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 During the drilling process, the drilling system devices can be exposed to 

several types of phenomena incited by lateral, axial, and torsional vibrations. 
The latter can lead to severe damages if they are not efficiently controlled 
and quickly mitigated. This research work is focused on the torsional 
vibrations, which are stimulated by the nonlinear dynamical interaction 
between the geological rocks and the drill bit. Wherein, a model with three 
degrees of freedom was designed to demonstrate the severity of the stick-slip 
phenomenon as consequence of torsional vibrations. The main objective of 
this study was to design a robust controller based on hybridizing a 
conventional PID controller with sliding mode approach in order to mitigate 

rapidly the torsional vibrations. Moreover, a comparative study between PI, 
PID and sliding mode controllers allowed us to emphasize the effectiveness 
of the new hybrid controller and improve the drilling system performances. 
Furthermore, the chattering phenomenon in the sliding surface was overcome 
by using the saturation function rather than the sign function. The obtained 
results proved the usefulness of the proposed controller in suppressing the 
stick-slip phenomenon for smart industrial drilling systems. 
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1. INTRODUCTION  

In the last few years, many researches about the vibrations in rotary drilling systems have been 

conducted in the literature, wherein, axial, lateral, and torsional vibrations have been discussed with many 

details [1-3]. In this research work, the torsional vibrations control and mitigation is considered because it is 

the stimulator of the Stick-slip phenomenon, which by its turn can be one of the main generators of the axial 

and lateral vibrations. The appearance of this phenomenon can lead to blocking the drilling tool during the 

stick phase, and damage other devices during the slip phase due to the cumulated energy release [4]. Many 

control systems have been proposed in the last two decades to reduce the severity of the torsional vibrations 

in rotary drilling systems [5]. Navarro and Castro have proposed the use of PI and sliding mode controllers 
in [6], the latter can only maintain the desired rotational speeds but with some oscillations. On the other hand, 

the proposed PI controller minimizes oscillations but it takes considerable time that expands the duration of 

the stick phase. Amadou has proposed in [7] three control laws by sliding mode, PID and linearization, where 
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acceptable performance has been obtained; the comparative study between the controllers has also been 

conducted. However, the dynamic of the studied model did not highlight the stick-slip phenomenon dynamic. 

Furthermore, Lui in [8] has used three sliding mode controllers to suppress the Stick-Slip oscillations; this 

study is an extension of contribution proposed by Navarro in [6]. Even though the design of three sliding 

mode controllers, the stick phase duration is still considerable because of activation delays in the control 

system. In last few years, the sliding-mode control method has been used to experimentally and numerically 

suppress stick-slip vibrations during drilling [9], the controller succeeded in eliminating the stick-slip 

oscillation but only for appropriately designed test bench. Though, when comparing the latest published 

studies, they have generally assumed that the input of the system is the torque delivered by the Top drive, 

hence, all the torques that exist between the top drive and the first element were neglected, so the speed of the 
first element is the same as the top drive speed. This hypothesis is the reason why the stick-slip phenomenon 

is not well observed since the torsional vibrations are not severe, in another way, the numerical model is not 

appropriately reliable, and does not precisely provide the accurate speed of the tool and that of the top drive. 

This limitation causes many problems during applying the functions of the drilling device (pumping and 

rotation). The disadvantage of these studies is that the used system model is limited to low oscillatory 

vibrations; therefore, in case of high frequency oscillating mode of the stick-slip vibrations, the performance 

of the previously developed controllers will be questionable. From other side, the dynamic mode is directly 

related to the rock-bit interaction term and the number of freedom degrees of the considered system, thus, 

these factors will make it more difficult to obtain good performances of rotary drilling system under severe 

torsional vibrations in its high frequency stick-slip mode. The latest proposed solutions, unfortunately, were 

limited to average performances and did not allow obtaining good performances. For that reasons, in this 
study the proposed model took the Top drive speed as an input, without neglecting the resisting torque 

between the top drive and the first element. Moreover, to eliminate the high vibrations, we proposed the 

design of a robust controller that mitigates the torsional vibrations (in its severe mode) in an optimal time so 

that protection of drilling equipment from hazards and damages can be efficiently guaranteed. 

To address the above limitations, the main objective of this research work is to minimize the 

torsional vibrations of the drill string by improving the efficiency of the proposed controller, and 

consequently guarantee the proper functioning of the drilling equipment during drilling for the smart 

industrial rotary drilling systems. Wherein, the top drive rotational velocity is considered as an input of the 

system, three rock-bit interaction models have been analyzed (simplified model, generalized model, and 

Stribeck) [10], and their effects on the model dynamic and the stick-slip phenomenon severity have been 

carefully discussed. Therefore, the generalized model of rock-bit interaction dynamic was used in the model 

of the system in order to design three controllers: classic PID controller [11], sliding mode controller [12], 
and hybrid sliding PID controller [13], they were designed to mitigate the stick-slip vibrations. The main 

advantages of the latter controller is its ability to eliminate the chattering phenomenon, the controllers’ 

performances were principally evaluated based on their response time because the dynamic of the vibrations 

is very fast in comparison to manual human intervention in the industrial rotary drilling systems [14]. 

Besides, the robustness of the hybrid controller was checked accordingly to parametric variations and 

monitoring, which guarantees our controller efficiency even with structured disturbances. Another advantage 

is that these controllers have not been previously applied for the used model. In order to attract readers to the 

proposed contributions in this study, we gave in section two a description of typical rotary drilling system 

[15].  
 
 

2. ROTARY DRILLING SYSTEM 

Drilling process is a technique of digging a hole in the ground to extract products like oil, and gas. 

Each technique is chosen based on specific drilling operations, which depend on the nature of the geological 

formations (especially rock hardness) and the mechanical strength of the soil (well walls stability and 

behavior of drilling mud). Among these techniques, the rotary drilling is distinguished; it exists since 1920 
when it was developed mainly for light devices (works power of 650 Hp) and used in unconsolidated 

sedimentary soils. This drilling system has the advantage of good control of drilling parameters (weight on 

bit, rotational velocity, mud quality and its injection rate) [16]. The drilling rig is composed of several 

elements, all of them are important and each of them has a specific role so that the safety is ensured by blow 

out preventers (BOP), the pumping process is guaranteed by the mud pump, the rotation is ensured by the top 

drive and the rotary table, and the production of alternative energy is provided by diesel motors. In addition 

to that, the drill string consists of drill pipes, drill collars, they ensure the proper functioning of the tool 

during its rotation, without forgetting the most important component of drilling which is the tool, it can be 

either as toothed wheels or diamond tool (natural or synthetic diamonds: PDC and TSP) [17]. 
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3. TORSIONAL VIBRATIONS 

Figure 1 shows the torsional vibration in stick-slip mode generated by parametric variations due 

geological formation requirements and weight on bit (WOB) monitoring. Stick-slip phenomenon is the severe 

status of the torsional vibrations; it can lead to damaging the drill bit, the tool string, or even the top drive if it 

last for a considerable period without control. In best scenario, it increases the non productive time (NPT) up 

to 50% of the total drilling time. The highly nonlinear rock-bit interaction dynamic is the main cause of such 

type of vibrations [18], for which the bit is characterized by unstable rotational speed that varies aggressively 

as function of sudden changes in rock geomechanical properties. Thus, the behavior of rotary drilling system 
during the oscillations cannot be completely predictable. For that reason, the design of friction model was not 

an easy task [19], where, it was necessary to introduce a large number of parameters to describe the physics 

of friction phenomena. Among the studied friction models, the general model has demonstrated its high 

representability to stick-slip phenomenon in its high frequency mode and the severe torsional vibrations. 

 

 

 
(a) 

 
(b) 

 

Figure 1. Stick-slip vibration simulation with: (a) Input velocity of 40 rpm and Wob=120 N (b) Input velocity 

of 100 rpm and Wob= 200N 
 

 

4. DRILL STRING MODEL  

The analysis of torsional vibrations appearing in the drillstring can be done through a proxy model 

of a torsion pendulum (Mass-spring-damper) because it is the most answered one for such type of studies 

[20]. It was firstly proposed by National Oilwell Varco (NOV) company [21]. Figure 2(a, b) show the 

complete drilling rig and its schematic diagram, while Figure 2(c) demonstrates its equivalent proxy system. 

It has three degrees of freedom where the upper disc represents the rotary table, the middle disc is considered 

as the tool string, and the lower disc represents the drill bit. The description of the model parameters was 

summarized in Table 1.  

 
 

 
(a) 

 
(b) 

 
(c) 

 

Figure 2. Rotary drilling system: (a) Complete Drilling rig [8], (b) Its Schematic diagram [19],  

(c) Equivalent Proxy model with three elements  
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The three-element proxy model of rotary drilling system is described by (1): 

 

{
 
 

 
 �̈�1 =

1

𝑗1
(𝑑1(�̇�𝑡𝑑 − �̇�1) − 𝑘1(𝜃𝑡𝑑 − 𝜃1) − 𝑑2(�̇�1 − �̇�2) − 𝑘2(𝜃1 − 𝜃2) − 𝜇�̇�1)  

                                      

�̈�2 =
1

𝑗2
(𝑑2(�̇�1 − �̇�2) + 𝑘2(𝜃1 − 𝜃2) − 𝑑3(�̇�2 − �̇�3) − 𝑘3(𝜃2 − 𝜃3) − 𝜇�̇�2) 

                                   

�̈�3 = 
1

𝑗3
(𝑑3(�̇�2 − �̇�3) + 𝑘3(𝜃2 − 𝜃3) − 𝜇 �̇�3 − 𝑇𝑏)  

 (1) 

 

 

Table 1. Parameters description for the designed rotary drilling model  
Parameter Description Unit 

𝜃𝑡𝑑 The top drive angular displacement  [rad] 

  𝜃𝑖=1,2,3 The angular displacements of the rope section i [rad] 

𝑘𝑖=1,2,3 Torsional stiffness coefficient of the rope section i  [N.m/rad] 

𝑑𝑖=1,2,3 Internal damping coefficient of the rope section i [N.m.S/rad] 

𝜇 Wall friction coefficient  [N.m] 

𝑗𝑖=1,2,3 The inertia of the rope section i [kg.m2] 

 

 

To use the standard notation for states and inputs in (1), the following variable changes were applied: �̇�1 ≜
𝑥1, �̇�2 ≜ 𝑥2 �̇�3 ≜ 𝑥3 ,  𝜃𝑡𝑑 − 𝜃1 ≜ 𝑥4,  𝜃1 − 𝜃2 ≜ 𝑥5,𝜃2 − 𝜃3 ≜ 𝑥6,  �̇�𝑡𝑑=u . 

The state equations of the system were then rewritten in the form given by (2). 

 
 

{
  
 

  
 
�̇�1 = 𝐴1𝑥1 +𝐴2𝑥2 + 𝐴3𝑥4 +𝐴4𝑥5 +𝐴5𝑢      
�̇�2 = 𝐵1𝑥1 + 𝐵2𝑥2 +𝐵3𝑥3 +𝐵4 𝑥5 + 𝐵5 𝑥6   
�̇�3 = 𝐶1𝑥2 + 𝐶2𝑥3 + 𝐶3𝑥6+ 𝐶4𝑇𝑏                      

�̇�4 = �̇�𝑡𝑑 − �̇�1 = 𝑢 − 𝑥1                                       

�̇�5 = �̇�1 − �̇�2 = 𝑥1 − 𝑥2                                      

�̇�6 = �̇�2 − �̇�3 = 𝑥2 − 𝑥3                                       

         (2) 

 

Where 
 

{
 
 
 
 

 
 
 
  A1 =  

−d1−d2− μ 

j1

A2 = 
d2 

j1
             

A3 = 
k1 

j1

A4 = 
−k2  

j1

A5 = 
d1  

j1

            

 ;    

{
 
 
 
 

 
 
 
 B1 =  

d2  

j2
              

B2 =  
−d2− d3− μ 

j2

B3 =  
d3 

j2
     

B4 =  
k2 

j2
     

B5 =  
−k3 

j2
   

         

;      

{
  
 

  
 C1 =  

d3 

j3
     

C2 =  
−d3− μ 

j3

C3 =  
k3 

j3
     

C4 =  
−1 

j3
    

 (3) 

 

The matrix form was then obtained as given by (4).  

 

{
�̇�(𝑡) =  𝐴(𝑥(𝑡)) + 𝐵(𝑥)𝑢(𝑡)    

𝑌(𝑡) = 𝐶(𝑥(𝑡))                             
     (4) 

 

Y(t) is the measured output variable which is drill bit speed, where x(t) = [𝑥1 𝑥2 𝑥3 𝑥4 𝑥5 𝑥6] is the 

state vector,  with  
 

 𝐶(𝑥) = [0 0 1 0 0 0], A(x) = 

[
 
 
 
 
 
𝐴1𝑥1 +𝐴2𝑥2 +𝐴3𝑥4 +𝐴4𝑥5                  
𝐵1𝑥1 + 𝐵2𝑥2 + 𝐵3𝑥3 + 𝐵4 𝑥5 +𝐵5 𝑥6  
𝐶1𝑥2 + 𝐶2𝑥3 + 𝐶3𝑥6 + 𝐶4𝑇𝑏                   
−𝑥1                                                               
𝑥1 − 𝑥2                                                        
𝑥2 − 𝑥3                                                        ]

 
 
 
 
 

 , B (𝑥) =

[
 
 
 
 
 
𝐴5
0
0
1
0
0 ]
 
 
 
 
 

 

 

Where 𝑇𝑏 is the torque on the bit, it represents the nonlinearity term, and it is given by (5). 
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Tb = x3 (
A

√x23+Ω
2
0
+

B

x23+Ω
2
0
) - Dx3 (

x3

Ω1 
 −  1) (5) 

 

Where A= 𝜇𝑛𝑁𝑟, and B= A 𝑝 Ω0 , the numerical values for the various constants used in the simulation are: 

𝐾1 = 𝐾2 = 𝐾3 = 481.29 𝑁.𝑚/𝑟𝑎𝑑, 𝑗1 = 𝑗2 = 1030.45 𝐾𝑔.𝑚
2,𝑗3 = 223.44,𝑑1 = 𝑑2 = 51.38 𝑁.𝑚. 𝑠/𝑟𝑎𝑑, 

𝑑3 = 39.79 𝑁.𝑚. 𝑠/𝑟𝑎𝑑, 𝜇 = 10 𝑁.𝑚, 𝑊𝑜𝑏 = 120 𝑁.𝑚, the parameters in (5) are summarized in Table 2.  

 

 

Table 2. Parameters description of Torque on bit term   
Parameter Description Value 

𝜇𝑛 Nominal friction coefficient 40 Nm 

N The force vector 9.81× 𝑊𝑜𝑏 N 

R The contact radius vector 0.1 m 

Ω0  Chain transition speed 1 

Ω1  Transition speed for the well 31.4159 

P The initial friction parameter 1.5 

D The linear damping vector 0.28 

 

 

5. CONTROLERS DESIGN 

5.1.   Sliding mode controller (SMC) 

The SMC is a two-part controller design process; the first part associates with the design of a sliding 

surface so that the sliding motion satisfies the design specifications dealt with it. The second part focuses on 

the selection of a control law that will make the switching surface attract the system state. The control 

problem, which minimizes the problem of driving the system to its surface and then ensuring that it stays on 

this surface all the time, is based on Lyapunov approach [22]. The sliding mode controller was designed 

through the following steps: 

Step 1. The choice of the sliding surface; it is defined according to the order of the system as given in (6).  
 

s(x) = (
𝑑

𝑑𝑡
+ 𝜆)𝑛−1 e(x) (6) 

 

With 𝑒(𝑥) = 𝑥𝑑 − 𝑥, n is the relative order of the system compared to the output 𝑦(𝑡), 𝑥𝑑  is the desired set 

point, and  𝑒 is the error.  

Step 2. The condition of existence and the convergence of the slip regime: these criteria allow the states of 

the system to converge towards the sliding surface, and oblige them to remain in the vicinity of the sliding 

surface [23]. The condition is given by (7); it only guarantees an asymptotic convergence towards the sliding 

surface. However, to obtain a convergence in finite time, condition (8) should be verified. 

 

 �̇�. 𝑠 <  0 (7)  
 

 �̇�. 𝑠 <  − 𝑘 |𝑠| (8) 

 

With:  k >0 

The conditions in (7) and (8) are derived from Lyapunov methodology where a positive scalar 

function 𝑣 (𝑥) >  0 is chosen as:  

 

𝑉(𝑠)  =   
1

2
𝑠2 (9) 

 

Its derivative is calculated and investigated to be negative or at least semi-negative.  
 

�̇�(x) =  s(x).  ṡ(x) (10)  

 

Step 3. Determination of the control law: this law is broken down into two equations; the first is the 

equivalent control law 𝑢𝑒𝑞 which is given in (11), Which represents the continuous part of the input, as 

obtained by the derivation of the sliding surface (s), and canceling all the terms which hinder the stability of 

the system, Physically, it can be interpreted as the average value of the real command [24]. The second 

equation is the discontinuous law 𝑢𝑑  , which is added for the purpose of eliminating the chattering 

phenomenon [25]. There are several functions that can be used to eliminate this phenomenon, in this paper 
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we choose to use (12), (13), and (16) have been considered as discontinuous control law of the sliding 

controller for the chosen surface expressed in (15). The sign function given in (12) has been replaced by a 

saturation function (13) because it has less discontinuity so that the chattering phenomenon can be avoided.  

 

 𝑈 =   𝑢𝑒𝑞 +  𝑢𝑑 (11) 

 

𝑢𝑑1  =  𝑘. 𝑠𝑖𝑔𝑛 (𝑠(𝑥)) (12) 
 

𝑢𝑑2  =  𝑘 𝑠𝑎𝑡 (𝑠(𝑥) (13) 

 

With  

 

sat(s) =  {

𝑠

𝜑
                           𝑠𝑖  |

𝑠

𝜑
|   ≤ 1     

𝑠𝑔𝑛 (
𝑠

𝜑
)                  𝑠𝑖 |

𝑠

𝜑
|   ≥ 1       

 (14) 

 

With: 𝜑  is the transition band of the sliding surface 
Then, the sliding surface became 

 

s = (𝑥1 − 𝑄𝑟𝑒𝑓) + λ[∫ 𝑥1(𝜏) − 𝑄𝑟𝑒𝑓 𝑑𝜏 +
𝑡

0
 λ ∫ 𝑥1(𝜏)–𝑥3(𝜏) 𝑑𝜏

𝑡

0
]           

                          
 (15) 

 

And the sliding control law was obtained as given in (16).  

 

Usli =
1

𝐴5
 [−𝐴1𝑥1 −𝐴2𝑥2 −𝐴3𝑥4 − 𝐴4𝑥5 − λ(𝑥1 − 𝑄𝑟𝑒𝑓) − λ  (𝑥1 − 𝑥3) − 𝑢𝑑] (16) 

 

With: k, λ >0 

 

5.2.  PID controller  

PID (proportional, integral, derivative) controllers are classic controllers [26]; they have been 

widely used in the industry for several systems and applications [27, 28]. The control laws for PI and PID 
regulators are given by (17) and (18) respectively. 

 

UPI = 𝑘𝑝  (1 +
1

𝑇𝑖𝑠
) (17) 

 

UPID = - 𝑘𝑝  (1 +
1

𝑇𝑖𝑠
+ 𝑇𝑑 . 𝑠) (18) 

 

With: 𝑘𝑝 is a proportional gain, 𝑇𝑖 is an integral time constant, and 𝑇𝑑  is a derivative time constant. 

 

5.3.  Hybrid PID sliding mode controller  

The hybrid controller consists of making a combination between two control laws [29]; the first is 

that of the classic PID (or PI) controller which compensates for the drilling non-linearity caused by the stick-

slip vibrations [30], it also prevents the tool from sticking. While, the second controller with its sliding mode 
improves the robustness of the proposed method and ensures the desired rate of penetration, the mathematical 

formula for PID (PI) sliding mode controller are described by (19) and (20) respectively.  

 

Usli_pi= Usli+ UPI (19) 

 

Usli_pid= Usli- UPID (20) 

 

Where: UPI is the PI controller law in (17), UPID is the PID controller law in (18), and Usli is the sliding mode 

control law in (16).  
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5.4.  Controllers’ robustness  

To investigate the controller robustness due to parametric variations, (21) was proposed. 
 

Usli =
1

𝐴5
 [−∆1𝐴1𝑥1− ∆2𝐴2𝑥2− ∆3𝐴3𝑥4− ∆4𝐴4𝑥5− λ (𝑥1− 𝑄𝑟𝑒𝑓) − λ  (𝑥1 − 𝑥3) − 𝑢𝑑] (21) 

 

Where: ∆𝑖 are positive constants which adjust the model parameters. Based on the obtained responses, the 

robustness can be then quantified [31, 32], with 0 < ∆𝑖< 1. 

 

 

6. RESULTS AND DISCUSSION 

In order to study the open-loop model and to prove that the studied system is subjected to strong 

torsional vibrations in its high-frequency stick-slip mode, and to monitor the efficiency of this closed-loop 

model (sliding mode controller (SMC), PID controller and hybrid PID sliding mode controller), the 

MATLAB R2015 environment has been used, which enabled the implementation of the model shown in (2) 
and displays response graphs. Based on the results, we were able to make an evaluation of the performances 

and interpretations of the responses’ characteristics (Overshoot, Stabilization time, Static difference) and to 

assess the effectiveness of these controllers applied for the rotary drilling model. 

 

6.1.   Open loop responses  

Figure 3(a) shows the top drive angular velocity in black and the bit angular velocity in blue for 

open loop response of the system. As noted in previous section, the general rock-bit interaction term has been 

used since it represents the stick-slip dynamic with high fidelity. By setting the 𝑊𝑜𝑏 = 120𝑁.𝑚 for an input 

velocity of 100 rpm, the bit speed oscillates, but, the top drive oscillations are less than the bit oscillations 

due vibrations absorption from the bottom hole up to surface. It is also noticeable that the maximum bit 
velocity exceeded the double of the top drive velocity at the slip phase, and then decreased to near zero at the 

stick phase repetitively. Moreover, to analyze these phases, Figure 3(b) was shown to demonstrate the torque 

on bit variations during the oscillations, where the maximum torque was 180 𝑁.𝑚 which is obtained at the 

end of each stick phase while the minim value was 100𝑁.𝑚 which is obtained at the end of each slip phase. 

Thus, the torque variation is a direct indicator of the torsional vibration severity.  
 

 

 
(a) 

 
(b) 

 
Figure 3. Open loop responses of rotary drilling system for: (a) The angular velocities, (b) The Torque on bit 

 
 

6.2.   Sliding mode controller results  

Figure 4(a) shows the top drive and the bit rotational velocities under the designed sliding mode 
controller [33], it was noted that the performances of the system has been improved, where the oscillations 

have been reduced at the bit and removed at the top drive. The responses had stabilized at 𝑡 = 10 𝑠, without 

overshoot, therefore without a static difference. These performances really prove the effectiveness and the  

validity of the designed controller in comparison to time response of controllers in latest studies like results 

in [8]. Nevertheless, the chattering phenomenon had appeared at the control input as shown in Figure 4(b), it 

is mainly caused by the discontinuous sign function given by (12). To eliminate the chattering effects [34], 

other functions were considered too. Figure 5(a) shows the angular velocities of the top drive and that of the 

drill bit with a sliding mode controller by using saturation function given by (14). By using an equivalent 

saturation control, the performance of the system remained the same as in Figure 4(a), but the chattering 

phenomenon has been eliminated as illustrated in Figure 5(b) so that the control system was improved too.  
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(a) 

 
(b) 

 

Figure 4. The sliding mode control step response for: (a) The angular velocities, (b) Control input 

 

 

 
(a) 

 
(b) 

 

Figure 5. The sliding mode control step response with saturation function for: (a) The angular velocities,  

(b) Control input 

 

 

6.3.   PI, PID controllers’ results 

Figure 6(a) shows the angular velocities of the top drive and that of the drill bit for a PI controller 

with 𝑘𝑝 =600, 𝑇𝐼=0.01 λ=0.02 , it was noticed that the two velocities followed the desired set point nominal 

velocity, without overshoot and without static difference. However, the system was stabilized at 𝑡 =
250𝑠 which is not unacceptable because the torsional vibrations dynamic is faster than that and it can damage 

the equipment in less time. Figure 6(b) shows the angular velocities of the top drive and that of the drill bit 

for a PID controller with 𝑘𝑝 = −0.1 , 𝑇𝐼= -10, 𝑇𝑑 = −0.1, λ= 2.5, the obtained performance is almost the 

same as the one obtained by a PI controller [35], except that the stabilization time was reduced to 200s. These 

performances prove the effectiveness of the PI controller, it can be seen that the response obtained has no 

overshoot, compared to [6], we conclude that performance of this controller were significantly improved. 

 

 

 
(a) 

 
(b) 

 

Figure 6. The step response of rotary drilling system for: (a) PI controller, (b) PID controller 
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6.4.   Hybrid controllers’ results  

Figure 7(a) shows the angular velocities of the top drive and that of the drill bit for hybrid sliding PI 

controller with λ= 0.1, k = 9.6, φ = 2, 𝑘𝑝 = 0.2, and 𝑇𝐼  = 20. It was notice that with this controller has a 30% 

overshoot while the two velocities were stabilized at 𝑡 = 40𝑠. Moreover, Figure 7(b) demonstrated that input 
controller did not have chattering effects, but the controller was a little oscillating around the nominal 

velocity of 100 rpm, thus, it was concluded that the obtained performance is acceptable. 

 

 

 
(a) 

 
(b) 

 

Figure 7. The step response of hybrid sliding PI controller: (a) Angular velocities, (b) Control input  

 

 

Figure 8(a) shows the angular velocities of the top drive and that of the drill bit for hybrid sliding 

PID controller with λ= 0.001, k = 9.6, φ = 2, 𝑇𝑑  = 0.1,  𝑘𝑝 = 0.01, and 𝑇𝑖  = 100, the obtained performances 

were better than those obtained by hybrid PI controller with shortest stabilization time 𝑡 = 10𝑠. The 

chattering phenomenon has also been eliminated Figure 8(b), these performances prove the effectiveness of 

the hybrid sliding PID controller, therefore, we can see that the obtained response for a stabilization time of 

10 s with no overshoot. By comparing these characteristics to results in [7], we conclude that the 

performance of this controller are not just better than the previous controllers in the study but it is even better 

than controller in [7]. More detailed comparison is given in section seven. 

 

 

 
(a) 

 
(b) 

 

Figure 8. The step response of hybrid sliding PID controller: a) Angular velocities, b) Control input 

 
 

6.5.   Robustness results by sliding controller  

Figure 9 demonstrated the robustness of the hybrid controller for parametric variation Figure 9(a) 

and weight on bit variations Figure 9(b). The response of the system under the parameters ∆1= 0.7, ∆2= 0.6, 

 ∆3= 0.9, and ∆4= 0.6 had showed that controller is robust for such type of status. From the other side, the 

weight on bit change to 200 has stimulated some oscillations as shown in Figure 9(b), but they are not severe 

and will not create damage risk to drilling equipment [36]. Therefore, the performance of this system is not 
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affected by an increase in the weight on the bit and the parametric change of the sliding mode controller; 

therefore, we have demonstrated the efficiency and confirmed the validity of the control system based on the 

results obtained in Matlab R2015 environment.  

 

 

 
(a) 

 
(b) 

 

Figure 9. Robustness evaluation of the hybrid controller with: (a) Parametric variation, (b) Weight on bit 

variation 

 

 

7. COMPARATIVE STUDY  

A comparative study of the controllers’ performances is summarized in Table 3, the responses of 

hybrid PID sliding controller Figure 8(a) are slightly better than those of sliding mode controller Figure 5(a) 

even they had almost the same performance characteristics Table 3. On the other hand, the responses with PI 

and PID controllers were not good because of the existence of many oscillations and the long stabilization 
time which is not practically desirable. Even though the sliding mode had improved their performances, the 

hybridization had offered the best results in terms of overshoot (0%), stabilization time (10s), static 

difference (0), and oscillations mitigation effectiveness. The other difference is that the input control 

response for the sliding mode controller was smooth starting from 𝑡 =  12 𝑠 Figure 5(b). On the contrary, the 

hybrid sliding PID controller input contained some oscillations, the strongest peak was at 𝑡 =  17 𝑠 when the 

angular velocity exceeded 350 rpm, and this can generate significant fatigue for the components of the 

drilling equipment. Despite, the fast time response will prevent the drilling equipment from damages due to 

the high robustness of the hybrid controller [37, 38].  

 

 
 

Table 3. Comparative study between designed controllers’ performances 
 Performance 

Method                    Overshoot Stabilization time Static difference 

Sliding mode  0% 10 s 0 

PI controller 0% 250 s 0 

PID controller 0% 200 s 0 

Hybrid sliding PI controller 30% 40 s 0 

Hybrid sliding PID controller 0% 10 s 0 

 
 

8. CONCLUSION 

In this study, a hybrid sliding PID controller was designed to mitigate torsional vibrations in rotary 

drilling systems so that the dynamic of drill bit remain under desired nominal angular velocity. In addition to 

that, the chattering phenomenon of sliding controller had also been avoided by the appropriate function 

choice in the equivalent control law. The hybridization between PI (PID) controllers with the sliding mode 

control had remarkably improved the performance of the system under the stick-slip vibration in its high 

frequency mode; the stabilization time was the most important characteristic because its reduction allowed us 

to suppress the vibrations quickly in order to avoid any damages or fatigues to the drill bit, tool string, and 

top drive. Furthermore, the comparative study gave us the chance to demonstrate the superiority of sliding 
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PID controller over sliding PI controller, and even sliding controller too. Due to the considerable interest in 

industrial improvements of drilling systems and to control vibration (stick-slip phenomenon), it is suggested 

to implement the sliding mode controller and hybrid sliding PID controller in the LabVIEW environment 

(laboratory virtual instrument engineering workbench) in real time, to ensure the reliability and precise 

synchronization of the speed of our drilling system (top drive and that of the drill). Therefore, small 

difference between these speeds can be avoided because it is the origin of many failures in the drill. 

Furthermore, to ensure the proposed controller efficiency in real rotary drilling system, we suggest 

implementing the developed algorithm in RT-Lab (real time laboratory system) at the beginning, then, in an 
operating drilling system at the end. Based on the obtained results, it is highly recommendable to consider the 

proposed hybrid controller for torsional vibrations mitigation in smart industrial rotary drilling system due to 

its high robustness and its straight forward implementability in the petroleum industry. 
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