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Design of Adaptive Control System Based on Model Reference Stick Slip 1 

Vibration 2 

 3 

Abstract: The stick-slip vibration is a common vibration mode of the drill string system during the drilling 4 

and it is extremely destructive. The drilling efficiency will be greatly reduced, if the drill gets a bit 5 

damaged and the drill rod breaks when the stick-slip vibration occurs. In order to solve this problem, a 6 

two-degree-of-freedom focused mass model was established. The controller based on the model reference 7 

adaptive control method was designed. The simulation experiment was completed to prove the rationality 8 

of the established stick-slip vibration model and the correctness of the control method. The control 9 

equipment was developed and the tests above on the well were completed. The experimental results shows 10 

that the designed stick-slip vibration control system has validity and stability. 11 

 12 
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1 Introduction 16 

Stick-slip vibration of the drill string 
[1-4]

 is a vibration mode that "movement - still - moving again - and 17 

then stationary". The stick slip vibration of the drill string will cause the drilling efficiency to be greatly 18 

reduced, the drilling rod breaks, the bit damage, the drilling speed is reduced, and the drill tool fatigue failure 19 

and other failures. At present, there are many researches in the field of stick slip vibration control in drill 20 

string abroad. Among them, Lin et al. 
[5]

 adopted dynamic synovial control method to solve the problem of 21 

drill bit stuck. Eva et al 
[6]

 designed a discrete control method based on the angular velocity of the upper part 22 

of the drill string, the torque of the bit and the weight-on-bit; Hiddabi et al. 
[7]

 designed a full-scale controller 23 

based on the elastic-mass model. However, there are few researches on stick-slip vibration control in drill 24 

string in China. However, the research on stick-slip vibration control of drill string in 25 

China is less. 26 

The oil well environment in the process of oil drilling is complicated and changeable, which leads to the 27 

model of the drill string system cannot be accurately obtained and brings difficulties to the stick-slip 28 

vibration control of the drill string. However, the adaptive control can handle the uncertainty of the model 29 

parameters well without completely knowing the model of the controlled object 
[8]

. Model reference adaptive 30 

control and self-tuning regulator are two types of adaptive control systems which currently more mature 
[9]

. 31 

In this study and research, the stick-slip vibration control system was designed based on the model reference 32 

adaptive control method 
[10]

, the experiments were completed above on the well and the experimental results 33 

were satisfactory. The domestic research on stick-slip vibration control is still in the initial stage. Therefore, 34 

the development of stick-slip vibration control system of drill string has the important practical significance 35 

to improve the level of our country's oil drilling technology. 36 

 37 

2 Drilling system dynamics model established 38 

The drill string system is equivalent to a double focused mass-spring system, the top drive turntable and 39 

the drill assembly are considered as two upper and lower concentrated masses torsion model and established 40 
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the drill string system model. Drill string system differential equations are as follows: 41 

 42 

Fig. 1 Lumped mass model with two degrees of freedom for drill string system 43 
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In Equation (2-1) rJ is the top drive turntable moment of inertia, in the article all the suffixes of r   means 45 

rotary; bJ is the bit moment of inertia, in the article all the suffixes of b  means bottom; rc is the top drive 46 

damping coefficient; bc is the drill damping factor; rϕ is top disc angle displacement; bϕ  is the bit angular 47 

displacement; c  is the equivalent damping coefficient of two degree of freedom concentrated mass model; 48 

k  is the equivalent stiffness coefficient of two degree of freedom focused mass model; mT  is the motor 49 

drive torque, the suffixes of m means motor; 
fT  is the nonlinear term for friction torque, the suffixes of f 50 

means friction. Take the state variable as: [ , , ]T

r b
p ω ω φ= ∆ , this p  represents the state variable of 51 

the drill string system. 52 

br ϕϕϕ −=∆ , as for the drill string system, its two degree of freedom focused mass model becomes: 53 
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When it is in the speed control mode, taken Ω=rω  as a fixed value, then equation (2-2) can be converted 55 

into: 56 
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3 Model reference adaptive control 58 

The design of the control system structure shown in Figure 2. When the inverter works in the speed 59 

control mode, the feedback system (such as the current loop and speed loop in Figure 2) formed by the motor 60 

and the inverter is mainly used to adjust the motor torque so that the motor speed remains unchanged. I and 61 

W are the current real-time current and speed of the motor respectively, and they are used as the input of the 62 

stick-slip vibration control system. Top drive the existing electronic control system (PLC controller) output 63 

as the main given input speed of inverter, stick-slip vibration control system output as a speed of the inverter 64 

given a given input. After the frequency converter control makes the speed of auxiliary given zero, thereby 65 

suppressing stick-slip vibration.  66 

 67 

Fig. 2 Structure diagram of the control system 68 

 69 

Fig.3 Drilling model reference adaptive control system diagram of stick slip vibration 70 

 71 

Drilling model reference stick-slip vibration adaptive control system shown in Figure 3: （1）The 72 

reference model is a physical model of the same nature as the system itself and is used to find the speed of the 73 

drill bit my ;（2）Top drive electric control system output current I and speed W as the input of the estimator 74 

to estimate the true bottom hole bit speed 0y .When stick-slip vibration does not occur, the value of 0y  75 

equals the value of my  equal to the system main setpoint speed u .When stick-slip vibration occurs, the 76 

force between the drill bit and the rock can vary, so the real bit speed 0y  is a variable. When the true speed 77 
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of drill bit 0y  is not equal to model reference output my , the system has generalized error 0me y y= − , 78 

using the controller to adjust the parameters of the drilling system, generalized error tends to zero, Finally, 79 

the true speed of the drill bit is approached to the output of the reference model, thereby suppressing 80 

stick-slip vibration. 81 

The controlled object can be described as: 82 
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In equation (3-1) px  is the dimensional state vector, pA  is the nn ×  matrix; pb is the 1×n  input 84 

vector; py is the output; )0...01(=T
h  is the 1 n×  matrix, the suffixes of p means plant; the 85 

corresponding transfer function is: 86 
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In equation (3-2) )(sM p  and )(sN p  for the n -order and m -order polynomial, pk  is the controlled 88 

object gain. According to equation (2-2) take the state variable is: [ , ]bq ω φ= ∆ , The q represents the 89 

state variables in this design of the control system, because this control system is speed control, so there is no 90 

speed variable in the state of this one. mT  is the output variable, equation (1-3) changes to: 91 
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Since the friction torque is constant at steady state, the equation of state can be transformed into: 93 

1 0 1

b

b b

b b b

c c k c

J J Jq
ω ω

φ φ

+   
−      = = + Ω      ∆ ∆   

−      

&
&

&                   （3-4） 94 

Then 
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, substituting A and b into the equation (3-2), the transfer 95 

function is: 96 
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Substituting the values in [11] into (2-5), then
4732.73374

4732.23
)(

2 ++

+
=

ss

s
sWp . The corresponding 98 

controller structure shown in Figure 4: 99 
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Fig. 4 Controller structure diagram 101 

In the figure, 
r

y  (the suffixes of r means reference) and 
m

y  (the suffixes of m means model)are the 102 

reference model input and the reference model output, respectively. 0k  is adjustable gain. 1F  and 2F  are 103 

two auxiliary signal generators. c，d ，
0

d  are adjustable parameter vector. 
1

e  is the system generalized 104 

state error. G  is the n n×  matrix. 
1v  and 

2v  are the state vectors of the auxiliary signal generator, 105 

respectively. 
1

w  and 
2

w  are the output of two auxiliary generators respectively. 106 

Figure 4 shows that the controlled object can be expressed as: 107 
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In equation (3-6), ( ))()()()( 21 ttytty pr

ΤΤΤ = ννϕ and ( )ΤΤΤ = ddck 00θ  are the signal vector and 109 
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system to augment state variables then: 111 

( )tb

b

v

v

x

Gbh

G

A

v

v

x

x

pppp

ϕθ Τ

Τ 















+

































=

















=

00

00

00

2

1

2

1

&

&

&

&                 （3-7） 112 

Making )(
~

)( tt θθθ += ∗
 , in the equation 

∗θ  represents the parameter vector when the adjustable 113 

system exactly matches the reference model. When the reference model and the adjustable system exactly 114 

match, at this time 
0 0

k c d d  are in the upper right corner with "*" to show the difference. 115 

)(
~

tθ  represents the parameter error vector. Substitute )(tθ  into (3-6): 116 
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Substitute （3-8） into （3-1）, finishing extended state equation(in the article all the suffixes of c means 118 

compatible, 
c

A is an n n×  matrix in an augmented state equation of an adjustable system.): 119 
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When 0)(
~

=tθ , it means that 
∗=θθ ,the 

mcx  represents the reference model augmented state vector, 121 

m
x  represents the reference model state vector. (3-9) can be expressed as(in the article all the suffixes of 122 

mc means model compatible):  123 
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The corresponding transfer function as: 125 
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Let 1e  and )()(
~

tt ϕθ Τ
 are the output and input of the error model, the transfer function of augmented 129 

error model is : 130 
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In equation (3-14) P , Γ are positive definite matrix. Derive t from (3-14), combined with extended state 135 

equation has: 136 
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symmetric matrix, then 
1

0
2

dV
e Qe

dt

Τ= − ≤ , adaptive regulation law is: 139 
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ΤΤ = cc hPb , so adaptive law is: 141 
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In equation (3-17) 1e is measurable; ϕ  is the semaphore is also known, so the adaptive law can be 143 

achieved. 144 

4. Simulation 145 

The simulation system structure (Figure 5) was established according to the model reference adaptive 146 

control law and the literature 
[11]

 in the parameters. When the main given speed is 21 rad / s, the simulation 147 

results of motor torque, bit speed and control speed are shown in Figure 6 (a), 6 (b) and 6 (c) respectively. 148 

 149 

Fig.5 Simulation model 150 

Figure 6 (a) is a simulation diagram, is completed in an ideal state. The magnitude of the main speed 151 

reference in Figure 6 (a) is empirically chosen and is given in international units, rad/s. 152 

The analysis of Figure 6 is summarized in Table 1: 153 

Table 1 Summary of simulation results 154 
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Times 

Picture order 

Before 1000 s 1000 s-1050 s 1050 s-1150 s 

Figure 6 (a) 

Stick-slip vibration 

caused the motor torque 

fluctuations more 

intense. 

After starting the 

stick-slip vibration 

control, the 

fluctuation of the 

motor torque 

gradually decreases 

during the control 

transition. 

The motor torque 

gradually tends to be 

stable, and it is 

approximately equal 

to the desired torque 

17548Nm. 

Figure 6 (b) 

Stick-slip vibration 

causes bit speed 

fluctuations more 

intense, stick-slip 

vibration frequency of 

about 0.2 Hz. 

The stick-slip 

vibration frequency 

of the drill bit was 

gradually reduced, 

and the stick-slip 

vibration was 

controlled. 

Drill speed gradually 

stabilized, equal to the 

main given speed 21 

rad/s. 

Figure 6 (c) 

Since the stick-slip 

vibration control was 

not activated, the speed 

control was zero, the 

speed was maintained at 

21 rad/s of the main 

setpoint. 

The gradual decrease 

of speed control was 

the same with the 

change of bit speed. 

After stick-slip 

vibration was 

controlled, the speed 

control was zero and 

the speed was 

approximately equal 

to the main given 

speed of 21 rad/s. 

 155 

Fig.6 (a) Motor torque 156 
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 157 

Fig.6 (b) Bit rotation speed 158 

 159 

Fig.6 (c) Control speed 160 

5 Experiment 161 

5.1 System Design 162 

The experimental system was that made the drill string stick slip-vibration control system accessed to 163 

top drive electronic control system controlled the stick-slip vibration of drill string system. Stick-slip 164 

vibration control system (including human-computer interaction unit and control algorithm unit) was 165 

connected with external inverter through CAN bus which could realize the data exchange between inverter 166 

and control algorithm unit. The data exchange process was as follows：the actual motor speed and actual 167 

torque data acquired by the inverter were sent to the control algorithm unit through the CAN bus in time, the 168 

related parameters of the drill string system set in the display unit were transmitted to the control algorithm 169 

unit through the network cable. The speed control amount processed by the control algorithm unit was 170 

transmitted to the frequency converter through the CAN bus in a speed-assisted manner. Setting the speed 171 

which has set in the PLC controller as the main speed of the inverter. At the same time, the main setting of 172 

speed and the auxiliary setting of speed will act on the inverter to adjust the motor speed so as to restrain the 173 

stick-slip vibration . 174 

5.2 Results and Analysis 175 

During the experiment, the stick-slip vibration control system of the drill string was connected to the 176 

inverter for research, made Starter third-party online monitoring software to monitor the actual motor speed 177 

and actual torque detect the actual effect of the stick-slip vibration control system of the drill string. As 178 

shown in table 2, the actual drilled drill string data, drilling depth 2948 m,( Drilling depth is equal to the 179 
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length of the drill pipe, increasing the length of the drill pipe, drill collar and the length of the sum) the main 180 

speed of converter was given at 600 rpm, top drive motor gearbox reduction ratio of 12.5. In order to ensure 181 

the reliability of the experimental data, the experimental results of the motor actual speed, actual torque and 182 

auxiliary given speed (Table 3, Figure 7) were obtained by the starter third-party online monitoring software. 183 

Aggravated drill rod 184 

Table 2 Structural parameters setting of drill string 185 

Drill column components Length /m Outer diameter /m Inside diameter /m 

Drill pipe 2680 0.127 0.108 

Increase the drill pipe 120 0.127 0.0762 

Drill collar 148 0.2096 0.0715 

 186 

The analysis of Figure 7 is summarized in Table 3: 187 

Table 3 Summary of experimental results 188 

Times 

Picture order 

Before 130 s  130 s-180 s After 180 s  

Figure 7 (a) 

The motor's actual 

speed fluctuation 

was small and 

vibration between 

590 and 610 RPM. 

Start stick-slip vibration 

control, controlled the 

actual motor speed during 

the transition large 

fluctuations in the 

vibration range of 580 ~ 

640 RPM. 

The motor speed 

fluctuates within the 

range of 590 ~ 610 

RPM. After the control 

was applied, the trend of 

the motor speed and the 

auxiliary given speed 

was the same and equal 

to the speed of the motor 

before starting the 

stick-slip vibration 

control. 

Figure 7 (b) 

Stick-slip vibration 

caused the motor 

torque fluctuations 

more obvious, the 

value of about 600 ~ 

1000 Nm between. 

Start the stick-slip 

vibration control, the 

actual torque of the motor 

began to converge to the 

preset torque of 900 Nm, 

and the stick-slip 

vibration of the drill 

string was controlled. 

The actual motor torque 

in the 800 ~ 1000 Nm 

within a small range, 

tended to the center 

value of 900Nm. 

Figure 7 (c) 

The stick-slip 

vibration control was 

not started so the 

auxiliary given 

output was zero. 

Start stick-slip vibration 

control, auxiliary given 

speed was between -30 ~ 

40 RPM vibration. 

Auxiliary speed was  

equal to the total output 

motor speed minus the 

main given speed 600 

RPM, the fluctuations in 

the vicinity of zero. 

 189 
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 190 

Fig.7 (a) Actual speed of motor 191 

 192 

Fig.7 (b) Motor torque 193 

 194 

Fig.7 (c) Auxiliary given rotation speed 195 

The data in Figure 7 (a) is the motor speed in the actual drilling process. In the actual system, there 196 

will be various kinds of interference, so the motor speed will fluctuate under normal conditions. The motor 197 

speed is the specific value of this experiment, the unit is RPM. Motor speed divided by the transmission 198 

ratio is the actual system of the main given speed. Between the two units can be converted to each other, 199 

1rad/s = π/30rpm. 200 

It can be seen from the experimental results that the control system can give the auxiliary given speed 201 

in time when the stick-slip vibration control system is started. The combination of the given speed and the 202 

auxiliary given speed can effectively improve the stick-slip vibration, restrain the drastic fluctuation of the 203 

top drive motor torque, and restore the drill string system to a balanced state in a short period of time. The 204 
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results show that the stick-slip vibration control system designed in this paper can effectively restrain the 205 

stick-slip vibration of drill string. 206 

6 Conclusion 207 

In this study, a dual-degree-of-freedom mass model of drill string system was established. An adaptive 208 

control system based on model reference was designed and simulated. Simulation results shows that the 209 

proposed control method can effectively suppress stick-slip vibration effectively. Finally, the actual control 210 

system works on a well was developed and the well site test was completed. The actual drilling data obtained 211 

from the third-party on-line monitoring software of starter showed that the designed control system can 212 

follow the changing rules of speed and torque,  adjust the output speed of the inverter in time, and has better 213 

performance on the stick-slip vibration of the drill string inhibition. It plays a good guiding role in reducing 214 

the damage of drilling tools, increasing the drilling speed, improving the drilling efficiency and reducing the 215 

drilling accidents. 216 
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