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Abstract: When the directional rotary steering system works in the state of maintaining the tool face angle, the use of PID control mode will lead to a large swing angle of 
the tool face angle of the directional rotary steering system. In order to reduce the swing amplitude of the tool face angle, based on the PID position control and the angle 
position error sliding mode control strategy, the exponential synovial control function is established. The simulation results show that the fast and accurate tool face angle 
tracking is achieved through the closed-loop control of the angle position. The paper provides an implementation method for the research of directional rotary steering system. 
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1 INTRODUCTION 
 

Rotary steering technology is a cutting-edge 
technology in the field of oil drilling. The working mode 
of RSS is to adjust the mandrel direction in real time, and 
drill smoothly according to the set drilling trajectory while 
drilling [1-2]. Compared with the traditional sliding guide 
tool, the rotary guide technology can simplify the drilling 
operation procedure, reduce the operation cost and 
improve the drilling operation accuracy; moreover, the 
borehole purification effect is better and the borehole 
trajectory accuracy is more accurate than the traditional 
sliding guide tool [3, 4]. During the drilling process, the bit 
can maintain the set inclination angle when the outer drill 
collar rotates, which can effectively avoid the phenomenon 
of supporting pressure on the well wall. Therefore, its 
displacement extension ability is more powerful, especially 
suitable for the operation requirements of special process 
wells such as ultra-deep wells, highly difficult directional 
wells, cluster wells and large displacement horizontal wells 
in complex oil and gas reservoirs. It greatly improves the 
operation efficiency and speed, reduces the operation cost 
and reduces the occurrence of drilling accidents [5]. 
However, it is a difficult problem to maintain the stability 
of the face angle of the rotary guide tool. Through PID 
control method, the swing angle of tool face angle can be 
controlled within ±7°. 
 
2 LITERATURE REVIEW  
 

At present, the rotary guidance technology mainly 
includes push type, directional type and compound type. 
Compared with other rotary steering systems, the 
directional rotary steering system is more suitable for 
complex downhole working environment since it does not 
depend on the geological conditions of the borehole wall. 
The smooth borehole wall reduces the risk of drill sticking 
[6]. 

1. Principle of directional rotary guidance system 
The black ring in Fig. 1 is the drill collar section, and 

the inner ring is the mandrel section. When performing 
directional operation, the drill collar rotates clockwise at 
the speed ω, and the spindle drive rotates at the opposite 
direction in the same speed relative to the drill collar. At 
this time, the mandrel remains stationary relative to the 
earth.  

 
Figure 1 Schematic diagram of mandrel tracking principle 

 
In Fig. 2, the front end of the mandrel is connected with 

the drill bit through the eccentric shaft. Since the drill bit 
no longer rotates relative to the earth, a stable platform is 
formed. Under the action of the eccentric shaft, the drill bit 
also remains stationary and points to a preset orientation to 
form a function similar to the bending screw, so as to 
realize the guiding operation. In order to form a stable 
platform and maintain the pointing stability of the tool-face 
angle, it is necessary to adjust the rotation speed of the 
mandrel in real time to make it track the drilling speed of 
the drill collar, and keep the tool face angle at the set 
reference tool face angle position while maintaining the 
same speed and opposite direction. The ultimate goal is to 
realize the real-time tracking of the mandrel angular 
position to the set reference angular position through the 
automatic control method [7-9]. 
 

 
Figure 2 Structure diagram of directional rotary guide 

 
The servo motor driving the spindle is a permanent 

magnet synchronous motor. In order to stabilize the tool 
face angle, it is necessary to realize the double closed-loop 
control of speed and tool face angle. The control method in 
the reference is to divide the mandrel tool face angle into 
four different intervals according to the circumferential 
360 degree section, to judge the shortest path of the current 
tool face angle to the target tool face angle by the position 
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interval of the tool face angle, and to select the mandrel 
acceleration or deceleration according to the control 
strategy set in the program [10]. This control method is a 
PID double closed-loop control based on speed and rotor 
position. Although it can quickly track the tool face angle, 
when observing the control results, it will be found that the 
actual tool face angle of the mandrel swings on both sides 
of the preset tool face angle [11]. This will not only reduce 
the accuracy of directional operation, but also reduce the 
smoothness of shaft wall. Measured data of no-load 
experiment: when the target tool face angle is set at 180°, 
the actual value of the tool face angle is measured every 
0.1 s and the measured value of the actual tool face angle 
is 171.5°-185.0°; the average value is 178°; and the 
variation range around the average value is about ± 7°. 
 
3 RESEARCH METHODOLOGY 
3.1 Control Principle 
 

Sliding mode control is also called variable structure 
control, which is a special nonlinear control, and its 
nonlinearity is represented by the discontinuity of control. 
Sliding mode control is a control method with simple form 
but excellent control performance [12-13]. Compared with 
other control strategies, the difference is that the system 
structure is not fixed. It can be automatically adjusted 
according to the current state of the system in the dynamic 
process, so that the controlled system can move up and 
down with small amplitude and high frequency according 
to the predetermined state trajectory, which is called 
sliding mode. The sliding model can be designed according 
to the system and is independent of object parameters and 
disturbances [14-16]. Therefore, sliding mode control has 
the advantages of fast response, no system on-line 
identification, simple physical implementation and good 
robustness. Compared with the widely used PID linear 
control, the most significant advantage of sliding mode 
control is that it is insensitive to disturbance and can 
effectively avoid overshoot and undershoot in the process 
of PID control [17-19]. 

For a dynamic system with unknown disturbance, Eq. 
(1): 
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In Eq. (1), x stands for the state variable of the system; 

u stands for the control variable; y is the output function; a 
and b are two smooth uncertain state variables and is a 
bounded function of time. Assuming the output error [20, 

21], 1 1 1,dy x x e    form the first-order sliding mode 

surface of exponential approach by Eq. (2), where c > 0: 
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It can be seen from Eq. (2) that when t   , the stable 

system converges s(0), and the convergence speed depends 
on c. 

Laypunov function defines Eq. (3): 
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system satisfies the convergence condition. 
Considering that the ultimate purpose of the speed 

control of the directional rotary guide tool is to realize the 
tracking of the tool face angle of the spindle to the preset 
tool face angle, set the current tool face angle of the spindle 
as θ, the preset tool face angle as θref, and the spindle speed 
as ω, u as the output of the controller, and then the state 
equation of the physical process is established as Eq. (4). 
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Figure 3 Diagram of tool face angle positioning system 

 
Selecting a sliding surface approaching exponentially 
 

1 2s cx x ce e


          (5) 

 

ref ref

0

d

d

ref

t

s c e e c c c

d
t

      

     

         

 

 
         

 

    
   (6) 

 
Set the drill collar speed as a constant, 120 rpm, then 

ref 120π / 30 4π(rad/s)    

The voltage equation of permanent magnet 
synchronous motor (PMSM) in dq0 coordinate system is 
given by Eq. (7). 
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We assume that the rotation speed of the drill collar is 

constant, and the rotation speed of the mandrel will shake 
due to the disturbance of the friction torque on the drill bit. 
Therefore [22], after combining Eq. (7) and adding 

interference ( )Ld T  to Eq. (6), it becomes Eq. (8) 
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Eq. (9) is obtained according to the convergence 
condition of Laypunov function in Eq. (3): 
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Only when 
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Substitute Eq. (10) into Eq. (9), where η is greater than 

the maximum amplitude of random interference, so as to 
obtain Eq. (11). 
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Since the derivative of V is always less than 0, the 

Laypunov convergence condition is satisfied. 
 
3.2 Establishment of Matlab Simulation Model 

 
According to the above discussion and the derived Eq. 

(10), the simulation model is established by MATLAB. 
The model setting conditions are as follows: assuming that 
the drill collar rotates at a constant speed of 120 rpm, the 
reference angular velocity is 4π(rad/s) , and the reference 

zero angle position of the drill collar will rotate according 
to the angular velocity 4π(rad/s) . The spindle speed is the 

output speed of the permanent magnet synchronous motor, 
and the reference zero angle position of the spindle is the 
angular position of the rotor shaft of the permanent magnet 
synchronous motor. When the angular position of the 
permanent magnet synchronous motor is close to the 
angular position of the drill collar, the sliding mode 
controller will track the tool surface angle near the sliding 
mode surface. The function of sliding mode controller is 
established by Simulink, as shown in Fig. 4. 

 
Figure 4 Design of sliding mode controller based on Simulink 

 
The sliding mode controller in Eq. (10) includes three 

key parameters: c is the proportional gain coefficient of the 
speed error between the drill collar speed and the spindle 
speed, k is the proportional gain coefficient of the error 
between the preset tool face angle and the spindle tool face 
angle, and eta is the amplitude of the switching function. 
Different control parameters will have different effects on 
the control effect. 

 
3.3 Comparison of Tool Face Angle Tracking Effect under 

Different Control Coefficients 
 
Firstly, set the proportional gain c = 60 and switching 

function amplitude of the speed error eta = 40, adjust k, the 
proportional gain coefficient of the tool surface angle error 
from 200 to 500, and apply a random disturbance load with 
a peak to peak value of no more than 10 nm on the motor 
shaft, as shown in Fig. 5. 

 

 
Figure 5 Random disturbance load 

 

 
      k = 200                                                                                                 k = 300 

 
k = 400                                                                                                 k = 500 

Figure 6 Influence of adjustment of k on control effect when c = 60 and eta = 40 
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The red dotted line in Fig. 6 is the standard curve of 
the drill collar rotating with 4π radians per second, and the 
blue solid line is the rotor shaft angle position curve of the 
permanent magnet synchronous motor after passing 
through the sliding mode controller (the same in Fig. 7 and 
8). It can be seen from this set of curves that when k, the 
proportional gain coefficient of position error is 200, the 
error is always negative. With the increase of gain 
coefficient, the average error is closer to the sliding 
surface, but it will not pass through the sliding surface 
repeatedly. Moreover, when k, the gain coefficient is less 
than 400, the zero angle position of the mandrel always 
lags behind the set reference position. When k is over 500, 

except that it lags behind the reference position of the drill 
collar at the beginning of startup, the angular position of 
the mandrel has always been ahead of the drill collar. 
Therefore, by adjusting the proportional gain coefficient of 
the rotational speed error of the two, the output error can 
be close to the side where the sliding surface s is less than 
0. When k is greater than 500, the output error will be close 
to the side where s is greater than 0. 

In the second simulation, when the fixed switching 
function amplitude eta is equal to 40 and the holding 
position error proportional gain coefficient k is equal to 
400, adjust the speed error proportional gain coefficient c, 
and the simulation results are shown in Fig. 7: 

 

 
c = 20 c = 30 

 
    c = 40                                                                                                       c = 50 

Figure 7 Influence of adjustment of c on control effect when eta = 40 and k = 600 
 

 
          eta = 20                                                                                           eta = 30 

 
         eta = 40                                                                                         eta = 50 

 
           eta = 60                                                                                        eta = 100 

Figure 8 Influence of adjustment of eta on control effect when c = 30 and k = 600 
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It can be seen that when c > 40, the controller will 
repeatedly pass through the sliding mode surface to form 
chattering, rather than approaching only one side of the 
sliding mode surface. When c = 50, the spindle angle 
position will always be ahead of the drill collar angle 
position, and the controller starts to approach only on one 
side of the sliding surface when s > 0. Therefore, increasing 
the proportional gain coefficient of speed error can avoid 
the phenomenon that the output repeatedly passes through 
the sliding mode surface. 

In the third simulation, keep the proportional gain of 
angular velocity error c = 60 and the proportional gain of 
angular position error k = 600 unchanged, and adjust the 
amplitude of switching function eta to obtain the 
simulation results shown in Fig. 8. 
 

4 RESULTS AND DISCUSSION 
 

By the previous analysis, when the position error 
proportional gain coefficient is between 300-400, the 
system output is closest to the sliding mode surface. When 
the set peak amplitude of random disturbance load is less 
than 10 and eta, the amplitude of switching function is 
greater than 50, the system output approaches one side 
along the sliding mode surface. The larger the value of 
speed error proportional gain coefficient c, the smaller the 
overall tracking error range of the system. Under this 
condition, the error curves of spindle angular position and 
reference angular position under different speed error 
proportional gain coefficients are measured, as shown in 
Fig. 9. 

 
c = 150, eta = 50, k = 400                     c = 200, eta = 50, k = 400 

 
c = 250, eta = 50, k = 400                     c = 300, eta = 50, k = 400 

Figure 9 Error curve of spindle angular position and reference angular position under different speed error proportional gain coefficient 
 

It can be seen from Fig. 9 that under this parameter 
combination, when the speed error proportional gain 
coefficient c = 300, the error is the smallest, only less than 
2.5°, but there will be a process of passing through the 
sliding surface at the initial stage of startup. Moreover, 
with the further increase of the speed error proportional 
gain coefficient c, the error between the spindle angle 
position and the reference angle position will decrease, but 
the range of error reduction is very limited. Due to the 
automatic control system with too high gain coefficient, its 
anti-interference level will be reduced. In order to prevent 
this phenomenon, it is suggested that the gain coefficient c 
should be around 200.  
 

 
Figure 10 Tracking difference curve of mandrel angle position and drill collar 

angle position when c = 230, eta = 50, and k = 400 

After many simulation tests, we finally select the set of 
parameters c = 230, eta = 50 and k = 400, and plot the 
dynamic error curves of the preset tool face angle and the 
actual tool face angle and their tracking curves shown in 
Fig. 10 and Fig. 11. 
 

 
Figure 11 Tracking curve of mandrel angle position and drill collar angle position 

when c = 230, eta = 50, and k = 400 
 

It can be seen from the angular position difference 
curve in Fig. 10 that the angular position of the mandrel is 
always about 3° ahead of the reference angular position of 
the drill collar. In the actual control program, the central 
position can be compensated to zero by setting the 
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compensation coefficient constant. Under the sliding mode 
controller with this parameter, it can be seen that the 
designed sliding mode controller has very good robustness. 
The spindle angular position swings left and right around 
the reference angular position of the drill collar, and the 
maximum angle on one side is no more than 3°. The 
angular position tracking accuracy is improved to 0.8%, 
and the performance is obviously better than the single 
speed error PID control. Fig. 11 shows the tracking state of 
mandrel angular position to drill collar reference angular 
position under this set of parameters. 
 
5 CONCLUSION 
 

In this paper, the stability of the steering angle of the 
tool deployment system is studied. The tool face angle 
stabilization strategy of the existing directional rotary 
guidance system is a PID linear control method based on 
the spindle speed. This control method will lead to a large 
reciprocating swing of the spindle tool face angle near the 
set tool face angle, and the experimental results show that 
the swing amplitude is between ±7° under no-load 
condition. In order to reduce the swing amplitude of the 
tool face angle, based on the PID position control and the 
angle position error sliding mode control strategy, the 
exponential synovial control function is established. Under 
the joint action of the two control methods, the swing 
amplitude of the mandrel tool face angle is effectively 
reduced to ±2.5°. Matlab simulation proves that this 
control method is feasible theoretically, which provides a 
feasible theoretical method for the development of 
directional rotary guidance tool and improving control 
accuracy. Although the sliding mode control based on 
angular position error can effectively reduce the swing 
amplitude of the tool face angle of the eccentric shaft, this 
control method requires error feedback before the 
controller can reflect the action, and the time delay of this 
feedback control leads to the error that cannot be further 
reduced. However, it still has important research value for 
the development of directional rotary guidance system. 
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