are multiple areas to focus on for further research.
First a model based upon a physical principles should be
attempted to be identified. Still, even a model based upon
physical principles must expect to use some kind of estimation
for estimating parameters like frictional loss in the pipe and
the effective bulk modulus of the water in the pipe.

Once a physical model has been established a controller can
be developed. The MPC-controller from this thesis could be
implemented or some of the other controllers [4]-[6].

When a controller has managed to suppress a heave dis-
turbance of a single sine wave using only measurements at
the surface, a more complex disturbance should be attempted.
Ideally no assumed knowledge of the disturbance should be
used, unlike this paper where the frequency of the wave is
assumed to be known a priori.

After successfully testing the suppressing a heave distur-
bance in the lab model steps can be taken to implement the
solution for a floating rig in the North Sea.
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