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Abstract Stick-slip friction is a major cause of drill-string failure. This paper addresses
the problem of suppressing stick-slip induced oscillations in oil well drill strings using a
control design technique known as μ-synthesis. This technique allows for the inclusion of
modeling errors in the control design process in terms of uncertainty weights. The dynamic
model of the drill string with stick-slip friction is highly nonlinear and has to be linearized
around an operating point in order to use μ-synthesis. The difference between the linear
and nonlinear models is characterized in terms of uncertainty weights and included in the
control design process. The designed controllers are robust to uncertainty in the dynamic
model, spillover, actuator uncertainty, and noise. Two controllers were designed using μ-
synthesis and the simulation results are presented and discussed here. The first controller
assumes no measurement delay; however, the second controller includes a sensor time delay
in the measurements. Both controllers are robust and performed well.

Keywords Drill string · Robust control · μ-synthesis · Time delay system

1 Introduction

The drilling process is affected by the dynamically induced vibrations due to design imper-
fections as well as material elasticity. Vibrations can decrease the rate of penetration (ROP)
and thereby increase the cost of the well and can interfere with measurement-while-drilling
(MWD) tools [18, 21]. There have been a significant number of research publications on
drill-string dynamics and a representative few are considered in this paper. Several models
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are available in the literature which include one or more of the following phenomena: bit
bounce, stick-slip, forward and backward whirl, axial, lateral, and torsional vibrations. The
torsional vibrations of a drill string can lead to excessive loadings resulting in equipment
wear, joint failure, or damage of the drill-bit [5]. It has been verified through downhole mea-
surements that the application of a constant rotary speed at the surface does not necessarily
translate into a constant speed rotation of the drill-bit. This discrepancy in the rotational
speed of the drill string is due to the large torsional flexibility of the drilling assembly. The
rig floor can experience significant dynamic torque fluctuation because of the torsional vi-
brations. One major cause of torsional vibrations is the stick-slip friction. Stick-slip is a
self-excited torsional vibration induced by the nonlinear relationship between the friction-
induced torque and the angular velocity at the bit [11]. Since the early eighties, the stick-slip
phenomenon has been extensively examined both analytically and experimentally; see for
example [6, 11, 13–17, 20, 22]. The available models range from simple ones based on
lumped mass theory to more complex models which make use of the elasticity theory cou-
pled with some modeling technique such as finite elements and the Hamiltonian principle;
see for example [7, 8, 13–15, 23].

A lot of research has been focused on minimizing the effect of the torsional vibrations.
For example, one technique introduced in the 1980s used an active damping system to re-
solve the problem of stick-slip in drill strings. This system reduces the torque fluctuations
and torsional drill-string vibrations affecting in this manner the stick-slip conditions. Torque
feedback is used to reduce the amplitude of the downhole rotational vibrations by auto-
matically slowing down or increasing the rotary rate depending on whether the torque is
increasing or decreasing; see for example [10, 11, 20, 22, 23]. Many control techniques
have been used in the past decade or so: Serrarens et al. [19] used H∞ control in suppress-
ing stick-slip oscillations whereas Christoforou and Yigit [8] used state feedback control.
Hiddabi et al. [3] developed a nonlinear controller to reduce the vibration oscillations. The
control law is based on input–output linearization and the authors showed, through simula-
tions, the effectiveness of the control law. Abdulgalil and Siguerdidjane [1, 2] developed a
PID and backstepping controllers to reduce the effect of the torsional vibrations. The PID
controller is used in conjunction with a state input controller because of the uncertainties in
the system.

It is worth mentioning that the drill-string dynamic model is underactuated since the sys-
tem has two degrees of freedom and only one torque is used to control the action of the
system. One control technique which has been used successfully in the control of under-
actuated systems is μ-synthesis [4, 9, 12]. This technique is based on H∞ control design
and an optimization technique known as D-K iterations. The advantage of this technique is
that it allows the inclusion of modeling imperfections in the control design process. Once
designed, the controller will be robust to all uncertainties included as long as the μ values
are less than 1 for all frequencies.

In this paper, a 3rd order model of the drill-string system is used with the states being the
speeds of the rotary table and the drill collar and the twist angle of the drill pipe. The model
is nonlinear and includes the effect of the stick-slip friction. A linear model is derived and
used as the nominal plant for the control design process. The difference between the actual
model and the linearized one are characterized in terms of uncertainty weights and included
in the closed-loop system. Moreover, noise and actuator uncertainties are also included in
the closed-loop system. The designed controllers are robust to high-frequency dynamics,
modeling errors, actuator uncertainty and noise. Another issue that is addressed here is the
location of the sensors. Due to the fact that the rotary table and the drill collar could be miles
apart, time delay in the measurement might cause problems while doing real time control.
Therefore, another controller is designed assuming a time delay in the measurements.
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The rest of the paper is organized as follows: A dynamic model for the drill string is
presented in Sect. 2. The μ-synthesis control design weights are selected in Sect. 3. The μ-
synthesis controller design results are discussed in Sect. 4. Finally, some concluding remarks
are listed in Sect. 5.

2 Dynamic model of the drill-string system

Consider the drilling system represented in Fig. 1.
Let,

• φ1: angular displacement of the bit
• φ2: angular displacement of the rotary table
• φ: difference between φ2 and φ1 (φ = φ2 − φ1)
• Ω1: angular speed of the bit, (Ω1 = φ̇1)
• Ω2: angular speed of the rotary table, (Ω2 = φ̇2)
• Ωref: desired angular speed of the bit
• J1: equivalent moment of inertia of the collars and the drill pipes
• J2: inertia of the rotary table augmented with inertia of the electric motor (J2 = Jtable +

n2Jm)
• Jtable: moment of inertia of the rotary table
• Jm: moment of inertia of the electric motor
• n: transmission gear box ratio
• C1: equivalent viscous damping coefficient of the bottom hole assembly (BHA)
• C2: viscous damping of the rotary table

Fig. 1 Schematic diagram of a drill string
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• T1: torque on bit
• T2: torque delivered by the motor

The equations of motion of the drill-string system are as follows [19]:

J1Ω̇1 + C1Ω1 − Kφ = −T1(Ω1)

φ̇ = Ω2 − Ω1 (1)

J2Ω̇2 + Kφ + C2Ω2 = T2

where

T1(Ω1) = Tt

2

π

(
α1Ω1e

−α|Ω1| + atan(βΩ1)
)

(2)

T2 = u (3)

Note that the torque T1(Ω1) in (2) is taken from reference [19] where Tt , α1, α and β are
given scalars.

Combining equations (1) and (3), the dynamic model of the system can be written as

Ω̇1 = −C1

J1
Ω1 + K

J1
φ − 1

J1
T1(Ω1)

φ̇ = Ω2 − Ω1 (4)

Ω̇2 = −K

J2
φ − C2

J2
Ω2 + 1

J2
u

Let the parameters of the system be such that p1 = −C1
J1

, p2 = K
J1

, p3 = − 2
J1π

α1Tt , p4 =
− 2

J1π
Tt , p5 = − K

J2
, p6 = −C2

J2
, and p7 = 1

J2
.

Also, let the states of the system be such that x1 = Ω1, x2 = φ and x3 = Ω2 with X =
[x1 x2 x3]T .

Using these parameters, the model of the system (4) can be written as

ẋ1 = p1x1 + p2x2 + p3x1e
−α|x1| + p4atan(βx1)

ẋ2 = −x1 + x3 (5)

ẋ3 = p5x2 + p6x3 + p7u

The model can be written in the following form:

P = Pnom + �W (6)

where Pnom is the linearized version of (5) and given by

Ẋ = [A]X + [B]u (7)

and �W is an uncertainty function that will account for the difference between the actual
plant and the nominal one. Therefore, a good robust control technique, such as μ-synthesis,
could be used to design controllers to reduce the effect of stick-slip and other modeling
uncertainties. The μ-synthesis technique is an H∞ based control design which allows for
the integration of modeling errors as weighting function. Following is a brief overview of
the technique.
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3 μ-Synthesis controller design

The H∞/μ-synthesis control technique is used here to synthesize a controller for the drill-
string system. The designed controller has to be insensitive to unmodeled high frequency
dynamics, neglected nonlinearities and variations in the drill-string assembly material prop-
erties. To better understand the proposed control scheme, a brief description of the μ tech-
nique will be given here. The reader can refer to [4, 9] for more details on the μ-synthesis
control design.

Let P be an n × n complex matrix, P ∈ Cn×n, which represents a nominal closed-loop
system; let S and F be integers such that S,F > 0 and r1, r2, . . . , rS and m1,m2, . . . ,mF be
positive integers such that

S∑

i=1

ri +
F∑

j=1

mj = n (8)

Let � be the uncertainty matrix associated with the nominal closed-loop system P and �
be the set of block diagonal matrices in Cn×n with S scalar blocks and F full blocks such
that

� =
{

diag[δ1Ir1 , . . . , δsIrS ,�1, . . . ,�F ]
δi ∈ C,�j ∈ Cmj ×mj

}

(9)

and

B� = {� ∈ � : σ̄ (�) ≤ 1} (10)

A permissible � in B�, destabilizes the closed-loop system (P,�) if and only if

det[I − P (jω)�(jω)] = 0 (11)

The Structured Singular Value Function (known as μ) is defined as follows:

μ(P (jω)) =
{

[min�∈B�
σ̄ (�(jω)) : det(I − P�) = 0]−1 otherwise,

0 if det[I − P (jω)�(jω)] �= 0 ∀� ∈ B�

(12)

where σ̄ denotes the maximum singular value [9].
It can be shown that for the feedback system to remain stable for all stable and bounded

�’s, μ has to be less than 1 over all frequencies ([4] and [9]):

sup
ω

μ(P (jω)) ≤ 1 (13)

For computation purposes, it was shown by Doyle [9] that

ρ(P ) ≤ μ(P ) ≤ σ̄ (P ) (14)

However, since the difference between the spectral radius, ρ, and the maximum singular
value, σ̄ , can be arbitrarily large, better estimates of the lower and upper bounds of μ should
be obtained. The μ-synthesis technique makes use of a minimization scheme known as
“D–K iteration” to obtain less conservative bounds on the μ values across the frequency
spectrum. D–K iteration is basically a two-step minimization process: the first step is a
minimization over all stabilizing controllers K while a scaling matrix D is held fixed, and
the second step is a minimization over the scaling matrix D while the controller K is kept
fixed.
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3.1 Additive and multiplicative uncertainty description

A control design block diagram is shown in Fig. 2. Two forms of modeling uncertainty can
be included in the closed-loop formulation using the H∞ control design technique: additive
and input multiplicative. The additive uncertainty weighting matrix, [Wa] in the drill-string
system block diagram (see Fig. 2), represents the unmodeled dynamics of the system and it
is selected such that [Wa] is low in magnitude at low frequency and high at high frequency.
This is reasonable since at low frequencies, the dynamic model is fairly accurate. At high
frequencies, unmodeled dynamics and nonlinearities may have a tremendous impact on the
behavior of the system. Moreover, [Wa] limits the bandwidth of the system and enforces a
roll-off constraint on the closed-loop system. The additive uncertainty weighting matrix is
selected such that

⎡

⎣

111s+2.5
s+62 0 0

0 111s+2.5
s+62 0

0 0 111s+2.5
s+62

⎤

⎦ (15)

This indicates that the drill-string system could vary by as much as 5% at low freq and
increases gradually to reach 100% at 100 rad/sec. The other type of uncertainty that will
be included in the control design is input multiplicative. The input uncertainty weight, Wact,
shown in Fig. 2, is included in the control problem formulation to account for input modeling
errors and uncertainties of the linearized actuator model. The actuator uncertainty weight is
selected such that

Wact = 1.1s + 55

s + 2000
(16)

This weight implies that there is approximately 2.5% error in the input signal at low fre-
quency which rises up to 90% at high frequency. The multiplicative input uncertainty weight
helps limit the bandwidth of the system, while increasing the system robustness to changes
in the plant model. Although variations in the drill-string assembly parameters have not
been directly accounted for in the control design model, both the additive and multiplicative
uncertainty weights have been designed with robustness to these variations in mind.

Fig. 2 Block diagram of the closed-loop system for the μ-synthesis control design
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3.2 Measurement noise

The interconnection diagram in Fig. 2 shows the weighting noise matrix [Wn]. [Wn] is a
frequency varying matrix used to model the magnitude of the sensor’s noise in the measure-
ment of the rotational speeds of the rotary table and the drill collar. The transfer matrix is
selected such that

[Wn] =
⎡

⎣

0.125(s+1)

s+100 0 0
0 0 0
0 0 0.125(s+1)

s+100

⎤

⎦ (17)

which corresponds to the noise level in the measurement sensor channels. This weighting
matrix indicates that the level of noise is low at low frequencies (1.25 × 10−3) and increases
to 0.125 at frequencies.

3.3 Time delay uncertainty

Since the distance between the drill collar and the controller could be in the kilometers range,
there is usually a delay in transmitting the signal to the surface. Therefore, the dynamics of
the drill-string system will include a time delay due to the sensors location. It is desired
to transform this transport lag to a system uncertainty which can be easily integrated in
the closed-loop model. The closed-loop system is shown in Fig. 3 in which the system
time delay due to the location of the sensor is cascaded with the drill-string system transfer
function. The sensor time delay is taken as

τd = 2 sec (18)

The control diagram in Fig. 3 can be reconfigured to reflect the time delay in the dynamics
of the system as a perturbation. Therefore, if one chooses a perturbation �τ(s) such that

�τ(s) = e−τd s − 1 (19)

then, the closed-loop diagram can be transformed as shown in Fig. 4. However, care has to
be taken with this choice of perturbation since its infinity norm is equal to 2; that is,

‖�τ‖∞ = ‖e−τd s − 1‖∞ = 2 (20)

For the closed-loop system to achieve robust performance, the designed controller must be
robust to the time delay and all other perturbations of magnitude 2. However, this will limit

Fig. 3 Block diagram of the
closed-loop system with
measurement time delay
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Fig. 4 Block diagram of the
closed-loop system with time
delay as output multiplicative
uncertainty

Fig. 5 Block diagram of the
closed-loop system with time
delay as additive uncertainty

the choices of controllers and make the control law unnecessarily conservative. In order to
use the μ-synthesis technique, all perturbations must be less than 1 in magnitude. Therefore,
a variable change will be made so that the perturbation satisfies the magnitude less than 1
requirement. The perturbation �τ(s) is small at low frequencies and grows large at high
frequencies. That is

lim
s−>0

�τ(s) = 0 and lim
s−>∞�τ(s) = 2 (21)

Therefore, one can include this perturbation as an additive uncertainty surrounding the drill-
string system as shown in Fig. 5. The new perturbation �τm is given by

�τm(s) = �τP (22)

where P represents the linearized drill-string assembly dynamics given by (7) assuming that
the maximum time delay is 2 seconds. Since each transfer function of P is strictly proper,
there is a single input single output bandpass filter wd(s) such that

‖w−1
d �τm‖∞ < 1 (23)

The weighting function is chosen such that

|Wd(jω)| > |�τ(jω)P (jω)| ∀τ ≤ 2 sec and ∀ω (24)
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Fig. 6 Weighting function for
time delay replacement

The transfer matrix Wd is selected such that

[Wd ] =
⎡

⎣
wd 0
0 0 0
0 0 wd

⎤

⎦

⎡

⎢
⎣

2s2+6s+36
s2+0.5s+1.3

0 0
0 0 0

0 0 2s2+6s+36
s2+0.5s+1.3

⎤

⎥
⎦ (25)

Figures 2, 3, 4, 5 and 6 shows a plot of |�τ(jω)P (jω)| as a function of frequency as
well as the selected weighting transfer function wd to show that inequality 24 holds for all
frequencies.

3.4 Performance description

The μ-synthesis design technique requires all performance and robustness specifications be
described as weighting functions on the system transfer functions. These weighting func-
tions serve two purposes in the H∞ framework: they not only allow the direct comparison
of different performance objectives with the same norm, but also allow frequency informa-
tion to be incorporated into the analysis. The desired Ωref to Y response of the drill-string
system is formulated as a model matching problem in the μ framework (see Fig. 2). The
differences between the input command Ωref and the drill-string assembly rotational speeds
Y are used to generate an error eL to be minimized for robust performance. Therefore, the
performance weight must be selected in a manner that will make it possible to design a
robust controller for the drill-string system. A performance weight has been prescribed re-
quiring a disturbance rejection at low frequency to be of the order of 100-to-1. This also
means that the steady-state tracking error for the lateral displacement should be in the order
of 0.01 or smaller. This requirement is relaxed as the frequency increases and up to 0.6 rad/s,
the closed-loop system will perform better than the open-loop one. The closed-loop perfor-
mance will decrease with frequency, but it will always lie underneath the envelope traced by
the inverse of the performance weight to guarantee robustness.

3.5 Controller design

The first controller is designed based on the control diagram shown in Fig. 2. The block
diagram could be rearranged to look like Fig. 7 where the perturbation block, � includes
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Fig. 7 Block diagram of the
closed-loop system for the
μ-synthesis control design

Fig. 8 Control design block diagram for the drill string system with measurement time delay for the
μ-synthesis control design

the performance uncertainty block, [�p], the actuation uncertainty block �act, and additive
uncertainty due modeling errors, [�a]. The uncertainty block � is given by

� =
⎡

⎣
[�p] 0 0

0 �act 0
0 0 [�a]

⎤

⎦ (26)

For the case where measurement time delay is included in the closed-loop system, the con-
trol design block diagram is shown in Fig. 8. As before, the block diagram can be rearranged
to look like Fig. 7 where the perturbation block in the figure includes the performance uncer-
tainty block, [�p], the actuation uncertainty block �act, additive uncertainty due modeling
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errors, [�a], and an additive uncertainty due time delays, [�d ]. This time, the uncertainty
block � is given by

� =

⎡

⎢⎢
⎣

[�p] 0 0 0
0 �act 0 0
0 0 [�a] 0
0 0 0 [�d ]

⎤

⎥⎥
⎦ (27)

In either case, the problem reduces to finding a controller K which minimizes the infinity
norm of the transfer matrix from Ωref to eL for all allowable �’s. Using linear fraction
transformation, the condition for robust performance becomes

μ(Fl(P,K)(jω)) ≤ 1 ∀ω ∈ [0,∞] (28)

where Fl(P,K) denotes the lower linear fraction transformation.
The “true” drill-string assembly vibration model corresponds to the nominal drill-string

assembly plant model defined by (7), the actuator’s model defined by (16), Wact, and the
additive uncertainties, [Wa] and [Wd ] (see Fig. 2). The transfer matrices Wact, [Wd ] and
[Wa] are assumed known, and reflect the amount of uncertainty in the model; whereas the
transfer matrices �act, [�d ] and [�a] are assumed to be stable and unknown, but satisfy
(10). The performance of the closed-loop system is evaluated by calculating the maximum
singular value μ of the weighted transfer functions from the disturbance and command input
to the error output.

4 Simulation results

The open-loop nonlinear simulations of the drill-string system using the values listed in
Table 1 are shown in Figs. 9, 10, 11 and 12. The figures clearly show that for a reference
command of 10 rad/s, the disks will reach a top speed of 8.4 rad/s. Moreover, a significant
amount of vibrations persists for more than 1 minute. This type of response will have a
detrimental effect on the performance as well as the life of the drill string. Therefore, it is
required to design a control law that will improve the performance of the drill string; i.e.,
less steady-state error as well as a better transient response. It is desired to have the speeds
of the drill collar and the rotary table, Ω1 and Ω2, reach 10 rad/s at steady state with an
acceptable transient response. The control design technique used here is μ-synthesis. This
technique is linear and therefore it requires linearization of the drill-string system around

Table 1 Values of the variables
used in the simulations [19] Variable Value

J1 374 kg m2

J2 2122 kg m2

C1 0–50 N m/rad

C2 425 N m/rad

K 473 N m/rad

Tt 500 N m

α1 9.5

α 2.2

β 35
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Fig. 9 Drill collar angular speed
response without time delay
using the μ-synthesis controller

Fig. 10 Rotary table angular
speed response without time
delay using the μ-synthesis
controller

a specified operating point. The drill-string system given by (5) is linearized around the
operating point (Ω1, φ,Ω2) = (10 rad/s,0,10 rad/s). The MATLAB commands trim and
linmod2 are used to obtain the linear model of the system. It is found that the linearized
system is controllable. The difference between the linear and nonlinear model is character-
ized in terms of uncertainty functions as described in the previous sections. Two controllers
have been designed using the μ-synthesis control design technique. The first controller uses
the drill-string model given by (7) without compensation for the sensor location and it is
based on the interconnection diagram shown in Fig. 2 and the performance and uncertainty
blocks defined earlier. The best controller is obtained after three D-K iterations and has 15
states, two inputs: Ω1,Ω2 − Ωref, and one output: u as shown in Fig. 2. It was possible to
reduce the number of states of the designed controller from 15 to 9 using the ν-gap metric
technique [24]. The gap between the 15-state and 9-state controllers is of the order of 10−6.
Therefore, the difference in performance between the two controllers is virtually nil. The
closed-loop system is simulated and the results are shown in Figs. 9, 10, and 11. It is clear
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Fig. 11 Twist angle response
without time delay using the
μ-synthesis controller

Fig. 12 μ-synthesis controller
torque, no time delay

that the closed-loop system preserves a good performance level even under worst operating
conditions. The angular speed of both the rotary table and the drill collar reach their desired
value of 10 rad/s after approximately 20 seconds.

It is worth noting that the bandwidth of the closed-loop system is directly related to the
cross-over frequency of the performance weight. In other words, the larger the cross-over
frequency of the performance weight, the faster the closed-loop system responds. Moreover,
the bandwidth of the closed-loop system is limited by the zero on the drill-string system
located at 1.1 rad/s. It was possible to improve the settling time of the system; however,
that was on the expense of robustness. That is, inequality (13) is no longer satisfied. This
means that there exists an uncertainty matrix � which destabilizes the drill-string closed-
loop system [9]. On the other hand, lowering the crossover frequency of the performance
weight results in a slower response, but increases the chance of achieving robust stability.

Another set of controllers were synthesized for the drill-string system with a sensor time
delay included (see Fig. 3). The results of the simulations are shown in Figs. 13, 14, 15
and 16. The designed controller performed relatively well with a 2 second time delay in
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Fig. 13 Drill collar angular
speed response using the
μ-synthesis controller:
measurement time delay included

Fig. 14 Rotary table angular
speed response using the
μ-synthesis controller:
measurement time delay included

the measurements. The resulting settling time is one second slower than with the previous
controller.

It is worth noting that the twist angle φ between the top and bottom disks does not go to
zero no matter what performance criteria one uses (see Figs. 11 and 15). The reason for this
could be explained using (5).

At steady state, (Ω̇1, φ̇, Ω̇2) = (0,0,0) and (Ω1, φ,Ω2) = (10 rad/s, φc ,10 rad/s). Plug-
ging the steady-state values into (5) leads to

0 = 10p1 + p2 × φc + 10p3e
−10α + p4 × atan(10β)

0 = p5φc + 10p6 + p7 + p8τc

φc = 10C1

K
+ 2Tt

πK

(
10α1e

−10α + atan(10β)
) �= 0

τc = 10C1 + 2Tt

π

(
10α1e

−10α + atan(10β)
) �= 0
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Fig. 15 Twist angle response
with time delay using the
μ-synthesis controller:
measurement time delay included

Fig. 16 μ-synthesis controller
torque, with time delay

Although the steady-state twist angle φ does not go to zero, its vibration has been greatly
reduced.

5 Concluding remarks

Torsional vibrations of drill strings caused by stick-slip friction are detrimental to the whole
drilling process. They can lead to excessive loadings resulting in equipment wear, joint fail-
ure, or damage of the drill-bit. Because of the energy lost to torsional vibrations, the appli-
cation of a constant rotary speed at the surface does not necessarily translate to a constant
rotational speed of the drill-bit. Therefore, it is necessary to suppress the vibrations of drill
strings to improve their life and performance. Robust controllers have been designed using
the μ-synthesis technique and applied to the drill-string system to suppress its stick-slip
induced vibrations. The controllers are robust to unmodeled nonlinearities, high frequency
dynamics, actuator uncertainties, and noise. The designed controllers performed well even
under extreme uncertainty conditions and with measurement time delay. It is worth noting
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that if more degrees of freedom are included in the dynamic system such as bit bounce and
lateral motion, the control problem becomes more challenging and might not lead to good
performance. Many other control techniques are available in the literature such as switching
and passivity based control techniques. Even these methods do not guarantee good perfor-
mance if more than two degrees of freedom are un-actuated. Currently, we are working on
developing a 4 degree-of-freedom model for a drill-string system. The control technique
proposed here will be extended to the 4 degree-of-freedom model and the results will be
made available in due time. The proposed control scheme can be easily extended to the 4
degree-of-freedom model by augmenting the weighting matrices to account for the extra
degrees of freedom. However, the performance specs may have to be relaxed to increase the
chances of success of the control technique presented in this paper.
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