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Abstract: In the dynamic point-the-bit rotary steerable system (DPRSS), a high dynamic stiffness
toolface control method is desired to ensure the stabilized platform traces the directional command
accurately and quickly. A three-loop compound toolface control method using the Model-based Active
Disturbance Rejection Control (MADRC) algorithm is presented, and a load torque estimator and an
outer housing speed estimator are designed based on system model to obtain the external disturbances.
The proposed toolface control method was verified by numerical simulation and DPRSS prototype
testing, and its speed loop frequency responses are analyzed. The results reveal that this method
is effective in disturbance rejection and robust against parameter uncertainties, and the MADRC
shows better performance compared with the conventional ADRC and the proportional-integral (PI)
controller. The proposed method has the potential to be used in harsh drilling conditions.

Keywords: dynamic point-the-bit rotary steerable system (DPRSS); model-based active rejection
control (MADRC); disturbance estimator; toolface control

1. Introduction

Directional drilling technology is the science of deviating a borehole along a predefined path.
With the growing demands of new oil and gas drilling technology, the traditional drilling equipment
has difficulty in covering these demands. The rotary steerable system (RSS) is the latest technology
that improves drilling accuracy and increases the rate of penetration [1,2].

As can be seen in Figure 1, the downhole drilling equipment consists of the drill string, the
measurement while drilling (MWD) instrument, the RSS, and the drilling bit. The drill string applies
the drilling torque and the weight on bit (WOB), the MWD is used for real-time drilling parameters
measurement, and the RSS connects to the bit and changes the bit orientation directly.

The bit direction is described by an angle named the toolface. Generally, the RSS has two essential
parts: the first one, named the bit steering unit, is used to apply steering force to the bit; the other one,
named the geostationary unit, is used to determine the toolface while the drilling string is rotating.
Two kinds of steering units are used, the first one applies a side force to the borehole by three pads,
which is known as “push-the-bit,” and the second one uses a dual-eccentric ring to change the bit
steering directly, which is called “point-the-bit.” The second one is of particular interest because its
performance is independent of formation quality. There are also two kinds of geostationary units, the
first one having an independent outer housing which does not rotate or rotates very slowly relative
to the drilling string, called ‘static RSS’, and the second one is known as ‘dynamic RSS’, having a
closed-loop-controlled stabilized platform which is geostationary while the drilling string is rotating [3].
Based on the combination of the steering units and geostationary units, four kinds of directional
drilling tools are developed.
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Figure 1. Schematic of the directional drilling system.

This paper focuses on the dynamic point-the-bit rotary steerable system (DPRSS), its geostationary
unit is a motor-driven stabilized platform, and the steering unit is fixed at one end of the platform.
Hence, the toolface is operated by changing the stabilized platform angular position [4]. The steering
accuracy of DPRSS is determined by the performance of the stabilized platform control system.
However, the downhole disturbances, such as the load torque and the outer housing speed, create
additional challenges to the controller design [3,5-9].

The structure of the RSS toolface control method is summarized in Figure 2, and it is also suitable
for our DPRSS. The control method consists of four loops from inside to outside, namely, the current
loop, the motor speed loop, the stabilized platform speed loop, and the toolface loop. The motor
is described by the transfer function, where s is the Laplace operator, L and R are the motor stator
resistance and inductance, K;; is the torque constant, K, is the coefficient of counter electromotive
force, | is the total inertia of the stabilized platform and the motor, and B is the viscous coefficient.
@, wy and 7 denote the toolface, motor speed, and motor current, respectively. The load torque T7, is
the disturbance of the motor speed loop, and the outer housing rotary speed wj, is the disturbance
of the stabilized platform speed loop. Both the current loop and motor speed loop are designed to
improve motor performance. The stabilized platform speed loop is to suppress outer housing speed
fluctuations, and the toolface loop is used to track the toolface reference.
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Figure 2. Structure of the RSS toolface control method.

Different structures in Figure 2 have been used in RSS, e.g., a three-loop structure without a
stabilized platform speed loop was suggested by Tang [10] and Zhang [11]. The performance of the
three—loop and four-loop structure using proportional-integral (PI) controllers was compared in [12],
with the help of stabilized platform speed loop, the four-loop system has better outer housing speed
rejection performance, but the four-loop structure is complex since there are four controllers that need
to be tuned.
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The control algorithm is another key factor for system performance. Controllers based on
PID [3,7,10,13], sliding mode control [5,14] and intelligent control [11] have been studied in the other
types of RSS drilling system, however, the DPRSS disturbances are time-varying with uncertainties,
the traditional PID algorithm cannot achieve high performance, and the others are too dependent on
mathematical models or too complex to implement on the downhole hardware.

The ADRC is an emerging technology proposed by Han [15]. It has been adopted by the motor control
system to cope with vast uncertainties [16-18] and it is easy for downhole hardware implementation.
The ADRC can be designed model-independent, which is called conventional ADRC (CADRC).
Meanwhile, the model information can also be used in the ADRC algorithm, which is called model-based
active disturbance rejection control (MADRC). In our system, parts of the DRPSS dynamics are known,
which can be separated from the ESO to reduce estimation burden. In this way, the toolface tracking
performance can be improved.

In this paper, a three-loop compound toolface control system using the MADRC algorithm is
proposed. The stabilized platform is driven by a permanent magnet synchronous motor (PMSM), and
the field—oriented control (FOC) technique is applied. The theoretical model of the stabilized platform
is studied, a load torque estimator and an outer housing speed estimator are presented, based on the
system model, and the toolface MADRC controller and motor speed MADRC controller are designed.
The proposed toolface control method was verified by simulation and tested by a DPRSS prototype under
several typical drilling modes, including normal drilling, sticking, and the stick-slipping. The controller
robustness against parameter uncertainties and the toolface response performance were analyzed and
simulated. For comparison, the CADRC and PI algorithms were also implemented in simulation and
experimental tests. The proposed control method shows satisfactory performance and its application in
actual drilling operation would be explored in future work.

This paper is organized as follows: Section 2 includes the DPRSS working principle description
and stabilized platform modeling. Section 3 provides a short review of the MADRC algorithm and
shows a comprehensive explanation of the proposed toolface control method. Section 4 provides the
simulation and prototype test results. Section 5 provides the conclusion and future work.

2. The DPRSS Working Principle and Modeling of the Stabilized Platform

2.1. DPRSS Working Principle

In Figure 3, plane P is perpendicular to the wellbore axis, point A is the top of plane P, and point B
is the intersection of the bit axis and plane P. The line OA is named the high side; the angle between OA

and SB is the toolface, and it is denoted by ¢. The toolface is defined between 0 and 360 deg, which
represents the intended drilling direction. The DPRSS consists of four fundamental parts: the outer
housing, the stabilized platform, the bit shaft, and the universal joint. The outer housing connects to
the drill string and rotates at the same speed as it. The drilling torque and the WOB are transmitted
from outer housing to bit through the universal joint. The steering unit is assembled on the stabilized
platform, and the bit shaft connects eccentrically to the steering unit.

High side ‘A

Steering Unit Universal Joint
B

Bit axis

Wellbore axis

Outer

I Stabilized
Housing

Platform

ris

,
Figure 3. Structural schematic of the DPRSS.

The stabilized platform is the core part of DPRSS, it is equipped with an angular position control
system and remains nearly geostationary while the outer housing is rotating. The desired toolface is
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achieved by changing the stabilized platform angular position. It is clear that the DPRSS bit steering
precision highly depends on the stabilized platform toolface control performance.

In drilling engineering, the toolface is monitored by the field engineer, and the desired toolface
is updated based on the formation characteristics. According to the field engineer experience, the
DPRSS toolface tracking error should be less than +15 deg, otherwise the bit cannot reach the target
reservoir successfully.

2.2. The Stabilized Platform Modeling

In the synchronous d—q frame, the PMSM mathematical model is:

. . . (1)
ug = Lgig + Rsig + ppAwm(Laig + f)

{ Uy = Ldid + Rsig — pn/\a)quiq
where u,; and uy, iy and iy, Ly and L, denote the stator voltage, stator current, and the stator winding
inductance of the d-axis and q-axis, respectively. R; is the stator winding resistance, ¢ is the permanent
magnet flux, and p, is the number of pole pairs.

The PMSM is a complex nonlinear system with multi-variables and strong coupling. By applying
the field oriented control (FOC) technique, the i; controller is designed to keep i; nearly zero, and then
the torque- and flux-producing components are approximately decoupled; the PMSM electromagnetic
torque T is only related to the g—axis motor current [19]:

Te = Ky, iq (2)

where Kj, is the motor torque constant. In this case, the PMSM model is simplified, and its torque can
be controlled by an i, controller.
Based on Newton’s 2nd law for rotation, the stabilized platform kinematic equation is:

where T,, T1, B, Tf, and | are the PMSM electromagnetic torque, load torque, friction factor, static
friction torque, and total inertia, respectively, A = 27t/360 is a unit transform factor, and the term BAw,;
denotes the viscous friction torque.

Considering the toolface is determined by the outer housing speed wy, and motor speed w,;,, from
the DPRSS structure shown in Figure 3, we can obtain:

P = wm + wy 4)

Considering B, Tf, and | are constants, the toolface is linearly related to wy, and i, the drilling
dynamics are considered in terms of the load torque and the outer housing speed, which are nonlinear
and time-varying. The load torque and outer housing speed are difficult to measure immediately,
hence, they are treated as disturbances in the control system design.

3. DPRSS Toolface Control Method

The g-axis current, motor speed, and toolface are controlled separately using a three-loop
compound structure. In this way, we reduce the stabilized platform to three first-order objects, and
then, the MADRC algorithm is applied in the motor speed loop and toolface loop to achieve high
dynamic performance in the overall operating range.

3.1. MADRC Framework and Algorithm

The MADRC diagram is shown in Figure 4, and consists of four items: the tracking differentiator
(TD), the extend state observer (ESO), the state error feedback (SEF) control law, and the model-based
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compensation (MC). The ESO is used to estimate the total unknown disturbances; the SEF generates 1
to restrain the residual error and achieve the desired control goal; the TD is to arrange the transition
process, and it can be omitted in the first-order system. The three items mentioned above constitute
the CADRC [15]. The MC, which generates the estimation of available disturbance value fj, is an
improvement of the CADRC, and it needs to be designed based on the object model.

Figure 4. Block diagram of the MADRC.

Considering a typical first-order single-input single—output system:

{ x1 = F(xq,t) + W(t) + b(H)u
y=x1

®)

where y(t) € R is the output, the F(xy, t) is the real-valued function of the state x; € R, W(t) € R is the
external disturbance, u(t) € R is the control input. Owing to uncertainties, it is hard to fully know the
F(x1,t) and the W(t), but we can separate the known part from them. Rewrite (5) as

x1 = (F(x1,t) = Fo(x1,t) + W(t) = Wo(t) + (b(t) —bo)u) + (Fo(x1,t) + Wo(t)) + bou

— F+ fo+bou ©)

where f = F(xy,t) —Fo(x1,t) + W(t) = Wo(t) + (b(t) — bo)u represents the unknown object dynamics
and external disturbances, which are called total unknown disturbances, the parameter uncertainties
are also included in f. fo = Fo(x1,t) + Wo(t) denotes the known dynamics and external disturbances,
and is obtained by the MC.

Considering f as an augmented state, we can write Equation (6) as:

X1 :x2+fo+b0u
xo="h (7)
y=x

In Equation (7), the xp = f is the augmented state, according to [20], the states of the augmented
first-order system in Equation (7) are observable. Then, the unique ESO for Equation (7) is:

e=z1-y
Z1 =2p — pre+ bou + f() (8)
22 = —Bzfal(e, a, (5)

where z; and z; are the estimation values of y and f, and 1 and B, are the observer gains. Compared
with the CADRC, which treats all dynamics and external disturbances as unknown, the MADRC
separates fy from the ESO output zp, which lightens the ESO burden. This is helpful to reduce the ESO
estimation error. The nonlinear function fal(e, a, 0) is [15]:

fal(e,a,6) = { siw =kee el <0 )

sign(e)lel* lel > 6
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The fal function plays an important role in the ADRC framework, it has both linear and nonlinear
region, its linear region is to prevent high—frequency chattering. It is obvious that Equation (8) is in
the form of classical Luenberger observer when @ = 1, and it is in the form of a variable structure
observer when a = 0. Generally, the ADRC adopts 0 < a < 1, in this case, the ESO does not converge
to sliding mode but to the ‘self-stable region’, it also yields relatively high gain when the error is small
and small gain when the error is large [21]. The gains $; and f; are determined based on observer

cut-off frequency wy [22,23]:
{ o (10)

B2 = wp?

With the ESO properly designed, z; is expected to converge to the unknown disturbance f,
Equation (5) can now be dynamically compensated with:

u= (=22~ fo+uo) (11)
bo

Substituting Equation (7) into Equation (6):
= (f+ fo—z2— fo) +uo = up (12)

It is clear that the object is reduced to an approximate unit-gain integrator transfer function, which
is easy to be controlled by the following SEF:

ee=Yy -z
1
{ uy = Ky fal(ec, a, ) 13)
where y" is the reference, K, is determined by closed loop cut-off frequency. The nonlinear function

fal generates a large equivalent controller gain while ¢, is small, and vice versa. The nonlinear control
law has been proved to be more efficient than the linear one [21].

3.2. Load Torque and Outer Housing Speed Estimators

The typical value of total inertia, friction factor, and static friction are determined based on the motor
parameter and the DPRSS structure, but the load torque and outer housing speed are immeasurable
and need to be estimated.

Considering the i; and wy, are obtained by sensors, the load torque T, can be estimated by:

Ty, = Ky — JAom — BAwn — Ty (14)

A low—pass filter is used to suppress the high—frequency noise, and then, the estimator is shown as:

A Kinig(s)—JAswm (s)—=BAwp (s)-T
Ti(s) =— Tos+1 ! 15
Konig(5)-(B—f )Mo (6)-Tf (15)
= Tos+1 — Ty@m(s)

where T is the time constant of low pass filter. The discrete load observer using the backward Euler’s
method is:

J/To _
STL( ) (Kmlq(k) —Tf)h/To—Bl’l/\a)m(k)/To)/(l +]’l/T0) (16)
T (k) = JAwn(k)/To

[j> | =l

=B-
L(k) =
(k) =

where Ty is the estimator output, / is the sample period, k is the kth sample time, B and T} are two
intermediate variables. Although the larger T leads to better estimation performance in the steady
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state, the observer dynamic response becomes slow. Ty depends on the application requirements; in
our application, T is 0.001 s.

In addition to the load torque, the outer housing speed is still unknown. Owing to the limitation
of DPRSS structure, it is hard to install sensors on the outer housing. Considering that ¢ is easily
obtained by installing a gyro inside the stabilized platform sensor package, we utilize Equation (4) to
estimate the outer housing speed @y:

O = ¢~ wm (17)

3.3. Design of the DPRSS Toolface Control Method

The toolface control method block diagram is shown in Figure 5. Considering that the i; current
loop can be designed the same as the i; controller, the i; current loop is omitted in Figure 5. The PMSM
is also described by transfer function to meet an agreement with Figure 2, and the coefficient of counter
electromotive force K, is py P sA. The subscripts m and t denote the speed loop terms and toolface loop
terms, respectively.

- —— p—— | K@, PMSM T, |
*r | Motor I i I
? 1| Toolface | S (;::)d |l i, Current Inverter I L
| Controller | | P Controller L,s+R,
I\ Controller

XA A T L ___
L 244 _l Lt _t T(urrent Loop

Current Sensor

Motor Speed Loo w,
D D z { Motor Speed Sensor }4

Toolface Loop

Toolface Controller

5

0 e,
—|—>;>_—>| K, fal(e,,05,2)

QOuter Housing 4
Speed Estimator

-

Figure 5. The scheme of the toolface control method.

The i; current loop controller adopts the PI algorithm, its controller parameters were tuned
by the frequency domain design method. The motor speed loop and the toolface loop adopt the
MADRC algorithm.

Define states x,,; = wy; and x2 = fu, we rewrite Equation (3) as:

1 = funo(TL, 0m) + Xma + buoi
oz = f (18)
Ym = Xm1

where byo = Ky /JA is a constant. i, in Equation (3) is replaced by the current loop reference i, and fy,
denotes the total unknown dlsturbances Fuo(TL, ) is the speed loop MC, which is de51gned as:

ﬁMﬂwm:—%@ﬁwMW+n) (19)

By applying the linear formation of fal, where fal(e,1,0) = e, the speed loop ESO is:
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€mo = Zm1 — Wm
Zml = Zm2 + me(TL/ a)m) = 2Wmoemo + mei;; (20)
Zmp = _a)%wemo

Let e;j = Xy — 2mi(i = 1,2), then, the error equation of Equation (20) is:

éml —2wme 1 em1 01
. = 21
[emZ] [ ~Wino 0]|€m2]+[1]f’” ey
.o . _2wmo 1 . .
The roots of the characteristic polynomial of W20 |2 @ which are all in the left half
%o

plane, considering f; comes from a physical system which varies continuously, the f ., is bounded, then,
it is obvious that the speed loop ESO is bounded—-input bound—output stable, the f,; can be estimated.
The linear formation of fal is also used in the speed loop SEF design, which is given by:
{ elnc = Wy = Zm1 . (22)

lq = (Kmpemc —Zm2 — me(TL/ wm))/me

Once the speed loop MADRC controller is designed, we use wy,, instead of wy,. Define states
X1 = @, xpp = fr, and then, the state equation of Equation (4) is:

Xy = X2 + fio(@n) + browmr
Xp = f, (23)
Yt =Xxn

where the byy = 1 is a constant. The MC of the toolface MADRC controller is:

fio(@n) = & = ¢ = wm (24)

Remark 1. Equation (24) combines gyro measurements in the toolface loop, comparing with the direct use of
gyro measurements, for example, the stabilized platform speed control loop [12], the gyro turns into an auxiliary
measurements in the proposed toolface control loop, the gyro drift is lumped in the unknown disturbance and
estimated by ESO, and then the gyro drift effect is reduced.

The nonlinear fal is applied in the toolface loop to improve control performance, the ESO and
SEF are given by:

€to =211 — @
zn = 2zp + ftO((Pr Cl)m) Brieto + Wmr
Zip = —ﬁtzfal(eto, 0.5,0.5) (25)

ere = Q" —zp
Wmr = Ktpfal(etc/ 0.5, 2) —Zp — ftO ((PI (L)m)

Assuming ft < ft is bounded, which is reasonable in the DRPSS application because its
disturbances can be treated as Contlnuously Varymg, then, referring to [24] the steady-state errors of
2

the toolface loop ESO are |zj1 — xp1] < ( f 1/ @i ) and |z — xp| < 2w f ./ wio?) , itis obvious that the
ESQO estimation errors are bounded.

For DPRSS applications, the reference signal mainly remains constant, the disturbances come
from the physical system and varies continuously, then, the external disturbances, the reference signal,
and their derivatives are all bounded; hence, the toolface control system is convergent [23,25], but its
performance depends on the controller parameters.
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4. Simulation and DPRSS Prototype Experiment

The numerical simulation and DPRSS prototype experiments were performed to verify the
controller performance, besides the proposed toolface control method, the CADRC strategy and the PI
algorithm were also used for comparison. The CADRC strategy was realized by deleting the f,,0 and
fio terms in the MADRC.

The control method simulation was carried out, the controller robustness against parameter
uncertainties and the toolface response performance in the presence of various disturbances were
presented. Then, the control method was implemented on the DPRSS prototype to test its capability.
The typical values of PMSM parameter, which were used in the simulation, load torque estimator, and
speed loop MADRC controller, are shown in Table 1.

Table 1. Specification of the PMSM.

Rated Power 452 W Rated Voltage 48V
Rated Current 47 A Pole Pairs 4
Stator Inductance 0.0021383 H Stator Resistance 1.52 Ohm
Rated Speed 2280 RPM Total Inertia 1.4490 x 1072 kgm?
Rated Torque 0.69 Nm Torque Constant 0.12887 Nm/Apeal<
Static Friction 0.0115 Nm Viscous Coefficient 0.00008 Nms

4.1. Toolface Control Method Simulation

As shown in Figure 6, the control method was simulated by Simulink software. The current loop
and PMSM were combined in one block. The speed loop control algorithm and the toolface loop
control algorithm were performed by different blocks. The load torque disturbance T, was simulated
as follows [11]:

Tr =Trs+ Trcsing (26)

where T} is the steering torque, and Ty ¢ sin ¢ denotes the eccentric torque which is caused by the
eccentrically located receptacle of steering unit.

LIS Sheet2
Wm |€— Speed %
T,
. Load Torque Outer Housing Speed

4
d(Phi)/dt Phi :]

»

P Phi_r m
),—V Wm_r T Wm 7
P Phi
Reference Wm_r » wm l_r i*
d(Phi)/dt q
Ig_r Iq

Wm la
Toolface Controller Speed Controller  Current Loop(with PMSM)

Figure 6. Simulation diagram of the toolface control method.

Stabilized Platform Real Toolface

The outer housing speed is the primary disturbance and it is time-varying. Particularly, the
stick-slip condition which is a periodic stopping (sticking) and overshooting (slipping) of the angular
velocity is considered, it is caused by the drilling assembly stick-slip torsional vibration. Typically, the
stick-slip baseband frequency is less than 3.14 rad/s [26], and the peak bit rotation rate may be several
times that of the operating rotation rate.

The controllers were tuned based on the method presented in [22]. by = 1 is a constant, and
byo = Ky /JA can be calculated using the motor parameter, the other parameters need to be tuned
based on the disturbance characteristics. The ESO gains cannot be smaller than the closed loop cut—off
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frequency, and it is known that the higher bandwidth leads to better controller tracking performance.
However, it cannot be too large to ensure the control signal under physical limits, such as the motor
rated current and rated speed limitations. Considering the toolface loop bandwidth should be larger
than 3.14 rad/s to suppress stick-slip disturbance, and the motor speed loop cut-off frequency can be
selected 10-20 times that of the toolface loop, we selected the Kmp = wmo = 31.4 as the initial values,
then, the K, and wy,, were increased step by step until the control signal reached the physical limits.
Following such a tuning procedure, the toolface loop controller was tuned by setting Ky, = wy, = 3.14
as the initial values. The final controller parameters are shown in Table 2.

Table 2. Controller parameters.

Kinp 555 Ky 40
Wimo 555 Wio 65
Do 509,831 by 1

4.1.1. The Motor Speed Loop Simulation

The motor speed loop was simulated firstly. The motor speed controller sampling time was 0.5 ms.
The CADRC and a well-tuned PI controller were also employed for comparison, and the CADRC uses
the parameters in Table 2.

The simulation process was carried out as follows: (1) the w* = 1800deg/s step reference change
is added at t = 0 s; and (2) the steering load torque step change is added at t = 0.25 s. Considering
the stabilized platform mechanical characteristics, the Trc is 0.0014 Nm. Due to the steering torque
Ty is linear related to the WOB [27], based on the DPRSS mechanical structure [4] and the field WOB
data [28], we assumed a set of T1 g data which is calculated by:

Tr = 0.2+ 0.048 sin(7tt) 4 0.0014 sin ¢ (27)

The motor speed responses of MADRC, CADRC, and PI are shown in Figure 7. It is observed
that all three controllers can track the reference step change and reject the load torque disturbance.
The MADRC and CADRC take 0.023 s to suppress the disturbance, but the PI controller needs 0.103 s.
The maximum speed tracking errors in the presence of load torque disturbance for the MADRC, the
CADRC, and the PI controller are 622 deg/s, 1116 deg/s, and 1243 deg/s, respectively. The results reveal
that the MADRC is more effective, which shows the best reference tracking and disturbance rejection
performance in the motor speed loop simulation.

2000
A_' ' ' —CADRC
y —MADRC
>
| © K — Pl
—_ S| = i
@150 | = 5
% & & x>
2 Q) ) L AN
—~ < < AN
§ MADRC
21000 |- 4
w1
5 ,
3 vl
2 X \\
500 | 4
PI  CADRC
0 I | | | | | | I |
0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time(s)

Figure 7. CADRC, MADRC, and PI response curves.
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The ESO estimated unknown disturbances of MADRC and CADRC are shown in Figure 8. It can
be seen that the unknown disturbance of MADRC is much smaller than that of CADRC, which means
the ESO estimation burden is reduced as desired. The load observer output is also compared with the
load torque in Figure 9, and the observer output follows the load torque well.

1000 . T :
“— —— MADRC
o
— CADRC
QO ~
2% 0 = Ve
g8
‘5"0
N’
Az = -1000 .
o &
:vﬁ
28 2000 | |
Qo - 000
2 &
=)
_3000 L 1 T T
0 0.1 0.2 0.3 0.4 0.5

Time(s)

Figure 8. The ESO estimated unknown disturbance of CADRC and MADRC in the speed loop.

0.3
—— Load Torque Observer

0.2 — Real Load Torque
= 0
&
Q
é»; 0.1
o

0
_01 1 1 1 1 1 1 | 1 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time(s)

Figure 9. The load torque variation and load torque observer output.

4.1.2. The Toolface Control Method Simulation

The toolface control method was simulated with various outer housing speed disturbances.
The toolface controller sampling time was 10 ms. The CADRC was used to compare response
performance, and the parameter uncertainties of the load torque estimator were studied.

The load disturbance was the same as the one in motor speed simulation, and four typical outer
housing speed disturbances are shown in Figure 10. The outer housing is stationary in the first part,
which represents the ‘making a connection’ drilling process, meanwhile, the toolface reference changes
from 0 to 180 deg. Then, a 720 deg/s speed step is applied, which represents the drilling equipment
starts to drill. The third part is a negative step, which occurs while the bit is sticking, and the fourth
part is a typical outer housing speed under stick-slip vibration; the rotation speed comes from a set of
raw data which acquired from the drilling site.

As can be seen in Figure 11. Att =0 s, the 180 deg step reference is added, the CADRC and
MADRC response curves are similar, but the MADRC shows better disturbance rejection performance
at the beginning of the second part. In the following part, the negative step disturbance is added,
the maximum toolface errors for CADRC and MADRC are 20 deg and 4.5 deg, respectively, and the
MADRC reduces 77.5% tracking error of the CADRC. In the last part, sustained oscillations can be
observed: the MADRC tracking error is 1.1 deg, but that of the CADRC is 4.9 deg. In Figure 12, the
ESO estimated unknown disturbance of CADRC follows the outer housing speed variation, but the
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one of MADRC is nearly zero, which reveals the MADRC disturbance estimation burden was reduced,
and the disturbance rejection performance was improved as desired.

1600 T T T T T T T T

_ a4
o N b
o o o
o o o

D
o
o

Outer Housing Speed(deg/s)
B o
= =

N
o
o

o

)
)
S

Time(s)

Figure 10. The outer housing speed disturbance.
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Figure 11. The toolface response curves.
1600 T T T T
—~ ——MADRC
8D 1400 -
Q
<)
5 1200 -
2
< 1000 -
E
7 800 |-
<
o 600 -
z
%O 400 -
=) 200 -
0 h Y
_200 1 1 I 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18
Time(s)

Figure 12. The ESO estimated disturbances of CADRC and MADRC in the toolface loop.
4.1.3. Robustness and Disturbance Rejection Performance Analysis

The DPRSS is operated in harsh drilling conditions, the parameter uncertainties in Equation (16)
and the disturbance rejection performance in the presence of various disturbances need to be considered.
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Since the stabilized platform is sealed inside the outer housing, the total inertia is mainly affected by
bit inertia variation, such as the bit balling, which increases the bit inertia, and the bit wear, which
decrease the bit inertia. The friction factor is mainly affected by the bearing friction which is related to
temperature and bearing load. The motor torque constant is reduced with the increasing of temperature.
Considering bit wear [29], bit balling, bear friction variation and motor flux linkage variation [30], the
error of |, B and K,; was assumed to be £20%, —90% to +100%, and —40% to 0%, respectively. Note
that the controller parameters were the same during the simulation.

Considering the parameter uncertainties and load torque disturbance are included in the speed
loop, its tracking and disturbance rejection performances in the presence of parameter uncertainties
are analyzed.

Since the speed loop MADRC is a linear controller, its frequency response can be obtained by its
transfer function. Additionally, since the transient of the current loop is negligible compared with
that of the speed loop, for the sake of simplicity, we use #; instead of i; in the derivation, and the static
friction torque is omitted. The MADRC transfer function is derived based on the CADRC transfer
function which was initially presented in [31]. By converting the MADRC algorithm to the frequency
domain using the Laplace transform, it is possible to obtain Equation (28) from Equations (15), (19),
(20), and (22):

19 = C2h(5) = Gals)omls) = Gue) ol o5
Gi(s)
where G1(s), Ga(s), G3(s), and G4(s) are listed in the Appendix A, specifically. If G4(s) is set to 0, the
MADRC is equivalent to the CADRC. The block diagram shown in Figure 13 is derived to obtain the
closed-loop transfer function.

wm(s) . KinGr(5)Ge(s)Gp(s) W (S) 1

Ga(s) = o, (s) 1 + KinGe(5)Gy (s) » Gals) = Gp(s)TL(s) - 1+ KinGe(s)Gp(s)

(29)

where G, (s), G¢(s), and Gy (s) are listed in the Appendix A. Then, the closed-loop transfer function G(s)
and the disturbance transfer function G,(s) can be obtained. Note that the load torque disturbance is
considered in the form of its motor speed response.

T,(s)

i, (s @, (s)

m

G.(s) B G. ()| K, G,($)—>

3V

8,
l@

Figure 13. Block diagram of the speed-loop MADRC in the frequency domain.

We assumed two extreme conditions to analyse the frequency response in the presence of parameter
uncertainties, the first one changed J, B, and Kj;, to 20%, 100%, and 0% of their normal values, and
the second one reduced the J, B and K, to —20%, —90%, and —40% of their normal values. The Bode
diagrams of G(s) and G,4(s), along with the two extreme conditions, are shown in Figure 14. For the
normal condition without uncertainties, the -3 dB bandwidth of the speed loop is about 520 rad/s,
which agrees with Ki,,. Although the parameter uncertainties affect closed-loop frequency response,
the low—frequency tracking responses are almost the same, which guarantees the tracking requirement
of the toolface controller output. Figure 14b proves the disturbance rejection ability of the speed
control loop since the magnitude responses are under 0 dB within controller baseband, the disturbance
frequency responses are almost unchanged with the parameter uncertainties, in addition, with the
help of the MC, the MADRC has better disturbance rejection performance, which shows agreement
with Figure 7.
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Figure 14. Frequency response of the speed—loop. (a) the frequency response of G (s); and (b) the
frequency response of G (s) with parameter uncertainties.

Due to the nonlinearity of the fal function in the toolface loop, it is difficult to analyze the
toolface response using frequency domain method. Because the tracking error can show the toolface
tracking performance directly, we performed simulations in the presence of various possible parameter
uncertainties and disturbances, and the tracking errors are evaluated using the root mean square error
(RMSE) index.

Figure 15 shows the toolface tracking RMSEs with parameter uncertainties, the toolface response
data shownin Figure 11 was used as the standard value. The toolface RMSE is small and negligible, which
reveals that the DPRSS control system is robust in the presence of the possible parameter uncertainties.
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Figure 15. The toolface RMSE in the presence of parameter uncertainties.

Figure 16 shows the toolface tracking RMSEs with various load torque disturbance, the possible
load torque magnitude and frequency are varied based on (27), it is observed that the toolface is
insensitive to the load torque variation.

For the sake of simplicity, the sinusoidal wave shown in (30) was used to simulate stick-slip, and
then, the toolface tracking RMSEs in the presence of outer housing speed disturbance were obtained:

Ass sin(Qgst) wy, >0
©h = { 0 wp <0 (30)
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where Ags and ()5 denote the amplitude and frequency of the stick-slip, respectively. As can be seen in
Figure 17, although the errors increase as the stick-slip becomes more extreme, the controller performs

well in rejecting these disturbances.
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Figure 16. Toolface tracking errors in the presence of load torque.
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Figure 17. Toolface tracking errors in the presence of stick-slip.

Although the proposed control method has shown satisfactory performance, there are still a large
number of factors, such as model error, sensor error, and measurement delay, which cannot be well
considered by simulation, the DPRSS prototype experiments will be performed in the following section.

4.2. DPRSS Prototype Experiment

The DPRSS prototype is shown in Figure 18. The outer housing is connected to the outer housing
motor by a spline coupling, and the outer housing motor acts as the upper drilling string which
drives the outer housing. The stabilized platform which driven by the PMSM is assembled inside the
outer housing. A sensor package, including a gyro, accelerometer, and microprocessor, is installed
on the stabilized platform [32]. The proposed controllers are implemented in a TMS320F28335 DSP.
The high-speed CAN bus is used for data exchange between the DSP, the microprocessor, and the
USB-CAN analyzer. The analyzer acquires all data. The motor speed is measured by a resolver, and
the toolface is measured in the way shown in [30].

The outer housing speed disturbance was added by changing the outer housing motor speed, and
the load torque disturbance was tested by the equipment shown in Figure 19. The PMSM connects to
the torque motor by a spline coupling, the constant load torque is generated by a torque motor and
measured by the torque sensor. In the DPRSS prototype experiment, all the controller parameters were
the same as the ones used in the simulation.
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Outer
Housing

Outer Housing

Figure 19. Load torque test equipment.

4.2.1. The Motor Speed Loop Test

Figure 20 shows the motor speed step response curve. The MADRC and CADRC controllers have
larger overshoot than the PI algorithm before t = 0.3 s, but their speed fluctuation is much smaller.

2900 ' '[—mADRC

—— CADRC

N
o
(=)
o

Motor Speed(deg/s)
2 2
o o

500 7

O 1 1 1 1
0 2 4 6 8 10

Time(s)
Figure 20. Speed loop step response curves.

Owing to the torque motor limitation, only the constant 0.25 Nm load torque was tested. The load
torque disturbance rejection performance is shown in Figure 21. The test results meet an agreement
with the simulation in Figure 7, with the load torque being compensated in MADRC, its tracking error
is the smallest among the three algorithms. Figure 22 shows the load torque observer output and the
torque sensor measurements, the torque estimation error is larger than the one in the simulation, but it
follows the real torque tendency as desired.
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Figure 21. Load torque rejection curve of the motor speed loop.

T T T T T
—— Torque Observer

o
o
T

—— Torque Sensor

e
]
T

Torque(Nm)

Time(s)
Figure 22. Comparison of the load torque observer and the torque sensor.

4.2.2. The Toolface Loop Test

Figure 23 shows the toolface loop response curves of MADRC and CADRC. The outer housing
speed disturbances consist of the four parts which have been introduced in Figure 10. Comparing the
simulation results shown in Figure 11, the prototype toolface tracking errors are larger, but MADRC still
shows better disturbance rejection performance. In the second and third parts, the MADRC maximum
error is 10 deg, the CADRC maximum error is 17 deg, which is 70% larger than the MADRC. In the
fourth part, the stick-slip disturbance is tested, the CADRC maximum tracking error is 7 deg, and the
MADRC maximum tracking error is 4.5 deg, which reduces 36% errors of the CADRC.

Figure 24 shows the real outer housing speed, and the ESO estimated unknown disturbances
of the MADRC and CADRC. Due to the model errors, which were not considered in the simulation,
the ESO output magnitude in prototype test is larger than the simulation, but the ESO-estimated
disturbance of MADRC is still smaller than that of CADRC, thus, the ESO burden is reduced as desired.

In the previous research [12], the best maximum tracking error was 15 deg based on the four-loop
PI control method, where the performed stick-slip magnitude was 720 deg/s. By applying the proposed
control method, the toolface tracking error was reduced to 4.5 deg with 1400 deg/s stick-slip magnitude.
It is clear that the proposed control method has largely improved the DPRSS toolface control precision,
and these results show the potential of the proposed method to be used in harsher drilling conditions.
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Figure 23. Toolface response curves.
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Figure 24. The ESO outputs of MADRC, CADRC, and the outer housing speed.

5. Conclusions

In this paper, a DPRSS toolface control method using the MADRC algorithm was proposed
and verified, to our knowledge, it is the first time that the MADRC has been used for DPRSS.
The frequency responses and the simulation results reveal that the proposed method is robust against
parameter uncertainties: the RMSEs in the presence of various external disturbances are less than 1 deg.
The experimental results also indicate that the toolface control system satisfies the field requirements; its
maximum tracking errors are less than 10 deg under the four typical drilling conditions. Furthermore,
the MADRC shows better disturbance rejection performance than the CADRC and PI algorithms. This
work demonstrated that the MADRC has the potential to guarantee the DPRSS steering performance in
harsher drilling conditions. Stabilized platform toolface control performance testing in actual drilling
processes are considered for future work.

Author Contributions: Conceptualization, W.W. and Y.G.; Methodology, WW.; Software, N.W. and X.P.; Validation,
W.W. and N.W.,; Formal Analysis, W.W. and Y.G.; Investigation, N.W. and X.P,; Resources, Y.G.; Data Curation,
Y.G.; Writing-Original Draft Preparation, W.W.; Writing-Review & Editing, Y.G. and J.d.O.F; Visualization, W.W.;
Supervision, Y.G.; Project Administration, Y.G.; Funding Acquisition, Y.G.

Funding: This research was funded by [Ministry of Science and Technology of the People’s Republic of China]
grant number [2016YFC0302800] and [Ministry of Education of the People’s Republic of China] grant number
[15CX06065A] and [15CX08014A].

Conflicts of Interest: The authors declare no conflict of interest.



Energies 2019, 12, 1831 19 of 20

Appendix A
G1 = s+ 2wy + Kup; G, = I<mp(s2 + 2008 + w%w); Gz = (a)ﬁws + 2Kyp@mos + Kmpwzma); Gy = (52 + Kips + 2wmos);
Gp — — Ky G — _ToBAs—]As
1= TTA(Tos+1)’ 22 = T JA(Tes+1)’
G _ Gs+GiGpp G,
¢ G1+G4Gf1’ T G3+G4Gf2
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