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Summary and Conclusions

In the field of oil drilling there is a concept known as Managed Pressure Drilling. In Managed
Pressure Drilling one relies on pumps in combination with chokes (valves) in order to main-
tain a certain pressure at the bottom of the well. It is crucial to maintain this pressure since too
low pressure may cause the well to collapse and too high pressure may cause the well to frac-
ture, making it more susceptible for a collapse. The pressure at the bottom of the well is mainly
controlled by a choke.

In this thesis controllers based on backstepping theory will be developed in order to control
the choke pressure. The controllers will be designed such that the choke pressure will track a ref-
erence value and the controllers will achieve this by adjusting the choke’s angular velocity. It is
also common that certain parameters in the well are unknown due to changes that occur in the
fluid running through the choke. Because of this, adaptive integrator backstepping controllers
will also be developed. The goal for this project is to obtain an understanding of how well con-
trollers based on integrator backstepping and adaptive integrator backstepping can solve this
task.

Integrator backstepping controllers are useful when designing controllers for systems on
cascade form of order 2 or higher, however, the complexity of these controllers increases sig-
nificantly as the order of the system increases. Because of this, two different design models have
been used in this thesis in order to develop controllers based on integrator backstepping. One is
of 2nd order and the other is of 3rd order. The 2nd order design model describes how the pres-
sure changes according to the flow in and out of the choke. The flow out of the choke depends on
the choke opening and the choke opening changes based on the angular velocity of the choke.
The 3rd order design model is an extension of the 2nd order design model. The 3rd order model
also describes the actuator dynamics in the choke which will provide a better representation on
how the angular velocity affects the choke position.

A controller was first developed for the 2nd order system. If the controller behaved well, a
new controller would be developed for the 3rd order system. In order to verify the performance
of the controllers, they were simulated in common scenarios that occur during drilling. Con-

trollers that performed well during these simulations went through further testing by perform-



ing simulations with Straume®, a high-end multiphase well simulator. Straume® provides a bet-
ter representation of a real life drilling scenario and serves as a benchmark for the controllers
validation. In addition to the common scenarios, the simulations in Straume® also cover how
wrong parameterization of the often unknown parameters affects the controllers performance.

A regular integrator backstepping controller was developed for the 2nd order system. This
controller performed well during the simulation and thus a controller for the 3rd order system
was developed. The 3rd order controller also performed well during simulations. The adaptive
controller developed for the 2nd order system performed badly during simulations and a 3rd
order adaptive controller was not developed.

The regular integrator backstepping controllers went through further testing by simulating
them with Straume®. Both controllers performed well, but both experienced a constant offset
between the reference value and the choke pressure. The controllers also experienced a drop in
performance when the parametrization of the bulk modulus did not match the bulk modulus in
Straume®. These controllers performed well enough for them to be used further as long as one

is aware of their shortcomings.
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Chapter 1

Introduction

This chapter covers the background for this thesis and the problem that need to be solved. This
chapter also covers theory on both regular and adaptive integrator backstepping controllers and
how to prove stability of systems on cascade form using cascade theory. There is a brief explana-
tion on Straume®, a high-end multiphase well simulator provided by Kelda Drilling Controls for
this thesis. The objectives that need to be solved and the approach to do so is outlined towards
the end of this chapter with a brief explanation of necessary limitations. The final section in this

chapter covers the structure of the rest of the report.

1.1 Background

In the field of oil drilling there is a concept known as Managed Pressure Drilling (MPD). In MPD
one relies on mud pumps in combination with one or more chokes (valves) in order to maintain
a certain pressure at the bottom of the well.

Figure 1.1 illustrates a simplified process flow diagram of the oil drilling process. Mud is
pumped into the system though the mud pump, and the mud then flows down the drillstring
and through the drill bit at the end. The mud then travels back up the annulus while carrying
cuttings (stones etc. from the drilling) away from the drill bit, before it finally exits the system
through the chokes. The mud also lubricates the drill bit as well as providing pressure to the
surroundings at the bottom of the well.

It is crucial to maintain the correct pressure at the bottom of the well, with too high pressure
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the well may fracture, with too low pressure the well may collapse. A collapse refers to the walls
in the annulus collapsing around the drillstring due to lack of pressure at the bottom of the
well. This may cause a lot of damage to the drilling equipment, trap the drillstring so that it
can not be retrieved, and may ruin the drilling operation in the given well. A well fracturing
is a consequence of too high pressure in the well. This causes the walls of the well to fracture
and drilling mud will escape the system through the fractures, after such a fracture, the well will
become significantly more susceptible to a collapse.

The mud pump is capable of delivering a constant flow of mud into the system. This is used
in combination with the chokes to adjust the pressure from the mud at the bottom of the well.
The actuators driving the choke has an internal speed controller the require a speed reference
in order to control the valve. This creates a model with recursive structure that has the potential
to be controlled with a backstepping control design. In this thesis a controller based on back-
stepping will be developed and evaluated in order obtain an understanding of the possibilities

of utilizing the backstepping method when controlling the choke pressure.

E zl Choke

|}

Mud Pump

Drillstring

Annulus

Figure 1.1: Simplified process flow diagram illustrating the flow of drilling mud through the

drillstring and annulus during oil drilling
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Problem Formulation

In this thesis backstepping controllers and adaptive backstepping controllers will be developed
in order to control the choke pressure. The choke pressure should track a reference value and
the controllers needs to achieve this by adjusting the angular velocity of the choke opening.

A design model describing the changes in choke pressure needs to be designed in order to
develop controllers based on backstepping. The design model needs to contain the actuator
dynamics of the choke in order relate the angular velocity of the choke to the choke pressure.

Developed controllers will go through simulations with the design model where the con-
trollers performance is validated in common MPD scenarios. If a controller performs well in
these tests, it will go through further testing in simulations with Straume®, a high-end multi-
phase well simulator. Straume® provides a good representation of real life drilling operations
and serves as a benchmark for the controllers.

A verdict of the controllers performance will be based on the results from the simulations

with Straume®.

Literature Survey

1.1.1 Integrator Backstepping

In 1989, Kokotovic and Sussmann started investigating what is now known as backstepping from
passivity in Kokotovic and Sussmann (1989) and continued their work in Saberi et al. (1990).
Their investigation led to results that made it possible to achieve global stabilization with full
state feedback of systems on cascade form and lead to the development of integrator back-
stepping control design. The integrator backstepping design method is well described in Khalil
(1996) and the writing in this chapter covering integrator backstepping is heavily influenced by
the writing of Khalil.

In order to explain the backstepping method, first consider the following cascade form sys-

tem
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n=fmn+gmnié (1.1a)
éE=u (1.1b)

Here [nT,f] e R"*! is the state of the system and u € R is the control input. The functions f :
D —R"and g: D — R" are smooth in a domain D < R” and it is assumed that f(n) and g(n) are
known. Equation (1.1a) can be stabilized by a smooth state feedback law ¢ = a(n) with a(0) = 0.
This leads to

n=fm+gmaln) (1.2)

being asymptotically stable. It is assumed that a Lyapunov function V() is known that satisfies

the inequality

oV
gﬁvmhgmmmns—wm) (1.3)

where W (n) is positive definite. Since a/(n) is not the exact value of ¢ but rather a control input,

it is assumed that there is an error between the two given by

z=¢—a(n) (1.4)

substituting the error into the system equation yields

n=0fm)+gmaml+gmnz (1.5)

Z=Uu—a (1.6)

Since f(n), g(n) and a(n) is known, d¢(n) can by computed as
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@ = g—z[f(n) +gm)¢]

Taking v = u — & reduces the system to the cascade connection

x=[fm+gmaml+gnz

zZ=v

(1.7)

(1.8)

(1.9)

(1.10)

which is on the same form as the original system, except now the first component has asymp-

totically stable origin. This will be exploited in the design of v to stabilize the overall system.

Taking the Lyapunov function

1
Ve, &) =V + Ezz

the following is obtained

V, _6_V[f( )+ gmal )]+6—V Mz+zv
=3 n+gmam angn
oV
=-Wmn)+—gmz+zv
on
Choosing

ov
v=——"-gm —kz

with k > 0 yields

V.<-Wn) - kz?

(1.11)

(1.12)

(1.13)

(1.14)

(1.15)

which shows the the origin of both 1 and z is asymptotically stable. Since a(0) = 0 it is also
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concluded that the origin of n and ¢ is asymptotically stable. Substituting for v, z and a(n)

givens the control input for u

oa ov
u—a[f(an(n)f]—%g(n)—k[é—a(n)] (1.16)

If all assumptions hold globally and V' (n) is radially unbounded, the origin is globally asymptot-

ically stable.

2nd order system example

The system

X1 :xf—xf+x2 (1.17)

i = u (1.18)

takes the form of Equation 1.1 with x; = n and x, = ¢ where x; is viewed as the input to x;. The
input x, = a(x) will need to be designed as a feedback control in order to stabilize x; to the
origin (x; = 0). With

Xy =a(x) = —xf—xl (1.19)

the xf term in X; is canceled and x; becomes

X1 =—x1 - %} (1.20)

By choosing the Lyapunov function V(x;) = %xf, its derivative becomes

V=-x-x{<-x{=-W(x)), VxjeR (1.21)

Hence, the origin of %; = —x; — xi’ is globally exponentially stable. In order to perform the back-

step, a change of variables are introduced and gives
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e =Xx2—a(xy) :x2+x1+xf (1.22)

substituting this change into the original system yields

X1 :xf—x?+eg+a(x) (1.23)

é=u—a(x) (1.24)
Where the derivative of a(x) is given by

. oa . 3
a(x) = ax =(-1-2x1)(—x1 —x] +e2) (1.25)

The final system after the backstepping procedure becomes

X1 = —xl—x‘;’+e2 (1.26)

ér=u—(—1-2x1)(—x1 — X} + ) (1.27)

In order to find the control input u, the following Lyapunov function is chosen

1
Vo(x) = V(x)+ Eeg (1.28)
1 2 1 2
and its derivative becomes
Ve(x) = x1(=X1 — X + €2) + ea[u+ (1 +2x1) (=% — X3 + e2)] (1.30)
= —x? — x{ +exlx) + (1 +2x)) (X1 — X} + eo) + u] (1.31)

Taking the feedback control law
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u=—x;— (1 +2x1)(—x1 — X} + &) — e (1.32)

yields
Vc(x) :—xf—x‘ll—eg (1.33)
Hence, the system with the chosen feedback control law u is globally asymptotically stable.

3rd order system example

The following third-order system

X1 = X2 - X+ x0 (1.34)
562 = X3 (1.35)
i3=u (1.36)

is an extension from the previous example with an additional integrator. From the earlier exam-

ple, the second-order system

X1 = X2 =3 + X (1.37)
562 = X3 (1.38)

had the feedback control input
u=-x1—1+2x))(—x1— x‘i’ +e)—(x2+x1+ x%) £ a(xy, x2) (1.39)

and the Lyapunov function

_1 2 1 212
V(x1,x2) = 2x1 +2(x2+x1+x1) (1.40)
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To backstep further in this example, the change of variables happens to xs.

e3 = x3 — a(xy, x2) (1.41)

Substituting the change of variables into the original system yields

X1 :xf—x‘i’+x2 (1.42)

X2 = a(xy, x2) +e3 (1.43)

) ox o, 3 oa

X3=u———(x7—x]+x2) ——(a+e3) (1.44)
0x1 6x2

Using the composite Lyapunov function V, =V + %ez gives

v, :a—V(xz—x3+x )+a_v(e +a) (1.45)
< ox 17T 0xo 3
+e3[u—a—“(xf—x§’+x2)—a—“(a+e3)] (1.46)
0x1 0xo
= —x% — x] = (X2 + x1 + x%)? (1.47)
+e3[u—a—a(xf—x§+x2)—a—“(a+e3)+a—v] (1.48)
0x1 0x> 0x>

Taking the feedback control u

u—aa(x2 x3+x)+aa(a+e) 4 e (1.49)
B 6.761 1 1 2 0)62 3 Gxg 3 '
yields
V.= —xf—x‘f— (x2+x1xf)2—e§ (1.50)

and the origin of the system is globally asymptotically stable with the chosen control input .
Note that the controller for the 3rd order system is significantly larger and more complex than

the controller of the 2nd order system.
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1.1.2 Adaptive Integrator Backstepping

A procedure for the development of an adaptive backstepping controller with tracking is covered
by Zhou and Wen (2008). The method relies on parameter estimations of the unknown param-
eters in combination with a control law. This is necessary since any control laws developed for
the controller can not rely on unknown parameters, and therefore the control laws make use of
the estimated parameters instead. This method does not guarantee that the estimated param-
eter converges to the correct values, but it ensures boundedness of the closed loop states and
asymptotically tracking of the reference signal. The idea is best illustrated by an example, and
the second order system in Equation 1.51 will be used for the development of an adaptive back-
stepping controller. The development of the adaptive backstepping controller is based on the
steps presented in Zhou and Wen (2008) and the results in this section are fairly similar to the

results in this book.

X1 = Xo + P (x1)0 (1.51a)

X2 = U+ Pl (x1,X2)0 (1.51b)

Here 6 € R is a vector containing the unknown constant parameters in the system. (plT (x1),
¢2T (x1,x2) € R are known nonlinear functions. In order to develop a controller that ensures
asymptotic tracking of x, by x;, itis required that the first and second derivative of x; is available
and are piecewise continuous and bounded.

In order to to perform the backstepping procedure, the following virtual states and their

derivatives are introduced where cplT = c[)lT (x1) and ([)2T = </>2T (x1,X2).

e1 =Xy — Xr ) =Xy — a1 — Xy (1.52a)

ér=ex+ay+i +Pl0-x, br=U+ps0—ay— ¥, (1.52b)
oa oa

er=er+a +¢ 6 er=u+Pi0— —(x+¢70) - —% -%  (1.520)
0x; 0xy

e yields

Taking the Lyapunov function V; = %
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Vl :el(e2+a1+(p1T9) (1.53)

If 8 was known the control law a could be chosen as

a :—klel—(,blTB (1.54)

Since 0 is an unknown parameter, the control law a; cannot be chosen as in Equation 1.54 since
the control law only can consist of known parameter. By replacing the unknown parameter 6

with its estimated value 0 yields

alz—klel—(plT91 (1.55)

Inserting the control law from Equation 1.55 into Equation 1.53 yields

Vl :—k1€%+€1€2+61¢{(9—é1) (1.56)

:—k1€%+€1€2+81¢){91 (1.57)

where 6; = 6 — 0 is the error between the real and estimated parameters. In order to deal with
the estimation error 6 the Lyapunov function Vo = Vj + %élT 16, is chosen and its derivative

yields
VZZ—k1€%+61€2+€1(/){é1+é1TF_1§1 (1.58)
= —klef +ee +é1T((ﬁ1€1 + F_lél) (1.59)

Here 0, is the update law for the parameter estimation. Choosing the update law as

0, =-Tpe (1.60)
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yields
Vo =—kiet +eje (1.61)

In order to perform the backstepping procedure, the Lyapunov function V3 = V, + %eg is chosen

and its derivative yields

V3 =—kjel+ 62(61 +U+prO— %(J@ +¢10) - ang 0, - gz: X — xr) (1.62)
= kel + 62(61 tu- %xg + (<p2 - %(l)l)T@ LIV gzi - xr) (1.63)

Taking the controller u as
U= —er— kpes+ 2%y, - (¢2 _ %¢1)Té2 O e+ 2 1k (1.64)

0x; 0x; 00 0x;
yields

Vg:—klef—kgeg—eg(cpz—%cpl)T(e—éz) (1.65)
= —klef—kzeg—ez(%—%‘/’ly@ (1.66)

To deal with the estimation error 8, the Lyapunov function V; = V3 + %ézT 16, is chosen and its

derivative yields

: d r <
Vy = —kle% - ]Cgeg - e2(¢2 — a;zl([)l) 62 +02TF_192 (1.67)
1
2 2 AT 0o, -15
= —klel —k2e2 +92 (- (J)g—a—xl(l)l e+ T 92) (1.68)
(1.69)

The update law éz can be taken as

. 9
b, :r(gbz—illcpl)ez (1.70)
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which yields
Vy=—kiet - kpes (1.71)

Note that the estimation errors 6; and 0, are removed from the Lyapunov function when the
update laws are introduced, meaning that there is no guarantee that the estimation errors be-
comes 0 as t — oo. However, e;, e; — 0 as £ — co and asymptotic tracking is achieved. Note that
the system is over-parametrized since there are two estimations for the same parameter. This
issue can be solved with the use of tuning functions which is presented further in Zhou and Wen
(2008). Tuning functions are not necessary if the developed controller is not over parametrized,

and tuning functions will therefore not be covered in this thesis.

1.1.3 Cascade Theory

From Lamnabhi-Lagarrigue et al. (2005), a system on cascade form as in Equation (1.72) can be

proved stable if it satisfies the Lemma 1

2% = fi(t, x) + 88, x1,X2) X2 (1.72a)

2y = fo(t, x2) (1.72b)
Lemma 1 (UGAS + UGAS + UGB = UGAS) The cascade in Equation (1.72) is UGAS if and only if
Equation (1.72b) and Z,, : X1 = f1(t, x1) are UGAS and the solutions of Equation (1.72) are UGB.
Theorem 1 defines stability criteria for time-varying cascade systems

Theorem 1 Let Assumption 1 hold and suppose that the trajectory of Equation (1.72b) is UGB.
If moreover, Assumptions 1 - 3 are satisfied, then the solutions x(t; t,, X,) of the system in Equa-
tion (1.72) are UGB. If furthermore, the origin of Equation (1.72b) is UGAS, then so is the origin of

the cascade in Equation (1.72).
Assumption 1 The system X, : X1 = f1(¢,x;1) is UGAS

Assumption 2 There exist constants c1,c2,n > 0 and a Lyapunov function V(t,x;) for Z,, : X1 =

fi(t, x1) such that V : R x R" — Ry is positive definite, radially unbounded, V(t,x1) <0, and
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—(lxil=a V(L x) Vixil=n (1.73)
6X1
ov
— =<0 Vixil=n (1.74)
le

Assumption 3 There exists two continuous functions 01,0, : R>o — Rx, such that g(t, x;, x,) sat-
isfies

18 (£, x1, X2)| = 01 (Ix2]) + O2(1x2) 1| (1.75)

Assumption 4 There exists a class £ function a(-) such that, for all t, = 0, the trajectories of the

system in Equation (1.72b) satisfy

f |x2(£; 1y, X2 () |d t < a(|x2(tp)]) (1.76)
To

Definition 1 A continuous function a : R>g — Rx¢ is said to belong to class & if it is strictly

increasing and a(0) = 0. It is said to be of class # if moreover a(s) — oo as s — oo

What Remains to be Done?

There are currently no research articles related to the development of backstepping controllers
to be used for any kind of choke control in MPD. On the other hand, the research on integrator
backstepping and adaptive integrator backstepping control design has been thorough for the
past decades and today there are well defined step by step methods in order to develop these
controllers. In this thesis the well defined methods for integrator backstepping control develop-

ment will be applied to a new system, namely choke pressure control.

1.2 Straume®

Straume®

is a high-end multiphase well simulator with full pressure and flow dynamics devel-
oped by Kelda Drilling Controls. The simulator is capable of simulating highly accurate pressure
and flow dynamics during drilling due to its distributed dynamics. Straume® separates the drill-

string and annulus into several smaller volumes and utilizes this by simulating each volume with
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its own states. Straume® is therefore capable of simulating how changes in the system travels
as waves through drillstring and annulus, rather than assuming that changes impact the whole
drillstring and annulus the same way at the same time.

Kelda uses Straume® in their research and development of products as a simulator of well
behavior and in this project, Straume® will serve as the baseline for the backstepping controllers
when evaluating their performance.

®

The Straume™ version provided by Kelda for this project allows for adjustment of the follow-

ing input variables:

dp, the flow provided by the mud pump

* z., two parallel chokes

Psbp, Set choke pressure (if choke is disabled)

Echoke, enable choke
and the following output variables:
* (., Choke flow
* pg, pressure drillstring
* pa, pressure in annulus
* (g, flowin annulus
* (qpis, bit flow

* p., choke flow

1.3 Objectives

The main objectives of this Master’s thesis are
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1. To develop design models fitting for the development of integrator backstepping con-
trollers. The design model needs to consist of the angular velocity of the choke and needs

to be on cascade form.

2. Develop a reference filter that provides the backstepping controllers with the necessary

derivatives of the reference value

3. Develop integrator backstepping controllers and adaptive integrator backstepping con-

trollers based on design models for choke pressure

4. Validate the developed controllers through simulations of real life scenarios using the de-

sign models

5. Validate the developed controllers through simulations of real life scenarios using Straume®

1.4 Limitations

The Straume®

version provided for this thesis take the choke position as input rather than the
angular velocity. The dynamic models used for the development of the integrator backstepping
controllers will therefore be used in order to provide Straume® with a position based on the

controllers angular velocity output.

1.5 Approach

Due to the complexity of backstepping controllers, two design models will be developed. The
design models will be of 2nd and 3rd order. The 3rd order model will give a better representation
of how the angular velocity affects the choke pressure. The 2nd order model will be a simplified
version of the 3rd order system and will not include the actuator dynamics of the choke.

A reference filter will be developed in order to provide the controllers with the necessary
derivatives of the reference value.

An integrator backstepping controller and an adaptive integrator backstepping controller
will be developed for the 2nd order system. If the controllers perform well during the simulation

tests, new controllers will be developed for the 3rd order design model.
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All developed controllers will first be validated in simulations with the design models. These
simulations will run through common MPD scenarios. If the controller’s performance is good
enough, the controllers will go through further testing with Straume®. In Straume® the con-
trollers will go through the same common MPD scenarios. In addition there will be simulations
where certain parameters in the system will be different in Straume® and the controller. These
simulations will determine the robustness of the controllers in terms of wrong parametrization.

Two different scenarios will be used for the validation. The first scenario consists of a series
of step changes in the reference signal. The reference signal will increase by 10, 20, 30 and 40 bar
and then decrease by 40, 30, 20 and 10 bar. This validates whether the controller can track step
changes that vary in magnitude, for both increasing and decreasing step changes. The second
scenario is a connection. This scenario is a common operation in oil drilling that is performed
in order to lengthen the drillstring. In this scenario the flow g;, will be ramped down from 2000
Imin~! to 0 Imin~! and then ramp back up to 2000 Imin~! after a certain time. This validates
whether the controller can handle changes in flow. In this scenario the controller is expected to
maintain the choke pressure at the same value as the reference value during the flow changes.
The flow into the choke and the pressure reference value will be the only variables that directly
affects the choke pressure and these scenarios will therefore serve as good validation tests for
the controllers.

There are two parameters in the system that often are unknown, these are the bulk mod-
ulus and the density of the fluid. The bulk modulus will change if gas leaks into the system,
causing the bulk modulus to decrease. The fluid density will vary based on the actual fluid run-
ning through the system and may increase or decrease depending of the mixture of the fluid.
Simulations of the two previously mentioned scenarios will therefore be performed where the
bulk modulus is lower in Straume® than in the controller’s parameter. The same scenarios will
be simulated where the density of the fluid in Straume® is both higher and lower than in the

controller’s parameter.
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1.6 Structure of the Report

The rest of the report is organized as follows. Chapter 2 covers the necessary preparations in
order to develop integrator backstepping controllers. The development of design models that
will be used in the development of the backstepping controllers is in this chapter and includes
both a 2nd and 3rd order model. In addition the development of a reference filter that will
provide the integrator backstepping controllers with the necessary derivatives of a reference
value occurs in this chapter.

Chapter 3 covers the development of integrator backstepping controllers for the 2nd and 3rd
order design model. The validation testing of the controllers when simulated with the design
models in common MPD operations is also performed in this chapter and includes a discus-
sion of the results and a decision whether the performance of the controller is good enough for
further testing.

Chapter 4 covers the development of an adaptive integrator backstepping controller and are
structured the same way as Chapter 3 in regards to validation testing.

In Chapter 5 the controller that passed the initial testing from Chapter 3 and Chapter 4 goes
through simulations with Straume®, providing a more life like situation for the controllers. The
controllers will go through the same common MPD scenarios as in the earlier testing, but in ad-
dition simulations with bad parametrization will be simulated in order to determine the robust-
ness of the controllers. Straume® will serve as a benchmark for the controllers final validation.

Chapter 6 covers the summary and conclusions for this thesis, as well as a discussion re-
garding the results for the developed controllers. This chapter ends with recommendations for
further work regarding the development of integrator backstepping controllers for choke pres-

sure.



Chapter 2

Design Models and Reference Filter

2.1 Preparing the Design Models

A dynamic model of the behavior of pressure p. is needed in order to develop backstepping
controllers. In this thesis the backstepping controllers will use the choke angular velocity in
order track a reference signal with the choke pressure p..

The choke pressure dynamics is given by

. _B.
Pc= V(qm qc) 2.1)

Where p. is the pressure over the choke, § is the bulk modulus of the fluid, V is the volume of

the annulus, ¢g;, is the flow into the the choke and ¢, is the flow out of the choke. g, is given by

[2
dc =K. ;(pc — Pco)8(2) 2.2)

Here K, is choke gain, p is the density of the fluid running through the choke, p. is the pres-
sure in front of the choke while p., is the pressure after the choke. g(z) is a mapping function

taking the choke position z and maps it to the area opening in the choke given in %. Inserting

20
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Equation (2.2) into Equation (2.1) yields

; _E( N e )

Pc= v qin—Kc p(Pc Pco)g(Z) (2.3)
B, B (2, _
=3 din— K p(pc Peo)g(2) (2.4)

The pressure dynamics over the choke p. are now given as a differential equation with the choke
position z as an input.
In order to use angular velocity as the controller input, the choke actuator dynamics need to

be added to the dynamic equation for the system.

. _B B |2

pe=,din = Ke 5 (Pc—Peo)g(2) (2.52)
zZ=w (2.5b)
w= Ti(—a) +sat(wy)) (2.5¢)

Here w is the angular velocity of the choke position, w,, is the angular velocity input (i.e. the con-
troller output in which to control the system) and 7, is a time constant. The actuator dynamics
are represented as a first order linear filter in order to model the delay from the angular velocity
input to the actual choke position.

The backstepping development method tends to create large complicated controllers that
increase significantly in size and complexity as the order of the system increases. Because of
this, a 2nd order order system will also be used in this thesis in order to have a simpler system

in which to develop a controller for. The simplified system can be written as

2
Pc éqin - éKc E(Pc - Pco)g(z) (2.6a)
z = sat(wy) (2.6b)

Here the dynamics in the choke are excluded from the system dynamics and angular velocity w
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is set to be the angular velocity output from the controller. While this simplification provides a
mathematically correct relation between the angular velocity and choke position, excluding the
dynamics within the choke might lead to a lesser performing controller when it is developed on
the 2nd order system rather than the 3rd order.

All variables and constants in the 2nd and 3rd order dynamic equations are listed in Ta-
ble 2.1. p. is the choke pressure and depends on the flow through the choke. By adjusting this
pressure it is possible to control the pressure at the bottom of the well and thus providing the
right pressure for drilling. p; is a reference signal for the wanted choke pressure, this variable
is not a part of the original dynamic equations, but will be added as a part of the development
of a backstepping controller in order for the system to be capable of tracking this signal. p.,
is the pressure on the output side of the choke, which is typically at 1bar. g;, is the flow into
the choke, this flow is controlled by the mud pumps which provides a steady flow through the
drillstring, annulus and through the choke. g is the bulk modulus of the fluid. The bulk mod-
ulus of the drill mud is usually known, however, by the time the fluid has reached the choke it
consists of a combination of drilling mud, cuttings from the drilling and in some cases even gas
from the surroundings. This makes it harder to correctly define an accurate value for the bulk
modulus S. p is the density of the fluid in the system. As with the bulk modulus S, accurately
defining p might be challenging due to the mixture in the fluid by the time it reaches the choke.
K. is the choke gain. z is the choke position and operates between the range 0 — 1 (representing
0—-100%) and is also physically limited to stay within this range. g(z) is a mapping function for
the choke opening, taking the choke position z as input and maps the value of z to a correspond-
ing percentage area opening inside the choke, also given in the range 0 — 1 (again representing
0-100%). w is the choke angular velocity and represents the velocity of which z is changing,
due to the physical limitations of the choke, w is physically limited between to +50%s™!. w, is
the input angular velocity from the controller that will be developed in this thesis. Due to the
physical limitations in the choke, w,, is saturated in the dynamic equations in order to ensure
that the physical constraints are maintained. 7, is the time constant for the choke’s actuator
dynamics.

The development of backstepping controllers quickly increases in size during the design

procedure. In order for easier notation the models can be rewritten to make it easier to keep
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pc | Choke pressure Pa
pr | Choke pressure reference Pa
Pco | Choke output pressure Pa
gin | Choke in-flow st
B | bulk modulus Pa
V | Volume of annulus m’
: : 13
e | Density of fluid WE’;
K. | Choke gain constant -
z | Choke position %
g(z) | Mapping function %
o | Choke angular velocity %
w, | Choke angular velocity input | 2
T, | actuator time constant -

Table 2.1: Variable and constant table for the 2nd and 3rd order dynamic models

23

track of the essential parts of the controllers development. The 2nd order model from Equa-

tion (2.6) can be rewritten on the form of Equation (2.7)

where

pe=fi+882

z = sat(wy)
fi= gqin

/2
81= _ch ;(Pc - pco)

(2.7a)

(2.7b)

(2.8a)

(2.8b)

The 3rd order design model which is given by Equation (2.5) can be rewritten on the form

given by Equation (2.9)
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Pc=fi+818(2) (2.9a)
Z=w (2.9b)
W = fo+ grsat(wy) (2.9¢)

Here f; and g is given by Equation (2.8). f, and g» is given by

fr= _w (2.10a)
Tw
_ ! (2.10b)
8= e .

At this point there is a problem with the current design models. This is due to z not being
linearly multiplied into a term in p, but rather defined as an input in the mapping function g(z).
Figure 2.1 illustrates the functionality of g(z). Here z is the position of the choke actuator and
g(z) is the opened area within the choke. The reason for this behavior is due to the mechanical
design of the choke. The choke will be completely closed until the actuator position reaches a
certain value. In addition, the area opening inside the choke is not designed in such a way that

itis linear, thus causing the behavior as seen in Figure 2.1.

Choke Map

'o\€| T T T T T P
= 100 r 9(2)
c
c
3 50 T
o
<
je)
w 0 ]
8 | | | | |

0 0.5 1 15 2 2.5 3

Time [s]

Figure 2.1: Plot describing how the mapping function g(z) maps the actuator position to the

actual area choke opening.

This causes problems when designing a integrator backstepping controller which becomes
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apparent in the following calculations. In order to perform the beckstepping procedure, there
is a need to create virtual states. For the 2nd order design model (the same problem occurs the
same way in both design models) there are two obvious choices for the virtual states, the first of

which is

€1=Pc— Pr e2=g@)-a (2.11a)
) . . 0glz) |
é1=fitgilex+a)-p;, 62:%—a (2.11b)

In this case the problem comes down to the term %. It is not possible to symbolically

differentiate the mapping function g(z), making this a bad choice for the virtual state e,. It

. : : . s . .. D .
could be tempting to just differentiate the term z within the mapping function, i.e. %(IZ) =g(2) =

g(w,). However, doing this only results in mapping the signal w,,, which is the angular velocity
of the choke, to the choke position. This will clearly not provide the correct behavior for the
virtual state.

The second obvious choice would be

e1=pPc—Pr e=z—a (2.12a)

é1:f1+g1g(€2+6¥)—ﬁr er=wy,— (2.12b)

In this case the virtual states is defined such that it is possible to provide the controller with all

the necessary signals. Taking the following Lyapunov function and its derivative yields

1 2
Vi= Eel (2.13)
Vi=el(fi+giglex+a)—py) (2.14)

In this case the control law a becomes
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(2.15)

om el

81
Where h(z) is a mapping function such that 6 (k(z)) = z. Assuming the mapping function h(z)
exists, this control law needs to eliminate the term e,. This is not possible at the current step of

the process, thus making the control law invalid.

In order to avoid adding e; to the control law, the derivative of the virtual state e, could be

redefined as

é=fi+gi(gle) +gla))—pr (2.16)

which would provide the control law

—fi—k ;
a:h( h lel+p’) 2.17)
81
In this case the control law could be obtainable, however, it assumes that
glex+a)=gle) + g(a) (2.18)

This is not the case, and this is illustrated in Figure 2.2. In this scenario e, and @ both ramps up
at 50%s~! and it is clear that the behavior of g(e,) + g(a) is not the same as g (e, +a). This makes

sense considering that the mapping function is not linear and thus Equation 2.18 cannot hold.

Choke Map

fo\3| T T T T T €2+a
— 100 d(ex + @)
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c
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DO_ T T Il Il Il
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Time [s]

Figure 2.2: Plot illustrating how g(e; + @) # g(e2) + g(a) in the mapping function g(z)

This proves that there is not an "easy" way to develop a backstepping controller with the
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term g(z). However, it does not necessarily mean that it is impossible to do so. Nevertheless,
g(z) needs to be dealt with, and an alternative solution is to avoid using g(z) in the controller
all together. This can be achieved by introducing the mapping function h(z), which is defined

such that g(h(z)) = z, into the design model, i.e.

Pe=fi+g18h(2) = fi+g1z (2.19)

Z=wy (2.20)

This simplifies the task drastically as the system now has z linearly multiplied into a term in
pc. This solution has two important points that needs to be addressed. The first one is that it
needs to be possible to add the mapping function h(z) to the system, this also goes for a system
in the real world. The second one is that in order for the mapping function h(z) to work well,
detailed knowledge of the mapping function g(z) is needed. Figure 2.3 illustrates how adding
the mapping function h(z) can alter the output such that g(h(z)) = z.

Choke Map

100

o

Position/Opening [%]
ul
o

0 0.5 1 15 2 2.5 3
Time [s]

Figure 2.3: Plot illustrating how the mapping function /(z) cancels out the mapping function

g(z) when implemented as g(h(z))

The new design model for the 2nd order system becomes

pc=fitg1z (2.21a)

z =sat(wy) (2.21b)
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while the new design model for the 3rd order system becomes

Pc=hH+82 (2.22a)
Z=w (2.22b)
w = fo + grsat(wy) (2.22¢)

For the rest of this thesis, the 2nd and 3rd order system will be referred to and worked with on
the form presented in Equation (2.21) and Equation (2.22) respectively. In addition fi, g1, f2,

and g, will always be defined according to Equation (2.8) and Equation (2.10).

2.2 Tracking and Reference Filter

Tracking areference value can be achieved by introducing an error term as in Equation 2.23, here
x, is the reference value and x; is the state that should track the reference value. By ensuring

that the new state e; — 0 as t — oo tracking is achieved.

e1=xi— X, (2.23)

Consider the system in Equation 2.24. The system is on cascade form and suitable for inte-

grator backstepping development.

5(?1 = X2 (2.24a)

iy =u (2.24b)
In order to perform the backstepping procedure the following virtual states and their derivatives

could be used

er=x er=X2—Q (2.25a)

é1=e+a e=u—ao (2.25b)
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Performing backstepping with these virtual states would cause the state x; — 0 as ¢ — co. If the

virtual states instead are defined as

e =Xx1— Xy e=X—-a (2.26a)

é1=e+a—Xx; e=u—ao (2.26b)

the system will track the reference value since e; — 0 as t — oco.
In order to perform the backstepping procedure the Lyapunov function V; = %e% is intro-
duced and its derivative becomes
Vi=ei(e2+a— %) (2.27)

taking the control law a = —kj e; + X, yields

Vi =—kief+epe (2.28)

In order to perform the backstepping procedure the Lyapunov function Vo = V; + %eg is chosen
and its derivative yields

Vo =—kie +ex(e; + u—d) (2.29)

taking the controller u as in Equation 2.31

u=-e— kzeg +a (2.30)
=—e1—kyey — ki(x2 — X4) + Xy (2.31)

yields
Vo =—kie — koes (2.32)

which proves that the system in Equation 2.24 is asymptotically stable and u will provide the
system with a controller that tracks the reference value x;

From this development it becomes apparent that the 7 first derivatives of the reference value
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are needed, where n is the order of the system. Since the larges design model in this thesis is of
3rd order the 3 first derivatives of the reference value p; is needed in addition to the reference
value itself, i.e. p;, p;, P, and p,. In addition, the system is not capable of tracking instan-
taneous step changes in the reference signal, which makes it desirable to filter the reference
signal into a smooth signal the system can track. A simple reference filter can be defined as in

Equation 2.33.

y)As+ D =u(s), 1>0,1eR (2.33)

Here u(s) is the input value, y(s) is the filtered output value that will be used by the controller,
and (As+1)* is a 4th order filter. In this reference filter all the poles will be placed in the same po-
sition and along the negative real axis (not in the imaginary axis), providing a critically damped
reference value. A critically damped reference value is preferred over an overdamped reference
value since an overshoot in pressure after a reference change could cause a fracture or collapse
in the well.

Expanding Equation 2.33 and transforming it into the time domain yields

y()(A*s* +41°5% +64%s% +4As+1) = u(s) (2.34)
s 4 3 6 5 4 1 1
y($)s = —Zy(s)s — ﬁy(s)s — Fy(s)s— Fy(s) + Fu(s) (2.35)

....__é..._g.._i._i +iu (2.36)
R R R ER A TR T '

Equation 2.36 can be rewritten into state space form by reassigning the following variables

x=y (2.37)
Xp=X1=Y (2.38)
X3=Jp=§ (2.39)
Xy=i3=7 (2.40)

(2.41)
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and the reference filter in state space form becomes

X1 =% (2.42a)
J'Cg = X3 (2.42b)
X3= X4 (2.42¢)
. 4 6 4 1 1

X4 =——X4— u (2.42d)

R AR R TRRT

Reassigning the variables from the reference filter in order to obtain the variables needed for the

system yields

pr=x1 (2.43a)
Pr = X (2.43b)
Pr= X3 (2.43c)
Po=x4 (2.43d)

r=u (2.43e)

Here p, and its derivatives are the filtered reference singal needed for the backstepping con-
troller and r is the reference signal controlled by the operator.

In Figure 2.4 the reference values p;, p,, pr, and P, as a result of a step in r are plotted.
The upper plot illustrates the behavior of p, and its derivatives during a step change. The lower
plotintegrates the different derivatives of p, during the same step change and validates whether
the derivatives are correct. All the integrated derivatives of p, have the same value as p; itself,

confirming that the derivatives are indeed correct. In both plots A = 1.
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Figure 2.4: The upper plot illustrates how p, and its derivatives responds to a step change. The

lower plot verifies that the derivatives behaves correctly by integrating them in order to obtain

Pr



Chapter 3

Integrator Backstepping Controller with

Tracking

3.1 Integrator Backstepping with 2nd Order Design Model

Consider the the 2nd order system and note that w,, is not saturated in this case.

pc:f1+g1z (3.1a)

z:wu (3.1b)

In this backstepping case it is assumed that the pressure p. can be controlled through z that
contains the control input w,. In addition, p. is supposed to follow a reference signal p, rather

than going to 0. To achieve this, the following virtual variables are introduced.

e1=pPc—Pr e=z—-a (3.2a)

a=fi+tgle+a)-p; e2=Wy— & (3.2b)

Here e is the difference between the pressure p. and the reference signal p,. By developing

a controller that ensures that the error e; goes to 0, the pressure in the system will track the

33
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reference signal. e; is the difference between the control law a and the state z, ensuring that the
differences between the developed control law a and the actual state z becomes 0 as e; goes to
0.

The first step in order to develop a backstepping controller is to ensure stability of the first
state, in this case e;. In order to create a control law for e;, the following Lyapunov function is

introduced

V; L2 (3.3)
=—e .
1 2 1

and its derivative becomes

Vi=el(fi+gi(ex+a)—py) (3.4)

The control law a can be chosen as

oo -fitpr—kier
81

(3.5)

and V; then becomes

Vl = —]Cl ef + g1e1e2 (3.6)

a is not capable of handling terms that contain e, at this point, but e, will be taken care of when
establishing stability for e,. In order to control e, to 0 and obtain a control input, the following

Lyapunov function is chosen

1,
Vo=V + Eez 3.7)
and its derivative becomes

ng—k1€1+€2(g161+wu—d) (3.8)

Taking the control input
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wy=—-ker—gre1 +a (3.9

where « is given as )
. —htpr—kiér (fi+pr—kie)g
a= + 5
81 81

(3.10)

Gives V; the following form

Vo =—k1ef — ko5 (3.11)

which ensures that the origin of the error system is globally asymptotically stable, and should
ensure that p. tracks the reference signal p,. The final system with the control law a and control

input becomes

Pe=—kiei+giex+p; (3.12a)

Z:—kzeg—g1€1+d (3.12b)

Simulating the system with the developed controller yields the results from Figure 3.1. Dur-
ing this simulation the reference signal changes from 40 bar to 20 bar. While the controller is
capable of tracking this reference, it is quite clear the the controller output w, is not behaving

well.
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Figure 3.1: Plot illustrating how the controller behaves badly during a step change due to oscil-

lations in w,,

Figure 3.2 illustrates the behavior of each term in the controller w, = —k;e, — g1e; + @ when



CHAPTER 3. INTEGRATOR BACKSTEPPING CONTROLLER WITH TRACKING 37

performing the same simulation as in Figure 3.1
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Figure 3.2: Plot comparing the controller output w, and each term in the controller output

It is clear that w, is ill conditioned due to the gje; term. This term is a cancellation term in
order to satisfy the stability conditions from the Lyapunov candidate, and is therefore not nec-
essarily crucial in order to obtain a working controller. Removing this term from the controller

yields.

wy,=—-ke+a (3.13)

Simulating the system with the new modified controller provides the results seen in Fig-

ure 3.3. Itis clear that the behavior with the new controller is better than the previous controller.
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Figure 3.3: Plot illustrating the behavior of the system when the term g; e; is removed from the

controller

With the term g; e; removed from the controller, V, becomes
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Vo=—kies—kies+gere (3.14)

and the proof of stability from the Lyapunov candidate no longer holds since V5 is no longer
negative semi definite due to the term g e; e»

By introducing the control law and controller to the virtual state equation yields

é1=-kiei+gie (3.15a)

éz = —kgeg (3.15b)

and these equations are written on the cascade form which makes it possible to validate the
controllers stability with cascade theory. In order for the cascade system to be stable, the system
needs to satisfy the assumptions from Section 1.1.3.

For Assumption 1, f(f, x;) = —k; e; needs to be UGAS. Solving é; = —kj e; yields

061
—=-k 3.16
Y 1€1 (3.16)
1
—aeg = f —]Clal' (3.17)
]
Inle;| =-kit+C (3.18)
e1 = Ce hit (3.19)
e1(t; to, €1 (p)) = e (to)e™ 11~ 1) (3.20)
The solution satisfies the following inequality
e1(fo)e Um0 <y ey (19)|le 270 V=g (3.21)

With y; =1 and y» = ki, é; is UGES and thus also UGAS and Assumption 1 is satisfied.
For Assumption 2, the Lyapunov candidate can be chosen as V4, = %ef for the system é; =

—kyey. Vy is positive definite and its derivative becomes
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Vip=—kiet <0 (3.22)

and V}, satisfy the requirements for being a candidate for Assumption 2. For Assumption 2 the

following equations need to be satisfied.

le1] < c1Vax(t, x1) Vieil=n (3.23a)
681
oV
‘ Ll<e Vieil<n (3.23b)
6e1

In this case it yields the following results

2 1,
ler ] 501591 Vieil=n (3.24a)

le1l < ¢ Vieil<n (3.24b)

It is clear that (3.24a) holds for ¢; = 2 and (3.24b) holds for ¢, = 7 and n > 0, and Assumption 2 is
satisfied.

For Assumption 3 the following inequality needs to hold

1g(t, pe, 2)| = 01(1z]) +02(1zD | p. (3.25)

‘—EK 2 (Pe - Peo)
v ch Pco

= 01(Iz1) +02(1zD I pcl (3.26)
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and it is known that

pC € [0,00)
Pco € [0,00)
z€[0,1]

Pc = Pco

For simplification the system can be rewritten to

3\ Ca(Pe—Peo) <01(2) +01(2)pe

41

(3.27a)
(3.27b)
(3.27¢)

(3.27d)

(3.28)

where c¢3 = éKc >0and ¢y = % > 0. Note that the absolute value of g(t, p., z) is omitted since it

in Equation (3.28) always is positive. 8; and 6, is chosen as

0,(2) =z

0,(z) = z+ c5

It is clear that that 0, (0) < 0;(z) and 62(0) < 0,(z) which gives

€3V C4(Pc— Pco) = C5Pe

Cs

— <2
VPc—Pco= Cg\/C_4pc
Cs5
VPc— < =1
Pc—Pco = Pc 6‘3\/6‘_4

(3.29a)

(3.29b)

(3.30)

(3.31)

(3.32)

It is clear that the inequality is satisfied if p. = 1, which is suitable since normally p., = 1e5 Pa

Assumption 4 requires that the following is satisfied

j lea (15 1o, €2 (fo))|dE < @ a(lea (1)
Tp

(3.33)
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ex(t; ty, e2(tp)) is obtained by solving é; = — ks e

d

% = ke, (3.34)

1
e—aez :f—kzat (3.35)

2
Ines| = kot +C (3.36)
e, = Ce~ k2! (3.37)
ex(1; 1o, e2(to)) = ex(tg)e k2=t (3.38)

the origin of Equation 3.15b is then UGES and thus also UGAS. Integrating e, (f; ty, e2 (%)) yields

oo e (1 © e(t
f ex(tg)e 20| gp = | - 21 ko | €2(0) (3.39)
to 2 to kz
Validating the inequality requirement for Assumption 4
ex(to) _ lex(to)l
=< = = amlety)) (3.40)

ko ko
where a(x) 44 = kiz and is of class £, and assumtion 4 is then satisfied.

All assumptions are satisfied and by Theorem 1 the system is UGAS. The control input

wy,=—-kies+a (3.41)

will ensure that p, tracks p, and the final system with the control law a and control input w,

becomes

pc=—kie1+gex+p;, (3.42a)

zZ=—krer + & (3.42b)
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3.1.1 Controller Validation 2nd Order Backstepping Controller

Figure 3.4 shows a simulation of the 2nd order integrator backstepping controller with the 2nd
order dynamic model in the p, step changes scenario. For each step change the controller man-
ages to track the reference pressure p, with the choke pressure p.. By taking a look at ey, it
becomes clear that the tracking is not perfect, but the error is so small, with the biggest error
being less than 4 x 10713 Pa, that this error is not significant. The small error in e, indicates that
the control law a does a good job in replicating the state z in order to control the pressure p,

meaning that the developed control law a performs well in this scenario.
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Figure 3.4: Plot results from a simulation of the 2nd order integrator backstepping controller

with the 2nd order design model in the p, step changes scenario

A simulation of the connection scenario is performed with the 2nd order integrator back-
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stepping controller with the 2nd order dynamic model in Figure 3.5. During the whole scenario,
the tracking remains perfect which can be confirmed by e; being 0 Pa throughout the whole
simulation. The value of e, remains small throughout this scenario as well, confirming the good

performance of the control law a.
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Figure 3.5: Plot results from a simulation of the 2nd order integrator backstepping controller

with the 2nd order design model in the connection scenario
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3.2 Integrator Backstepping with 3rd Order Design Model

Consider the 3rd order system

Pe=hfi+gz
Z=w

Wy = fo+ gosat(wy)

(3.43a)
(3.43b)

(3.43¢)

In order to perform the backstepping procedure, the following virtual states are introduced

€1=pPc—Pr e2=2—m

ée1=f+glea+ay)—p, ér=e3+ax—a

and the first Lyapunov function is chosen as

1
Vi=—e
1 21

Vi=el(fi+gi(ex+ai)—py)

taking the control law a; as
_—h-kei+p,
81

al

yields

y 2
V1 = —klel +g1e1e

e3=w—as (3.44a)

é3 = fg + gw, — ay (3.44b)

(3.45)

(3.46)

(3.47)

(3.48)

The next step in the backstepping procedure is introduced with the Lyapunov function V, and

its derivative and yields
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15
Vo=V + N2
2
VZ = —klef + ez(glel +e3+ay—aq)
taking the control law a, as
ar=—gie1—keex+ g

yields

Vo =—kief —koes + ezes

48

(3.49)

(3.50)

(3.51)

(3.52)

The last part of the backstepping procedure is introduced with the Lypunov function V3 and

its derivative and yields

1 2

y 2 2 .
V3 = —klel — k'262 +e3(e +f:2 + 82wy — @)

Choosing the controller w, as
e~ fot+dr—kses

u=
82

yields

v 2 2 2
V3 =—kiey — koe; — kzes

where k1, k», k3 > 0.

(3.53)

(3.54)

(3.55)

(3.56)

As with the second order controller, the term ge; in ¢, causes problems for the system as

the term is ill-conditioned. Removing this term, however, seems to provide a good controller

for the system, but at the same time the proof of stability collapses. The final control laws and
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controller then becomes

-fi—-kiet+p
= ket P (3.57a)
81
ar =—kyer+ay (3.57b)
—er—fr+dr—k
w0, = 22t dz kses (3.57¢)
82

The system can be rewritten in terms of the virtual states with the control laws a; and a, and

the controller w, introduced to the system. The system then becomes

é1=-kier+gie (3.58a)
ér=—kyer + e3 (3.58b)
ég = —kg e3 — e (3.58¢)
The system can be rewritten as
& :—k151+(g1 0)52 (3.59a)
. -k 1
§2 = P (3.59b)
-1 —ks
where
1=e (3.60a)
€
§2= (3.60b)
es

k1 )
A= (3.600)
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The system is now written as a cascade system where ¢, is an input in system ¢;. Note that
the system ¢, is the same as in Equation (3.15a), and thus, Assumption 1 - 3 already holds for
this system. Theorem 1 holds if Equation 3.59b can be proven UGAS and Assumption 4 holds.
For Equation 3.59b to be UGAS the eigenvalues of the matrix A needs to satisfy Re(1) < 0. The
eigenvalues of A is given by
det(A— Al = _kzl_)t kl |- A2 + (ky + ka) A + ko ks + 1 3.61)
— iy

solving the polynomial in Equation (3.61) yields

(ko + k3) £/ (ka + ks)? — 4(ka ks +1)

A 3.62
: (3.62)
—(kp + ks) £/ + 2o ks + K — 4o ks — 4
A= (3.63)
2
(kg + k) £ /(k — k3)? — 4
1= (k2 + k3) (k2 — k3) (3.64)

2

By analyzing Equation (3.64) the stability of the system can be validated. From the beckstepping
procedure it is known that ky, k3 > 0. If (kp — k3)? < 4, then clearly Re(1) < 0 since the values
inside the square root is negative and thus imaginary. When (k, — k3)? > 4, the values inside the
square root are no longer imaginary. However, since the term outside the square is defined such
that any increase in either k, or ks will lead to a larger negative value, while inside the square
root, in order to achieve an increase in value, one of either k; or k3 needs to have a low value
while the other increases. Because of this behavior, the worst case scenario in terms of defining
values for k; and k3 (i.e. ending up with a case where Re(1) < 0 no longer holds) is when either
ko or ks is so small that it is practically 0, while the other is extremely large. However, since
ko, ks > 0, the term outside the square will always be larger in magnitude that the term inside
the square root, and thus, for valid choices of k; and k», Re(A1) < 0 will hold. In addition, the term
—4 inside the square root further strengthens this proof as it decreases the total value inside the
square root. Equation 3.59b is therefor UGAS.

In order to verify whether the system satisfies Assumption 4, the solution for the system in

Equation 3.59b is given by Equation 3.65
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&y = eMEH(0)

Here e/’ given by

e = f(A) = h(A) = Bol + 1 A
where f and f; are obtained by solving
h(Ai) = f(A:)

h(Ai) = Bo + P1A;
fA =etit

51

(3.65)

(3.66)

(3.67a)
(3.67b)

(3.67¢)

where A;,i € [1,2] are the eigenvalues of A and are obtained through Equation 3.64. Solving the

equalities from Equation 3.67 yields the results from Equation 3.70 - 3.71

Bo+Mipr=eM’
Bo + A2 = e

At Aot
B —e’l +e’? Ayt
Bo=-M +e
Ar— M1
IB _ellt_'_eﬂgt
| =
Ao — A

e’ is then given by

e’ =Bol+p1A

:(_Al(_eht"'eht)_l_eﬂtlt) 1 0 +_e11t+e12t _k2
A2 =N 0 1 la=A1 | —1

1
ks

|

(3.68)

(3.69)

(3.70)

(3.71)

(3.72)

(3.73)
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A

In order to simplify further calculations, e?! can be be rewritten as shown in Equation

a b

et = (3.74a)
c d
At o Aot At pAot
—-eMlte et —-eMlte
a=-AM——+ett—kyp—— 3.74b
1 T Ay 2 T ( )
b _e/llt+e/12t (3 4 )
= .74c
Ar— 1
—elr et (3.74d)
c=———— .
Ao — A1
At HAot At pAot
—-eMlte —-eMlte
d=-AN——— +eMlgfjg— 3.74e
1 Mo A1 3 T Ay ( )

¢2,1(fo)

Setting the initial value ¢ (%) = (522(t0)

) = (&),1c1, c2] € R! the solution of &, is given by Equa-

tion 3.75

&y =eME,(0) (3.75a)
a bl|a

éo= (3.75b)
c d Co

$a1=aci+bc (3.75¢)

érp=ccr+de (3.75d)

In order for the system to satisfy Assumption 4, the solutions in Equations 3.75c¢ - 3.75c needs to

satisfy

f 1€2,1 (% 0, ¢2,1 (t)) At < a1 (1€2,1 (20)]) (3.76a)
1

0

f [€2.2(8; 10, &2,2(t)) At < az(I€2,2(20)]) (3.76b)
1

0

Since the verification of assumption 4 relies on integration with respect to ¢ (note that c; and ¢,
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are functions of fy rather than ¢ and will behave as constants in this integration), the solutions

from Equations 3.75c - 3.75c¢ can be further simplified in order to ease the integration task. The

simplification of ¢, ; is performed in Equation 3.77

62,1 =acj + bCz

( /1 _e/lll'+e/12t At k _e/lll‘_i_e/lzl‘) _e/lll'+e/12t
=l-A———+e" " — K> c1+ Co
A=y A2 =M Ar— My
1101 —/1101 kZCl
= Mty 2 ety oMty eMiy
A=Ay A=Ay A=y
—koc1 ) c2
—6/12[+ e/llt'i' e/lzt
/12—/11 /12—/11 Az_/ll
Aicy k21 —C
:( +c+ My
Ar =M Ar=A1 A=A
( -Aia N —kocy L )8,12[
/12—11 Az—ll 12—11
=czeM! + ¢ et
Likewise, a simplification of ¢; , is performed in Equation 3.78
(fg,g =cc) + ng
Mt Aot At Aot Mt Aot
__ e . (—Mﬁ PR TV Sl P
A=A A=A A=A
c1 —C1 Ao
— e/llt_'_ e/lzt e/l]l’_'_
/12—/11 /12_/11 /12_/11
—/11 Co - k3 Co ](33 Co
B LI LI ARSI APV )
Ar =M A2 =M A2 =M
C1 Al(/‘g -k Co
:( + +ep+— Mg
A=A A=A A=Ay

( —a -Aic2 N ksca )elzt
Az—/ll /12—/11 /12_/11

=cseM! + cge?!

(3.77a)

(3.77b)
(3.77¢)
(3.77d)
(3.77¢)
(3.779)

(3.779)

(3.78a)

(3.78b)
(3.78¢)
(3.78d)
(3.78e)
(3.78f)

(3.78g)

Here c3, ¢4, 5, ¢ € R, consists only of constant values decided by the choice of k; and k» (1; and

A, are given by k; and k; according to Equation 3.64) and are given by
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c3 =c3(cy,c0) = ha +c1+ ko + e )
3 =C3(C1,C2) = Mo 1 1 PP P
¢y =cy(cy,00) = “ha + ka1 + @ )
ETHELRIT L AL A A Mg
C1 A]Cg _kSCZ )
= ,Co) = + +co+
¢5 = ¢5(c1, €2) I R Co PR
—-C1 -Aic2 ksca )
= ,C2) = + +
Cs = Cs(C1,C2) P P VR I S

/llt,e/lgt

Since e =0, then clearly

(e,0) (e,0) (e 0]
f 1$2,1(55 to,fz,l(to)ldt=f cseM! +cyet! dtﬁf (Icsle™ +|cale?")d
to o Ip
Then integrating ¢ yields
M i Aot
foo(|03|ellt+IC4|eAZt)dt:— lcsle”® _ Jeale™?
1)) /11 /12
_lesten,eleM® eyler, cp)let2
M A2
_lesGalto)leM ™ Jea(Ealty))let2
A1 Ao
Likewise, for ¢ 2
At Aot
foo(|c5|e’ht+ICelelzt)dt:— |cs|e’1io ~ |cgle?2 o
Io A A2
_lesler, e)le ™ egler, co)le”
M A2
_lesato)leM o es(alt))let2
A1 o
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(3.79a)

(3.79b)

(3.79¢)

(3.79d)

(3.80)

(3.81)

(3.82)

(3.83)

(3.84)

(3.85)

(3.86)

Since the values of 1; < 0 and ¢y = 0, the largest value of etit is 1. The class # functions a;(-)

can be chosen as in Equation 3.87
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[c3 (&2 (1)) B [ca(&2(10))]

a1(2(t) = - /11 N (3.87a)
1 1
az(fz(t())):—wS(éZ( o)l les(S2 (o))l (3.87b)
M A2

Here the functions c; (£, (%)) are linear and since to A; < 0, the functions a; (¢, (fy)) are strictly
increasing. In addition a(0) = 0 and thus satisfying the criteria for being a class .# function.

The inequalities in Equation 3.88a holds and thus Assumption 4 holds.

f (|63|e’ht+ |C4|e/12t)dt5 _|6‘3('f;(170))| B |C4('fj(f0))| (3.88a)

to 1 2

f (|c4|e’ht+ |65|€/12t)dt3 _|Cs(fj(lfo))| B lCG(if(tO))l (3.88b)
to 1 2

Theorem 1 is then satisfied the the 3rd order system is therefore UGAS.

3.2.1 Controller Validation 3rd Order Backstepping Controller

Figure 3.6 displays the results from simulating the 3rd order design model and integrator back-
stepping controller in the p, step changes scenario. In this simulation, the controller does a
good job in tracking the reference signal p, with the choke pressure p.. However, compared to
the 2nd order controller from Section 3.1.1, the error e; is significantly larger in this case. The
error e is still small, with the larges peak being less than 5 x 1073 bar, which is not even notice-
able considering p. typically having values that are greater than 1 x 10° bar. Nonetheless, this
observation indicates that the extra step performed in the development of the 3rd order back-
stepping controller slightly impacts the performance of the controller. This is not necessarily
surprising since the extra step significantly increases the number of terms and derivatives in the
developed controller, and thus increases the number of possibilities for small errors in terms of

offsets to appear.
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Figure 3.6: Plot results from a simulation of the 3rd order integrator backstepping controller

with the 3rd order design model in the p, step changes scenario
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A simulation of the connection scenario is illustrated in Figure 3.7. In this scenario, the pres-
sure p. drops slightly during the ramp down of the flow ¢g;,, and during the ramp up of ¢g;, the
pressure p. increases slightly. The controller manages to keep the pressure p. close to the refer-
ence value p,. Compared to the 2nd order integrator backstepping controller which managed
to keep the pressure p, exactly equal p;, the 3rd order controller clearly performs worse. The

error between p. and p; is only 0.2bar at worst which is still good.



CHAPTER 3. INTEGRATOR BACKSTEPPING CONTROLLER WITH TRACKING 58

Choke Pressure
T T T T T T pc

N
6]

Pressure [Bar]
D
o

0 100 200 300 400 500 600 700 800 900 1000
Choke Flow

w
ol

T T T T
qC

- = Gin

1000

Flow [I/min]
S
8

0 Il Il Il Il Il Il
0 100 200 300 400 500 600 700 800 900 1000

Choke Position

I I I I I I z

o2}
o

Position [%]
N a1
o o

300 400 500 600 700 800 900 1000

w

o
o
=
o +
o
N
o +
o

Choke Angular Velocity

T T T
w
| —_—— W,
v
|

0.5 . T

-0.5 : :
0 100 200 300 400 500 600 700 800 900 1000

Tracking and Position Control error ><110'7
T T T T T T T o

€1
€2

Il Il Il Il Il Il Il
-1
0 100 200 300 400 500 600 700 800 900 1000

€3

a1
T

Angular Velocity [%/s]S1° PT€SSUr€ [Barl - angular Velocity [%/s]
o
o
e, Position [%]

_5 | |
100 200 300 400 500 600 700 800 900 1000

Time[s]

o

e3.
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Chapter 4

Adaptive Integrator Backstepping

Controller with Tracking

It is not uncommon in real life scenarios that some parameters are unknown in the system.
This is the case for p and f in the system covered in this thesis. This chapter will cover the
development of adaptive backstepping controllers where the parameters f and p are considered

to be unknown.

4.1 Adaptive Controller 2nd Order System

For the second order system an adaptive controller can be developed based on the following

design model

Pec=01f3+02832 (4.1a)

Z=wy (4.1b)

59
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where

3= q—"'/" (4.2a)
K
g3 = —76 V2(Pe = Peo) (4.2b)
91 = ,B (4.2C)
B
0, = —— (4.2d)
TP

Here 0, and 0, are the parameters that need to be estimated and the following error variables

are introduced

D
—
Il
-
—

él :él—gl (4.3a)

e
)

[l
)

0> =0,—0, (4.3b)

where él and 92 are the estimated values of 8, and 6, respectively.

In order to perform the backstepping procedure, the following virtual states are introduced

e1=pPc—Pr e=z—« (4.4a)

é1=01f3+0283(e2+)— py er=w,—a (4.4b)

The first step of the development of the adaptive backstepping controller is created with the

following Lyapunov function and its derivative

1 »

- 4.5
20, “ (4.5)

Vi

. 0 1
Vi=e 9—1f3 +g3(ex+a)— e—iﬁr (4.6)
2 )
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Before choosing the control law a, new estimation parameters are introduced

93 = — = £ = \/ﬁ
6, L
N
1 1 Jp
Y
with the corresponding estimation errors
b3 =03-05 03 =0
94294—94 §4Zé4

The control law « is then chosen as

o= —Osf3—kyey +04p,
83

and the derivative of the Lyapunov function V; becomes
V= _kle% +gserer—03fze1 +04pre

For the next step in the beckstepping design the following Lyapunov function is chosen

1
Vo=Vi+—-e
2 1t5e

Vo =—kies —0sfse1 +0,pre) +ex(gser +wy — @)

where « is given by

b= ~Osf3—0sfs—kyéy +04pr + 04, _ (—03f3—kie1 +04p,) 83
g3 g5
b= —Osf3—0sf3— k101 f3 — k102832 + k1 pr + 04 Py + 041 B (—Osfs —kie1 +04p) 83
83 g§

(4.7a)

(4.7b)

(4.8a)

(4.8b)

4.9

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)
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The controller w,, is then chosen as

a)u:—g3€1+af—k2€2 (4.15)

Here & is the same as control law &, but instead of using the unknown parameters 6, and 6, it

uses the estimated parameters él and ég. & is then given as

033 =03f5 = k101 f5 = krOagsz + ki pr +0apr +0appr (=033 = kres +0ap)gs

d= . (4.16)
83 83
and @ = @ — & then becomes
. k6 k16 k10 k0
ok 1fs ki 2832k 1f3+ 102832 4.17)
83 83 83 83
k _ -
d:—iém—kﬂ& (4.18)
83
Inserting w,, into V5 then yields
Vo =—kief - kpes +exd—03fze; +04pre (4.19)
. - k - - _
V, = —klef - kgeg -6, ¢ 1f3 —0Osexk;1z —63f3€1 +94;§re1 (4.20)
4.21)

In order to obtain the update laws for 0 i where i € {1,2,3,4} The following Lyapunov candidate

is chosen

1 -
Va=Va+o—0;,  i€(1,23,4] (4.22)

i
. ~ (1 x k ~ (1 x ~ (1 x ~ (1 x
V3= —kle% — kzeg +61(—91 _& 1f3) +92(—92 - ezklz) +93(—93 —fgel) +94(—94 + ]ﬁrel)
Y1 83 Y2 Y3 Y4

(4.23)
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Choosing the following update laws

; :Ylezklf:-;

6, p 0, =yoe2kiz  O3=73f3e1 04 =—y4pre (4.24)
3

yields

V3 =—kief - ko5 (4.25)

Asymptotic tracking is achieved and the adaptive controller with its update law for the second

order system can be written as

wy=—-gel+a—koe (4.26a)
2 k

6, = ezkuls (4.26b)
83

ég =7Y2€2 k1z (4.26¢)

ég = ’}/3f3€1 (4.26d)

é4 = Y4]§r61 (4.266)

4.1.1 Controller Validation 2nd Order Adaptive Backstepping Controller

Figure 4.1 displays the p, step changes simulation with the 2nd order adaptive integrator back-
stepping controller and the 2nd order design model. During this simulation, the parameters in
the controller are equal to the ones listen in table 4.1. It is clear that the controller manages to
track the reference p, with the choke pressure p.. However, looking at the position z and the
control output w, it is clear that the controller causes oscillations during the reference changes.
The reason for this behavior is due to the term —g; e;. This term behaves better in the adaptive

controller compared to the non-adaptive controller. This is due to L being removed from the

NG
term, causing the magnitude of g; to be significantly smaller. However, the term still causes
problems for the adaptive controller. Since the adaptive controller relies on the update laws
0, — 0, in order to prove stability, cascade theory can not be used in order to prove stability of

the adaptive controller without the term —g; e}, since it will not cover the stability of the update
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Figure 4.1: Plot results from a simulation of the 2nd order adaptive integrator backstepping

controller with the 2nd order design model in the p, step changes scenario
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Bulk modulus 1x10%Pa
Density of fluid 1500 kgm ™
Annulus volume | 150 m3

K. | Choke gain 0.002850

k; | Controller gain1 | 1x10~/

k, | Controller gain2 | 10

y1 | Updatelaw 1 gain | 1 x 107

y, | Update law 2 gain | 1 x 10*

Y3 | Update law 3 gain | 1
y4 | Updatelaw 4 gain | 1 x 10718

<|® ™

Table 4.1: Parameters for 2nd order adaptive integrator backstepping controller during simula-
tions with the 2nd order design model

Figure 4.2 shows a simulation with the 2nd order adaptive controller during the connection
scenario. In this case the controller manages to keep the pressure p. on the reference value
pr during both ramp down and ramp up, with the biggest offset being less that 5 x 107 bar. In
this scenario, there are no oscillations caused by the controller, indicating that the controller is
capable of handling flow changes in ¢g;,. However, since the controller already behaved badly
during the p, step changes scenario, and considering that this simulation is on a perfect system,
the performance of the adaptive 2nd order controller is not satisfactory.

Due to the behavior of the adaptive controller for the second order system, an adaptive con-
troller for the 3rd order system will not be developed in this thesis. The same term ge; will

appear in a 3rd order controller and likely cause the same problems.
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Chapter 5

Straume Validation Tests

This chapter covers validation of the performance of the 2nd and 3rd order integrator back-
stepping controller when used with Straume®. The 2nd order adaptive integrator backstepping
controller will not be used due to the bad performance in Section 4.1.1.

The simulations will use the p, step changes scenario and the connection scenario. In
addition, simulations with these scenarios, but with wrong parametrization for bulk modulus
or density will be performed in order to determine the controllers robustness in terms of bad
parametrization.

The Straume®

version provided by Kelda contains several inputs and outputs. For the vali-
dation tests the inputs z.; and g, and the outputs q., g, and p. will be used.

z. is the choke position for the choke in Straume®. Since the choke input takes the position
rather than the angular velocity, parts of the dynamic models used for the control development
will be used in order to obtain the choke position z from the control output w,,.

Since the simulator requires the position as input for the choke, it becomes easy to imple-
ment the necessary mapping function h(z) from Section 2.1. h(z) will simply be implemented
between the dynamic model and Straume®. In the simulations in this chapter, the values of
both z and h(z) will be plotted. h(z) will be the actual output from the controller that will be
used as input into Straume®, while the value of z will be used as a variable within the controller.
By using the mapping function h(z) as input, the actual choke opening within Straume® will

be similar to z. This means that in order to understand the behavior of how the choke position

affects the pressure in Straume®, it is important to focus on z rather than h(z).

67
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qp is the pump flow from the mud pumps in the system. g;,, which is the flow used in the
dynamic models used for the control developments, is not possible to manipulate directly in
Straume® (nor in a real life scenario). In order to obtain the ramp changes in g;,, which is used
for the connection scenarios in the validation testing, g, will be used instead. g, and g;, are
directly related, and the flow behavior through the drillstring and annulus will impact how ¢g;,
will behave during the ramp changes in g,

q. is the choke flow in Straume®. This output will be used to observe how the controllers
affect the choke flow in the system and its behavior will provide useful information for the vali-
dation tests.

dq is an array containing 100 separate flow values evenly spread throughout the length of
the annulus. By extracting the last value the flow g;, is obtained, providing the controller with
a necessary input. ¢;, will be used together with g, in the validation tests in order to observe
how the choke behaves during the different scenarios.

P is the choke pressure in the system and will be used as an input for the controllers. It will
also provide crucial information during the validation tests as it is the variable that should track

the reference signal p,.

5.1 2nd Order Integrator Backstepping Controller

In this section the performance of the 2nd order integrator backstepping controller will be vali-
dated. During the validation tests the parameters of the controller are given in Table 5.1.
In order to provide Straume® with the correct choke input the design model in Equation 5.1
z = sat(wy) (5.1)
The state z from this design model will be used in the mapping function /(z) and the choke
input in Straume® will be given as in Equation 5.2
z. = h(z) (5.2)

The simulations consisting of wrong density parametrization had little to no impact at all on
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Bulk modulus 1x10%Pa
Density of fluid | 1500 kgm ™
Annulus volume | 100 m?

K. | Choke gain 0.002850

k1 | Controller gain1 | 1

k, | Controller gain2 | 1

<o ™

Table 5.1: Parameters for 2nd order integrator backstepping controller during Straume® valida-
tion simulations

the controllers performance. Plot results from these simulations are therefore omitted in this

chapter, but can be found in Appendix B.1

5.1.1 Validation Test With Reference Value Step Changes Scenario

Simulating Straume® with the 2nd order integrator backstepping controller in the p, step changes
scenario yields the results in Figure 5.1. For each step change, the choke pressure p. tracks p,
quite well. However, the error e; is never 0 % in the time periods p, is steady state, meaning that
there is a slight offset between p. and p,. There is also a slight offset between the flow g, and
qin- This is due the mud being compressed before the choke, causing a slight decrease in flow.

It is also worth mentioning the good behavior of z and w,, in this simulation. Neither of them

has any unnecessary oscillations in order to achieve the wanted results in this simulation
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Figure 5.1: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the p, step changes scenario
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5.1.2 Validation Test with Connection Scenario

® simulator with the 2nd order

Figure 5.2 contains the plot results from simulating the Straume
integrator backstepping controller in the connection scenario. In this scenario, the controller
manages to keep the pressure p. close to the reference value p, during the simulation, and
during ramp down and ramp up the choke pressure also changes slightly. This is due to the
ramping in g;, happening before the ramping in g.. This can clearly be seen in the plot. During
the ramp down, ¢, slightly lags behind g;,, meaning that g, is slightly larger than g;, in this
period. This causes a small, yet constant decrease in pressure during the the ramp down. The
opposite holds true during the ramp up. For a short period of time, g;, is larger than g, causing
an increase in p. for a short time during the ramp up. It’s also important to note the offset
between p. and p, during steady state. When the flow g;, = 0 it is impossible for the controller
to do anything about the offset since it is necessary for the flow g;;, > 0 (thus making it possible
to achieve ¢g;, > q.) in order to produce an increase in the pressure p.. However, there is also
an offset between p. and p, before the ramp down and after the ramp up. In these periods the
controller is presented with the necessary conditions in order to compensate for this offset. The
reason for this offset not being dealt with is likely due to the lack of any term containing e; in
the controller. Had the term —ge; still been a part of the controller, it might have canceled out
the offset. An interesting situation in this scenario is the oscillations in the system happening
just after the ramp down. This is likely due to the oscillations in g;, where the flow also holds

negative values, meaning that the flow in the choke goes in the opposite direction.
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Figure 5.2: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the connection scenario
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5.1.3 Validation Test with Reference Value Step Changes Scenario with Low
Bulk Modulus

A simulation of the p, step changes scenario is illustrated in Figure 5.3. In this simulation the
value of the bulk modulus 8 within Straume® holds the value 1 x 108 Pa. This corresponds to
5% gas in the fluid in the annulus. This is a high amount of gas, but still within what could be
expected to happen during a drilling operation. It is clear from the simulation that this heavily
affects the capability of tracking the reference signal p, with the choke pressure p.. However,
looking at the behavior of w,, and the choke position z it becomes clear that the controller is not
to blame in this situation. In this simulation, the controller closes the choke almost completely,
which is the correct choice in order to increase the pressure p.. Due to the low bulk modulus
B, the pressure p, will simply not increase fast enough in order to keep up with the reference
value p,. In order to provide the controller with a validation test that properly validates the con-
trollers capability of handling reference changes in p, with a low bulk modulus S, the p,steps
validation test needs to be altered in order for the pressure p. to actually be able to keep up with

the reference value p;,.
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Figure 5.3: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the p, step changes scenario with low bulk modulus in Straume

Figure 5.4 displays the results of simulating the 2nd order integrator backstepping controller
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against Straume® with an altered p, step changes scenario. In this scenario there are fewer step
changes, and the size of the steps are significantly smaller compared to the the simulation from
Figure 5.3. In this simulation, the the pressure p. is capable of following the reference changes
in p,, however, there is a significant offset between the two. One interesting point regarding
this offset is that the offset remain the same in magnitude in between the step changes. This
means that the controller does not manage to cancel out this offset over time, nor does the
offset seem to increase. It is also noteworthy that both the offset between the choke pressure p,
and the reference value p, and the offset between the flows g;, and g, are much larger in this
scenario compared to the same scenario that had correct parametrization for bulk modulus.

This indicates that the flow difference could be responsible for the offset in pressure.
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Figure 5.4: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the altered p, step changes scenario with low bulk modulus in Straume
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5.1.4 Validation Test With Connection Scenario with Low Bulk Modulus

A simulation of the connection scenario with the 2nd order integrator backstepping controller
is illustrated in Figure 5.5. In this simulation the bulk modulus g in Straume® holds the value
of 1 x 108 Pa. As with the simulation of the p, step changes with low bulk modulus § in Sec-
tion 5.1.3, there is an significant offset between the reference p, and the choke pressure p..
Compared to the same connection scenario from Section 5.2.2, the offset in this simulation is
significantly bigger, indicating that the lower §§ value impacts this offset. In addition, this offset
decreases as the flow ¢g;; ramps down and when the flow g;, = 0 the offset is 0 as well. This
indicates that the offset is largely due to the flow g;,. Apart from the offset, the controller seems

to handle this scenario quite well, even with the f value being so far off.
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Figure 5.5: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the connection scenario with low bulk modulus in Straume
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B | Bulk modulus 1.25 x 10° Pa
p | Density of fluid 1500 kgm™>
V' | Annulus volume 100 m3

K. | Choke gain 0.002850

ky, | Controller gain 1 1

ko | Controller gain 2 1

ks | Controller gain 3 1

T, | actuator time constant | 0.5

Table 5.2: Parameters for 3rd order integrator backstepping controller during Straume® valida-
tion simulations

5.2 3rd Order Integrator Backstepping Controller

In this section the performance of the 3rd order integrator backstepping controller will be val-
idated in simulations with Straume®. During these simulations the controller’s parameters are
given in Table 5.2.

In order to provide Straume® with the correct input, the the dynamic model in Equation (5.3b)

is implemented.

t=w (5.3a)
@ = i( —w+sat(wy)) (5.3b)
Tw

From this dynamic model, the state z can be used as an input for z. in Straume®. However, in
order to compensate for the mapping of the position z. to the actual area choke opening in the

choke within Straume®, the mapping function h(z) is added to the system, i.e.

ze = h(2) (5.4)

The simulations consisting of wrong density parametrization had little to no impact at all on
the controllers performance. Plot results from these simulations are therefore omitted in this

chapter, but can be found in Appendix B.2
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5.2.1 Validation Test with Reference Value Step Changes Scenario

Simulating Straume® with the p, step changes scenario with the 3rd order integrator backstep-
ping controller yields the results in Figure 5.6. It is clear that p. tracks p, quite well, however,
there is a slight offset between the two during steady state. This is likely due to the lack of a term
containing e; in the controller. It is possible that if —ge; was still a part of the controller and
not ill-conditioned, the offset could have been compensated for. The controller also behaves
well in this scenario as it does not produce any unnecessary oscillations in order to achieve the

tracking.
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Figure 5.6: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the p, step changes scenario
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5.2.2 Validation Test with Connection Scenario

In Figure 5.7 the results from simulating Straume® in the connection scenario are plotted. The
controller manages to keep p. close to the reference value p,, however, the offset is still quite
noticeable. The results in this case are much alike the results from the same scenario, but with
the 2nd order controller in terms of tracking, and the offset occurring this scenario is due to the
same reasons as with the 2nd order controller. Unlike the 2nd order controller, the 3rd order
controller output w, produces quite a lot of oscillations. These oscillations are especially bad
when the flow g;, reaches 0, but there are also oscillations during the ramp up of the flow g;,.
This indicates that the 3rd order controller does not only behave poorly during low flow, but it

seems to handle flow changes bad in general.
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Figure 5.7: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the connection scenario
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5.2.3 Validation Test with Reference Value Step Changes Scenario with Low
Bulk Modulus

A simulation of the altered p;, step changes scenario (from Section 5.1.3) with a bulk modulus
value of f = 1 x 108 Pa in Straume® is performed with the 3rd order integrator backstepping con-
troller in Figure 5.8. In this simulation the controller is capable of tracking the reference value
pr with the choke pressure p. quite well. However, there is a noteworthy offset between the
reference value p, and the choke pressure p. in this simulation. This offset does not change in
magnitude between the step changes, meaning that the controller does not manage to decrease

this offset during the step changes.
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Figure 5.8: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the p, step changes scenario with low bulk modulus
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5.2.4 Validation Test with Connection Scenario with Low Bulk Modulus

Figure 5.9 displays the results from simulating the 3rd order integrator backstepping controller
with Straume in the connection scenario with the bulk modulus in Straume® being 1 x 108 Pa.
The controller manages to some degree to maintain the pressure during ramp down and ramp
up in g;,, however, there is an offset before the ramp down and after the ramp up. This indicates
that the offset caused is largely due to g;,, since the offset disappears when ¢;, = 0. Since the
offset before and after the connection in this simulation is larger than the offset in the same
simulation, but with the correct value for f in Section 5.2.2, indicates that the bulk modulus f

also impacts this offset.
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Figure 5.9: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the connection scenario



Chapter 6

Summary and Recommendations for

Further Work

This chapter covers the results from this project and a discussion around the performance of
the developed controllers. It also cover recommendations for further work in order to improve

the performance of the controllers developed in this thesis.

6.1 Summary and Conclusions

In MPD one relies on good choke control in order to obtain the correct pressure at the bottom of
the well during drilling operations. In this thesis, controllers based on integrator backstepping
and adaptive integrator backstepping were developed in order to obtain an understanding on
how well these controllers manage to control the choke pressure. The controllers should be able
to control the choke pressure such that it follows a reference value controlled by an operator, and
should be able to achieve this by adjusting the choke’s angular velocity.

The controllers were developed based on dynamic models for the choke pressure and then
simulated in two different scenarios that validated the controllers performance. The controllers
would be simulated with the dynamic models that was used in their development, and thus
the conditions during the simulation is considered perfect for the controller. The first scenario
consisted of a series of increasing and decreasing step changes in the pressure reference value.

In this scenario the controller should be able to change the choke pressure in order to track
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the reference value. The second scenario simulated a connection, a procedure were the flow
into the choke decreases until there is no flow and then increases the flow until it reaches its
original value. In this scenario the controller should be able to maintain the choke pressure
during flow changes. These tests were designed to verify whether the controller can handle
normal operations during drilling, and since the conditions are perfect, these tests verify if the
controllers simply works as expected.

Good performing controllers would then go through further testing with Straume®, a high-
end multiphase well simulator. When simulated with Straume®, the controllers would go through
the reference value changes scenario and the connection scenario in order to verify whether
the controllers handles normal operations on a system that give a better representation of oil-
drilling in reality. In addition, the controllers would go through the same scenarios, but with bad
parameterization for the bulk modulus and density. This would test the controllers robustness
in terms of handling wrong parameterization of the often unknown parameters.

Chapter 2 covers the development of the dynamic models used to describe the change of
choke pressure in the system. The first dynamic model was of 2nd order. This model described
how the choke pressure changed based on the flow in and out of the choke were the flow out
of the choke depended on the choke opening. The choke opening changed according to the
angular velocity of the choke. The second model was of 3rd order and was an extension of the
2nd order model. The 3rd order model also featured the actuator dynamics in the choke which
was given as a first order linear filter. Two dynamic models were used since the complexity of
backstepping controllers drastically increases as the order of the system increases. A controller
would first be developed for the 2nd order system, if it provided good results during testing, a
new controller would be developed for the 3rd order system. This chapter also covers the de-
velopment of a reference filter which would provide the backstepping controllers with a filtered
reference value and its derivatives for the controller to track.

In Chapter 3 regular integrator backstepping controllers were developed. The first controller
for the 2nd order model behaved badly due to an ill-conditioned term. Removing this term from
the controller provided good results, however, this term appeared as part of the development in
order to satisfy a Lyapunov function, and by removing it the proof of stability would no longer

hold. The controller was instead proved stable by using cascade theory, and thus provided a
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well behaved controller for the 2nd order system. The controller for the 3rd order system en-
countered the same problem with the same ill-conditioned term. The ill-conditioned term was
removed from the controller and cascade theory was used in order to prove that the controller
for the 3rd order system was stable. The 3rd order controller also provided good results during
testing.

An adaptive integrator backstepping controller was developed for the 2nd order system in
Chapter 4. As with the regular integrator backstepping controllers, the adaptive controller per-
formed badly during testing due to an ill-conditioned term. Unlike the regular controllers, the
adaptive controller could not be proved stable using cascade theory. This is due to the adaptive
controller relying on update laws for its parameter estimation and cascade theory does not pro-
vide stability proof for these update laws. Since the controller for the 2nd order system behaved
badly, a controller for the 3rd order system was not developed. This is due to the ill-conditioned
term that would also be a part of the 3rd order controller.

The regular integrator backstepping controllers based on the 2nd and 3rd order system per-
formed well enough during the first tests. These controllers were simulated with Straume® in
Chapter 5 and went through a series of validation tests. Since Straume® takes the choke position
as input rather than the choke’s angular velocity, the 2nd and 3rd order design models were used
in order to provide Straume® with the choke position based on the controllers angular velocity
output. This is not optimal since the actuator dynamics (which is the main difference between
the controllers based on the 2nd and 3rd order model) is modeled outside of Straume®, and the
advantage the 3rd order model could have because of this disappears due to this setup.

In the validation tests, the 2nd order controller handled the changes in reference value sce-
nario well, even though there was a small offset between the reference value and the choke pres-
sure. During the connection scenario, the 2nd order controller managed to maintain the choke
pressure quite well, however, it was a notable offset between the choke pressure and the refer-
ence value in this scenario as well. These offset could might have been handled properly by the
controller if the ill-conditioned term was still a part of the controller (and not ill-conditioned).
Running the same scenarios with wrong parameter value for density had little to no impact on
the performance of the controller. Running the same scenarios with wrong parameter values for

bulk modulus (lower bulk modulus in Straume® than in the controller), however, had a signif-
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icant impact on the performance. The changes in choke pressure became significantly slower,
making it impossible for the controller to actually keep up with the reference value. In addi-
tion, the offset between the the reference value and choke pressure became significantly larger
compared to the scenarios with correct bulk modulus.

The backstepping controller based on the 3rd order performed much like the controller
based on the 2nd order system during all scenarios with a few exceptions. The 3rd order con-
troller had some small yet noteworthy oscillations in the control output during the connection
scenario. These oscillations could also be seen in the choke pressure. The control output also
produced some very small oscillations during the step changes scenario, however, in this simu-

lation the oscillations could not be seen in the choke pressure.

6.2 Discussion

In this thesis, three controllers were developed based on integrator backstepping. Two regu-
lar integrator backstepping controllers developed based on a 2nd and 3rd order design model,
and an adaptive integrator backstepping controller based on a 2nd order dynamic model. The
adaptive controller behaved badly even in the perfect case simulations and were not consid-
ered for further testing. The regular integrator backstepping controllers performed well when
simulated with Straume during normal operation with the exception of a small offset between
the reference value and the choke pressure. Also, the 3rd order controller had some oscilla-
tions in its output. These oscillations had notable impact during the connection scenario where
the choke pressure started oscillating. Both controllers performed significantly worse when the
bulk modulus parameter was wrong and both controllers had an increase in offset between the
choke pressure and its reference value during these simulations.

Based on these finding both the regular integrator backstepping controllers can be used in
order to control the choke, but in doing so one will need to be aware of the constant offset
between the reference value and the choke pressure. It is also important to be aware of the
significant impact wrong parametrization of the bulk modulus has on the controllers capability
of tracking the reference signal. Even if it is possible to use the controllers, it is recommended

that the current issues are dealt with before the controllers are used.
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6.3 Recommendations for Further Work

The term gje; caused a lot of problems in the controller development throughout this thesis.
The term was ill-conditioned and caused all controllers to behave badly when developed based
on integrator backstepping theory. Because of this a lot of time was spent on proving stability
for the regular integrator backstepping controllers using cascade theory and a working adaptive
integrator backstepping controller was not developed in the end.

For further work it is recommended to find a better way to deal with this ill-conditioned
term. This could be solved by using a different Lyapunov function during the development of
the integrator backstepping controllers. This Lyapunov function would either need to provide
a controller without this ill-conditioned term or somehow manage to compensate for the large
oscillations the ill-conditioned term creates.

Another solution in order to deal with the ill-conditioned term could be to change the units
within the controller in such a way that the ill-conditioned terms magnitude becomes signifi-
cantly smaller. If this ill-conditioned term is dealt with properly, the performance of the regu-
lar integrator backstepping controllers might increase significantly and the adaptive integrator
backstepping controller might actually work properly.

A Lyapunov approach that handles the ill-condition term properly will also have to deal with
the saturations of the choke position and angular velocity properly in the Lyapunov stability
proof.

During the validation tests with Straume®, the 2nd and 3rd order design models were used
in order to provide Straume® with the choke position based on the controllers angular velocity
output. This means that the actuator dynamics that the 3rd order controller is designed to han-
dle is not properly tested during these validation tests. It is recommended that Straume® gets
an update were the simulator consists of well modeled choke dynamics that takes the angular
velocity as input. If this is done and the same validation tests are performed without the use of
design models, but with the controller output directly connected to Straume®, there is a chance
that the differences between the 2nd and 3rd order controller become more apparent.

In order to perform the backstepping procedure, a mapping function h(z) was added in the

dynamic models during controller development in order to compensate for the mapping func-
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tion g(z) that naturally occurs in the choke. The addition of this mapping function came with
two important criteria. The first is that the mapping function g(z) is known and the second is
that there must be possible to actually add the mapping function %(z) before the choke posi-
tion input. These criteria might be hard to accomplish and for further work it is recommended
to find a way to develop integrator backstepping controllers without the use of the mapping
function h(z). This could be accomplished by using different virtual states or use a Lyapunov

function that handles this mapping function properly during the controller development.



Appendix A
Acronyms

MPD Managed Pressure Drilling
UGES Uniform Exponential Asymptotic Stability
UGES Uniform Global Asymptotic Stability

UGB Uniformly Globally Bounded
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Appendix B
Straume Simulations with Wrong Density

This appendix holds the results from the simulations of the 2nd and 3rd order integrator back-
stepping controllers during simulations with Straume with wrong parametrization for density.
The density in the controllers are p = 1500kgm™3. The density in Straume® is p = 900kgm™3
during the simulations with low density and p = 1800kgm ™~ during simulations with high den-
sity.

Information regarding the scenarios are found in the caption of each figure.
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B.1 2nd Order Integrator Backstepping Controller

B.1.1 Reference value step changes scenario with low density
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Figure B.1: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the p, step changes scenario with low density in Straume
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B.1.2 Reference value step changes scenario with high density
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Figure B.2: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the p, step changes scenario with high density in Straume
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B.1.3 Connection scenario with low density
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Figure B.3: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the connection scenario with low density in Straume
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B.1.4 Connection scenario with high density
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Figure B.4: Plot results from a simulation of the 2nd order integrator backstepping controller

with Straume® in the connection scenario with high density in Straume
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B.2 3rd Order Integrator Backstepping Controller

B.2.1 Reference value step changes scenario with low density
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Figure B.5: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the p, step changes scenario with low density in Straume
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B.2.2 Reference value step changes scenario with high density
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Figure B.6: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the p, step changes scenario with high density in Straume
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B.2.3 Connection scenario with low density
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Figure B.7: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the connection scenario with low density in Straume
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B.2.4 Connection scenario with high density
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Figure B.8: Plot results from a simulation of the 3rd order integrator backstepping controller

with Straume® in the connection scenario with high density in Straume
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