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Adaptive Output Feedback Control of a
Managed Pressure Drilling System

Jing Zhou, yvind Nistad Stamnes, Ole Morten Aamo and Glenn-Ole Kaasa

Abstract— This paper presents a nonlinear observer-based
control scheme to stabilize the annular pressure profile through-
out the well bore continuously while drilling. A simple mech-
anistic model is presented that captures the dominant phe-
nomena of the drilling system and forms the basis for model-
based observer and control design. A new nonlinear adaptive
observer is developed for state estimations. A new adaptive
controller is designed to stabilize the annular pressure and
achieve asymptotic tracking by applying feedback control of
the choke valve opening and the main pumps.

Index Terms— Drilling, nonlinear observer, adaptive control,
stabilization, tracking.

I. INTRODUCTION

During well drilling, a drilling fluid (mud) is pumped
into the drill string topside and through the drill bit at the
bottomhole of the well [1], [2]. The mud then transports
cuttings in the annulus side of the well (i.e. in the well
bore outside the drill string) up to the drill rig, where a
choke valve and a backpressure pump are used to control
the annular pressure. A more elaborate description of the
drilling process is given in [3].

The main objective is to precisely control the annular pres-
sure profile throughout the well bore continuously while
drilling, i.e. to maintain the annular pressure in the well
above the pore or collapse pressure and below the fracture
or sticking pressure. Usually, this amounts to stabilizing
the downhole annular pressure at a critical depth within its
margins, i.e. either at a particular depth where the pressure
margins are small, or at the drill bit where conditions are the
most uncertain.

Basically, two strategies for closed-loop control of the choke
are used: indirect topside control and direct bottomhole
control. Indirect topside control is to stabilize the bottomhole
pressure indirectly by applying feedback control to stabilize
the topside annulus pressure instead, where the pressure
setpoint corresponding to a desired bottomhole pressure is
calculated online using a steady-state model. This strategy
is the most common and straightforward mainly due to the
availability of high-frequency and robust topside pressure
measurements. Direct bottomhole control is to stabilize the
bottomhole pressure at the critical depth at a desired setpoint
directly. Even though a bottomhole measurement usually
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exists, an estimate of the pressure is needed between samples
because the transfer rate of the measurement usually is slow,
or for additional safety because the sensor itself may be
unreliable.

State-of-the-art solutions typically employ conventional PI
control applied to the choke, using one of the above strate-
gies. There are significant drawbacks with both strategies.
One is that the control system based on conventional PI
control will react slowly to fast pressure changes, which
results from movements of the drill string. Another draw-
back, is the uncertainty in the modelled bottomhole pressure,
due to uncertainties in the friction and mud compressibility
parameters in both the drill string and annulus.

There is significant potential to improve existing algorithms,
either the control law itself, or the observer used to estimate
the critical downhole pressure. Model-based control enables
improved compensation of pressure fluctuations during par-
ticularly critical drilling operations. Also, by using model-
based compensation with adaptation of uncertain parameters
rather than integral action in the controller, one typically en-
able faster reaction to changes in setpoints and disturbances.
In the absence of full-state measurement, observer design
is an effective way to control systems, such as in [4], [5],
[6], [7]. In this paper, we will address nonlinear adaptive
observer-based control of a drilling system in the presence
of unknown parameters and unmeasured downhole pressure.
A simple dynamic model developed for the observer and
model-based control design, is further developed to better
describe the liquid fluid flow behavior. A new nonlinear
observer is developed by using Lyapunov techniques to
estimate the unmeasured downhole pressure. Precise and
robust estimation of the annular pressure during drilling
allows for reduced pressure margins. Online adaptation of
unknown model parameters can extract more information
from the system. The adaptive controller is designed by using
Lyapunov techniques and parameter estimation to stabilize
the annular pressure at the desired setpoint. The stabilization
of the dynamic system is demonstrated by the proposed
control. It is shown that the proposed controller can guarantee
asymptotic tracking. Simulation results are presented to
illustrate the effectiveness of the proposed control scheme.

II. MODEL

In this section, we present a model developed in [8], which
captures the dominant phenomena of the drilling system and
forms the basis for model-based observer and control design.
The model only considers fluid phase flow and the well
is divided into two separate compartments. Figure 1 shows
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Fig. 1. A simplified schematical drawing of the drilling system.

the two control volumes considered, one control volume for
the drill string and one for the annulus. The volumes are
connected through the drill bit. The detailed derivation of
the model is given in [8], where the dynamics of the drilling
system is described by

WeB15.1
and a4 = W, the system (1)—(3) is rewritten as
Dp = —Q1Qpit +biup “4)
(jbit = Qa2 (pp - pc) - a3ql?it -0 (Qbit + qres)2 + aqv3
(5)
. as
Pe = 1]_ (qbit + Qres +u+ U2) . (6)
1

The main variable of interest is the annular downhole pres-
sure pyp; given by

= Pe + Maqbit + Fa(qbit + QTes)z + Pagls3. (7)

Our objective is to design a control law for the control input
u which stabilizes py;; at the desired set-point py..y.

Pbit

III. NONLINEAR ADAPTIVE OBSERVER

A. Observer

Consider that p, and p. are measured and gp;; is un-
measured, where the parameter 6 and ¢,.s are unknown

Py = —a1quit + bruy (1) ~constants. The following change of coordinates is defined
. Fy A
Goit = a2(pp —pc) — M|Qb¢t|%¢t 2) &= ot + pp, ®
F, (pd — pa)g where [; is a positive constant. This gives the dynamics
_M|q1)it + %"es| (Qbit + %‘es) + TUS . . .
as £ = it +lpp
be vy (@it + Gres 1+ v2). ) —liarquir + libiuy + az (pp — pe) — asgiy
2
The states p, and p. are the inlet mud pump pressure and =0 (qvit + Gres)” + aavs. (©))
ou.tlet f:hokeg)pressure (bar), gpi; is the ﬂow rate through the Defining © = [0y, 05,057,601 = 0,02 = 0yes, and O3 =
drill bit (m”/s), w = Gback — Gchoke is control input, uy, 0q2,,, the equation (9) can be written as
Qback and qcpoke are the flow rates through the mud pump, . )
the back pressure pump and the choke valve, and g, is ¢ = —laiqei + libiuy + a2 (pp — pe) — 3Gy
the reservoir influx, vy, vo and v3 are the annulus volume, —@T¢(sz’t) + a4vs, (10)

rate of change of the annulus volume and vertical depth of
the bit, respectively. The rest of the quantities in (1)—(3) are
constant parameters and can be explained as
. a1=€—j, az = 17 a5 = fa, blz%,M:Ma‘i‘Md;
e V;: volume of the drill string;
e (B4 and (,: bulk modulus of the drill string and the
annulus;
e M, and M,: density per meter of the drill string and
the annulus;
e F; and F: friction factor of the drill string and the
annulus;
e pq and p,: density in the drill string and the annulus;
e g: gravity.
The parameters are known except as stated in the following
assumptions.
Assumption 1: The reservoir influx ¢,.s iS an unknown
constant.
Assumption 2: 6 = % > ( is an unknown constant.
Assumption 3: The flow rate gp;; > 0 and qpit + Gres > 0.

Using these assumptions and the notations az = %

where ¢(qvit) = (g2, 2qvit, 1]7 and © will be estimated in
the observer design.
An adaptive observer for gp;; is developed as follows

€ = —lhaiGeir +lbiuy + a2 (pp — pe)
—a3dp;; — ©7 ¢ (Gbit) + aavs, (11)
Gvit = & —lipp, (12)

where © = [01,0,,05]" and ¢(Geir) = [d%y, 2Gbie, 1]
Firstly, we obtain the following error terms

O2qvit — O2Gvit O2dbit + Oodbit (13)
014 — 015 = 0105 — (61 — 01) i

= 01(qp — Qo) + Gy (14)

Goie = Goie = (@vit + Goit) Goit, (15)

where 671 =0; — él and Gyt = Qvit — Gbit, the error dynamics
of ¢ becomes

€ = —laiGue — (a3 +01) (a8 — d2) — 013

—202Gpit — 202Gic — 0, (16)
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and since 5 =¢— é = Qpit, WE get

5 = —liai€ — (az + 01)(qoic + Goit)§ — 202€

—O07 ¢(Gpir)- (17)

B. Lyapunov Analysis

Consider the Lyapunov function

U(£6) = L&+ .67, (18)

where I" is the adaptation gain. Using (17), the time deriva-
tive of U is

U = —La&— ('as + 01) (qoit + Gpir)E2 — 202€>
+67T (6 = To(am)é) -

This suggests that we should choose an adaptation law
satisfying

19)

© = T'dp(Git), (20)
giving
U= —lia1€ — (a3 + 01)(qoir + Goir) €% — 201GresE>. (21)

If qpiz > 0, Gpit > 0, and qpit > 2|qres|, the time-derivative
of U satisfies

7110,152.

Thus, £ — 0 as ¢ — oco. Consider the following dynamic
equation

U < (22)

Qoit = —a3d%, — 0105 — 202G — 03
+as (Pp — Pe) + aav3 + liar (qoir — Gir)-(23)
It can be shown that Gp;z > 0 if Gp;¢(0) > 0, and

1 1 A
Pp > Pe — —a4qV3 + —maw{ﬁg}. 24)
ag an

C. Adaptation Law

Note that (20) cannot be used for parameter estimation
because £ is unavailable. We introduce a new variable

Ué@“"n(pzné)»

where 7 () is a vector function to be designed to assign o
a desired dynamics. Differentiating o with respect to time,
gives

(25)

on . On:
= —ppt— (26)
apppp P gﬁ
Let an estimate 6 of the parameter vector be given by
B on . I 2
= — (—a1Gpit + 0 —&, 27
Gpp( a1qpit + IUP)+8§§ (27)
& = o—n(pné). (28)

WeB15.1

The resulting estimation error is then governed by

6 =

6-6
= U_h(ppaé) - (6_77 (Mhé))
~ o ¢ (29)
Opp

Compared with (20), this suggests that 1 should be selected
such that

o 4 R (jgit
_ala— = Té(qpi) =T | 2Git (30)
Pp 1
A solution 7 (+) can be found by integrating (30)
1 R 3l11a1 (§ - llpp)3
1= Lo(E = hipp)dpy =T | (€ —lipy)® | - B
_a_llpp
The resulting partial derivatives become
C — 1)
677 1 (f —1Pp
L - _-r — 32
Opyp a 206 1l1pp) ’ G2
on 11}11 (éA_ llpp)Z
= = U (€ —hpp) (33)
lia P
(9£ 101 0

Lemma 1: With the application of the adaptive nonlinear
observer (11)-(12), and the parameter update law (27)—(28),
in the set

A= {@pvitspe) s avie > 2laresls @i (0) > 0,

1 1 N
Pp > Pe — —aavz + —max{bs}, }, (34)
ag as

the signals §~ and © are bounded and the observation error
converges to zero, i.e., lim;—, o0 [quit — Guit] = 0.
IV. ADAPTIVE CONTROLLER DESIGN
A. Annular pressure profile
The annular downhole pressure pp;;, which from (5) and
(7), can be written as
poit = Maazp, + Maazpe — Maasqyy
+M4O0" ¢ (qvit) + fo,

where fo = (Maa4 + pag)uii'

(35)

B. Controller design

Based on the observer (11)-(12), the system (4)—(6) is
rewritten as

—a1Gpit + brup — ar1€

pp =
Qv = az(pp— pe) — asdpy — O H(dpie)  (36)
+aqvs + liai € 37)
. as (. pd
Pec = — (qbit + Gres + U + V2 +€> ) (38)
U1
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and the output

ﬁbit (ppapc» (jbit)
Maazpp + Maasp.
+MaO7 ¢(Gvit) + fo-

Hence the system (36)—(38) with (39) has relative degree
one. Our objective is to design a control law for the control
input u which stabilizes the annular down-hole pressure pp;;
at the desired set-point p,.s. Define the set point error as the
following

Yy (ppv Pe, qbit)
— Myasdp,
(39

e =Y (p;m Pe» (jbit) - pref~ (40)

Computing the derivative of e from (36)—(40) gives

e = y (pp7p07dbit)

M, . 5

_ da2a5u T M,as (ﬁp _ a1§)
U1
Maazas (- | -
+ 0 (Gt €+ o)
U1
+2 (Mdéﬂibit + My — Maa?»(jbit) (Ci + lﬂhé)
—Mad" (Gyie) T (Gvie )€ + fo (41)
where
Pp = —aidpit + biu, (42)
De = Qpir + V2 (43)
q = az(pp—pc) — asdoy — O P(Goit) + asvs.(44)

Thus the control law is designed as

u = _(Qbit + vg + QT‘GS)
U1 ( X ; 2
— Cire— M, — fo— k1B
Mazas 1€ a2Pp fo 1b7e

-2 (Mdéﬁbit + Myf, — MaCLS(jbit) <§>7 (45)

where C; and kp are positive constants, and

B = || -Mjaia a®" (Goit) Tp(Gbit)
+2l a4 (Mdélfibit + Myby — Maa3(jbit) | (46)
1
k , 47
! 4]43[1@1 ( )
and the parameter adaptive law for g5 is given by
. M,
Gres = 220, (48)
U1
where v is a positive adaptation gain.
C. Lyapunov analysis
Consider the control Lyapunov function
V—k;U—f——e +— (49)

2 2 qres

WeB15.1

Using (22), (45) and (48), the derivative of V' is

V < —Cie®+ Blef| — kiB%*? — klya, &2
1. (; Mgyazas )
__QTes (Ires - ’7—6
Y U1
< —0162 — klla1€g£2 — klya, (1 — 61)52
+Blef| — k1 B%e?. (50)
Let
1
=1-— 51
“ 4kk1l1a1 ( )

Note that ¢; € (0,1) due to (47) and the fact that k, k1,1,
and a; are strictly positive constants. We obtain that

- 1 - -
—Che? — klia1€° — —52 + Blef| — ky B%e?

6 - VEiBle |)

(52)

Vv <

IN

—0162 — kllaleléQ - (
< —0162 — klla1q§:2,

where Young’s inequality was used. Since V is positive
definite and V is negative semidefinite in A, it proves
that signals e 5 ©, Gres are bounded. From the LaSalle-
Yoshizawa Theorem in [9] it further follows that e 5 — 0 as
t — oo. The signals y, £,0, Gres are bounded and asymptotic
tracking is achieved, i.e.,

lim [ﬁbit - pref] = 0. (53)
t—o0

Note that « in (45) includes the signals p,,p. and gp;;. To
make the control input u bounded and the system (38)—(39)
stable, we will ensure that p,, and gy;; are bounded. Towards

that end, we consider the dynamics of p, and Gy, given as

Qvit = aapp — asdiy + U ( Y+ Maasp, — Maasdy,
d

+ MaO" P (Gir) + fo) — 0" (Gpir) + aqvs + lhar§

1 M X
= —pp— —asGyyy — —y+I! d(t) (54
Mdpp Mda3qblt Mdy+ 1&15—’— ( ) ( )
Dp = —a1Qvit + biup, (55)
where d(t) = (M ot + 8% + as)vs(t) is a bounded term.

Assuming that p, 1s bounded, we obtain the boundedness
of Qp; from the boundedness of y,é, v3,pp in (54) and
Qpit > 0. Therefore, u is bounded from (45). Now we have
a conclusion that the signals in the closed-loop system can
be shown to be bounded, as stated in the following theorem.

Remark 1: In practice the pump will not be able to drive
the pressure to infinity. Thus, we can assume that the pump
speed signal will be such that p,, stays bounded.

Theorem 1: With the application of the adaptive non-
linear observer (11)—(12), the control law (45), and the
parameter update law (27)—(28), in the set

A = {(ppv(jbihpc) S Qvit > 2|qres|, @pie(0) > 0,

1 1 N
Dp > Pe — a—2a4v3 + a—2ma${93}}, (56)
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all signals y, pp, Gpit, é, and ¢, are bounded and asymptotic
tracking is achieved given as

tli,r{}o[ﬁbit - Pref] =0. (57)

D. Tracking performance

We now introduce the following useful Lemma and propo-
sition as in [10], [11], [12].

Lemma 2: (Micaelli and Samson 1993 [10], Lemma 1).
Let f : 1. — R be any differentiable function. If f(t)
converges to zero as t — oo and its derivative satisfies

f() = fi(t) +n(t)
where f; is a uniformly continuous function and 7(t) tends
to zero as t — oo, then f(t) and £, () tend to zero as t — oo.

Proposition 1: Suppose f; is differentiable on (a, b) and
f1 is bounded on (a,b). Then f1(t) is uniformly continuous
on (a,b).

Considering the error dynamics (17), we have from Lemmal
and Theorem 1 that

t>0

i €0 59
i ( — liar€ — (ag + 601) (qvit + Goit ) — 2925) =0. (59
Define f1(t) = (:)T¢((jbit). So fi is differentiable and
fit) = ¢"ToE+2 (@indT +02) (a2 (py — o)
—asd, — OT G (Gbir) + asvs + l1a1g)- (60)

From the boundedness of py, pc, Gbit, é , (:)7 vs in A, we have
f1(t) is bounded in A. Therefore f1(t) is uniformly contin-

uous in A and lim;_,o, ©7¢(gpiz) = 0 by using Lemma 2
and Proposition 1. From (35) and (39), we have

_Maa3(qgit - dgit)

+My(©T d(qpir) — O ¢dbir))

= —Maas(qpy — o) + MaO®" ¢ (Guie)
(qgit - qu%zf)

+M40" Q(Qbito_ )

Dbit — DPoit =

(61)

Since lim;—, o0 [qrit — Gbit] = 0, limt_,oo[qfit — qfit] =0, and
limy— 00 ©7 ¢(Goir) = 0 in A, it follows that lim;_ o [pyir —
Prit] = 0, which in conjunction with Theorem 1 gives

Theorem 2: With the application of the adaptive non-
linear observer (11)—(12), the control law (45), and the
parameter update laws (27)—(28), in the set

A= {@pvitspe) s avie > 2laresls @i (0) > 0,

1 1 A
DPp > Pe — —a4V3 + —maw{Gg}}, (62)
ag as

all signals y, pp, Gvit, Pe, @, and §,.s are bounded and asymp-
totic tracking is achieved given as

fhl'Il [pbit - pref] = 0. (63)
t— 00

WeB15.1

V. SIMULATION RESULTS

In this section we test our proposed controller on model
(1)—(3). When doing so, we need to distribute the control
signal u from (45) to the two physical actuation devices,
the backpressure pump and the choke opening, according to
U = Qpack — Gehoke- We assume that the backpressure pump
is set at a constant rate, while the choke opening is related
to the choke flow by the standard valve equation
3(pc — Do) Ze-

a

Gehoke = Ko (64)
For simulation studies, the following values are selected for
the system: 8, = (B4 = 14000, Vg = 28.3, V, = 96.1,
My = 5700, M, = 1700, F; = 165000, F, = 20800,
Pa = pa = 1250x107°, hy; = 2000, 9 = 9.8, pg = 1, K. =
0.004626, gres = 0.001, V, = 0, Gpump = 0.01, Goaek =
0.003. The parameters F, and g,.s need not be known in
the controller design. The design objective is to stabilize pp;;
at the desired set point p,..; = 310(bar). With the proposed
adaptive observer and controller, we take the following set
of design parameters: [; = 107°,C; = 0.01,k; = 0.01,T =
diag{6.95 x 103,0.0226,0.012},v = 1075. The initials are
set as p,(0) = 120, p.(0) = 70, gpit (0) = 0.014, Gp;1 (0) = 0,
Gres(0) = 1.2¢pcs and FG(O) = 0.6F,, respectively. Figure
2 shows the annular downhole pressure ppi;, Dyir and prey
and the choke opening z.. Figure 3 shows the parameter
estimations. Clearly, the annular pressure asymptotically
tracks the pressure reference and parameter convergence is
achieved.

The proposed nonlinear observer-based controller has been
tested on WeMod, a simulator based on a distributed pa-
rameter model of the fluid dynamics in the well [13]. The
model (1)—(3) was fitted to steady state data resulting in the
parameter values in Table I and the initials V;,(0) = 100 and
V.(0) = 0. We turn on the observer at t = 5min with initials
@it (0) = 1/600, ©(0) = [0.8 x F,/M;0;0] and design
parameters [; = 10~* and ' = diag(10000,0.001,0.001).
The controller starts at ¢ = 20min with design parameters
C1 = 0.05, k; = 31077 and v = 107°. The set point
is changed from 340 to 300(bar) at t = 25min. The pump
is changed from 1500 to 500(l/min) at ¢ = 30min. From
t = 50min to t = 51min30s approximately 26m of the
drill pipe is pulled out of the bore hole. Figure 4 shows the
pump pressure p,, the choke pressure p. and the pump flow
up, the annular downhole pressure py;; and Py, the flow
through the bit ¢p;; and @y, and the actual and desired choke
opening z.. From Figure 4 we can see that the controller
is able to suppress the changes in downhole pressure with
maximum deviation from the desired set point 300(bar) of
approximately 5(bar). The desired choke opening (z.) is
calculated from (64), but there is a difference between the
desired choke opening and the actual choke opening due to
the additional actuator dynamics in WeMod. The simulation
results show that the presented model can fit the data and the
annular pressure can track the pressure reference well with
the proposed controller.
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Fig. 3. Parameter estimations with adaptive nonlinear observer.

TABLE I
PARAMETER VALUES WITH WEMOD
Parametery Value | Description
Va 26.7 Volume drill string (m?)
B4 13000 | Bulk modulus drill string (bar)
Ba 7300 Bulk modulus drill string (bar)
Pa 0.0125 | Density annulus (1075 £4)
Pd 0.0125 | Density drill string (107°2%)
Fy 170000| Friction factor drill string (bar 652)
F, 16000 | Friction factor annulus (b“;bﬁs
M, 1600 | Density per meter of annulus
(107°4)
My 6000 Density per meter of drill string
(107°24)
hpit 2010 Vertical depth of bit (m)

VI. CONCLUSIONS

WeB15.1

200 T : :
',-* “ <= = py[barg]
i e —pe[barg]
150'“ “'“'“'“'“"»‘ - = -u,[10 1/min] ||
N '.
100(} 1
; ‘.
" | R PP PR
v
50}, i
;
0 ; ; ; ; ;
0 10 20 30 40 50 0
350 : ; ‘ — ——pyae[barg] )
|
- = = ppir[barg]
3001
0 10 20 30 40 50 60
200 " ! ! Qbi¢[10 1/min)]
100} ——Gpit[10 1/min]

0 10 20 30 40 50 60

Fig. 4. Simulations of observed-based control with WeMod

simulation results are presented to illustrate the effectiveness
of the proposed control scheme.
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During well drilling, the annular downhole pressure should
be precisely controlled throughout the well bore continuously

while drilling. A choke valve and a back pressure pump is

(1]

used to control the annular pressure. This paper presents  [12]
a nonlinear adaptive observer control applied to stabilize
the annular pressure. A simple model is used to capture (13]
the dominant phenomena of the drilling system and for the
observer and model-based control design. A new nonlinear
adaptive observer-based control is developed to stabilize
the annular pressure and achieve asymptotic tracking. The
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