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Abstract	

This	paper	investigates	the	tracking	control	problem	of	a	stable	platform	with	a	rotating	
guidance	 system	 that	 has	 sensor	 and	 actuator	 failures.	 In	 order	 to	 improve	 the	
robustness	of	the	angle	control	of	rotary	steering	system	drilling	tools,	a	fuzzy	adaptive	
finite‐time	control	 is	proposed.	Compared	with	existing	control	strategies,	 this	paper	
integrates	 dynamic	 surface	 control	 technology	 and	 finite‐time	 technology	 through	
adaptive	 fuzzy	backstepping	 control	 to	 address	 the	 trajectory	 tracking	problem	 of	 a	
rotating	guidance	system	with	simultaneous	sensor	and	actuator	failures.	A	fuzzy	state	
observer	is	designed	to	observe	unobservable	states	in	the	system.	Then,	based	on	the	
Lyapunov	function,	a	signal	compensation	mechanism	is	constructed,	and	an	adaptive	
law	is	designed	to	estimate	unknown	fault	parameters,	thereby	reducing	the	impact	of	
sensor	 failure	 faults	 on	 tracking	 performance.	 The	 proposed	 control	 method	 can	
simultaneously	compensate	 for	actuator	and	sensor	 faults,	ensuring	 that	 the	 tracking	
error	converges	to	a	small	neighborhood	near	the	origin	within	a	 finite	time,	thereby	
improving	 the	 stability	 and	 safety	 of	 the	 system.	 Simulation	 results	 validate	 the	
effectiveness	of	this	control	method.		
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1. Introduction		

With the deepening of oil and gas exploration and development, the development field 
gradually expands from conventional oil and gas resources to unconventional oil and gas 
resources. Not only is the extraction environment harsher, but also the borehole quality 
requirements are higher, which greatly increases the difficulty of oil and gas resources 
development. [1] Rotary guidance system is an advanced directional drilling technology, which 
has the advantages of low cost, smooth borehole trajectory, good borehole quality and high 
degree of trajectory control automation. [2] As the key component of guidance control in the 
system, the core task of the stabilized platform is to adjust the angle of the tool face to ensure 
that the whole system can move stably in the preset direction. [3]  
During the drilling process, the rotary guidance system ensures that the borehole trajectory is 
drilled at a set angle, and the key technology to achieve this is to achieve stable control of the 
stabilized platform at any given angle. [4] The tool face is an important parameter for borehole 
trajectory control and is used to describe the orientation of the drill bit. The stabilized platform 
located inside the drill collar is used to control the biasing unit to generate the biasing force to 
adjust the tool face angle. As there are many uncertainties and unknown disturbances in the 
actual working environment, the stabilized platform needs to overcome the disturbances and 
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maintain the stability of the whole system, so that the system can accurately track a given 
deviation of the tool face angle. [5] Therefore, as the ‘brain’ of the downhole guidance tool, 
accurate tool face control of the stabilized platform is essential to ensure that the drilling 
system operates in accordance with the established trajectory. 
In complex underground geological environments, control systems generally face problems 
such as severe vibration, unknown disturbances, and complex rig motions. Therefore, many 
advanced control strategies are also applied to the control of rotary guided stabilized platforms. 
Zhang et al.,[6] employed a fuzzy method based on backpropagation neural networks to control 
the trajectory tracking of rotary steerable systems. Wang et al.,[7] utilized a composite control 
algorithm—minor hole deviation control and major hole deviation control—to address 
trajectory tracking control for rotary steerable systems. Ji et al.,[8] established an exponential 
impulsive control function based on PID control and angular position error sliding mode 
control strategies, achieving rapid and accurate tool face angle tracking through closed-loop 
angular position control.  
In practical engineering, due to the harsh downhole environment, the high temperature 
environment affects the electronic circuit, which can easily cause the sensor measurement 
failure. The drilling fluid inevitably contains solid particles, iron filings and other debris, and is 
prone to enter the bearing part of the motor, and the friction is exacerbated, leading to motor 
jamming or motor failure. In Wang et al., [9] proposed an adaptive enhanced state observer to 
simultaneously estimate system state, sensor, and actuator faults. A new expected weight and 
PI-type fuzzy feedback fault-tolerant controller based on sensor fault estimation information 
aims to simultaneously compensate for the effects of sensor and actuator faults.  
Based on the above analysis, this paper proposes a fuzzy adaptive finite-time control method 
for trajectory tracking of the Rotary Steerable System (RSS) stable platform subject to sensor 
and actuator faults. The main contributions of this work are summarized as follows: 
1. A finite-time fuzzy adaptive fault-tolerant control framework is established for the RSS stable 
platform. This framework explicitly accounts for simultaneous sensor faults, actuator faults, 
and unmeasurable system states. 
2. To address partial sensor faults, adaptive parameters are designed to actively compensate 
for fault effects. The proposed adaptive fuzzy control scheme not only maintains system 
stability under concurrent sensor and actuator faults but also demonstrates robust adaptability. 
3. The integration of finite-time techniques with adaptive control guarantees that the tracking 
error converges to a small neighborhood of the origin within a finite time, which improves the 
convergence rate and transient performance. 

2. System	Modelling	

2.1. Stabilized	Platform	Structure	
The stabilized platform is suspended inside the drill collar by means of upper and lower support 
bearings and can rotate independently of the collar. The platform can be considered as a rigid 
cylinder. [10] The platform includes all the components on the left side of the upper valve, as 
shown in Figure 1.  
The rotary steering system stabilization platform is a module that is unaffected by the rotation 
of the drill pipe and drill collar. Its function is to ensure that the drilling tools maintain a specific 
tool face angle as required. As illustrated in Figure l, two turbine generators are installed at 
opposite ends of the platform. The upper turbine generator generates electrical energy to 
ensure the platform operates normally. When drilling fluid flows through the upper turbine 
generator, the motor rotor rotates under force, generating an electromotive force, which is then 
rectified and stabilized before being supplied to the stabilization platform. The lower turbine 
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upper valve to suspend in the designated direction. At this point, the entire stable platform is 
maintained at the designated tool face position. [11]  
The electronics module is the electronic control core of the stabilized platform and has the 
function of implementing downhole closed-loop control, in addition to data measurement and 
communication with the surface. Located between the platform's two turbine generators, the 
electronics bay integrates modules for control, detection and communication circuits. All the 
equipment is encased in a metal cylinder, hence the name electronics bay. 

 
Figure	1. Stabilized platform structure schematic diagram 

 
a) Structure of the upper valve  

 
b) Structure of the lower valve 

Figure	2.	Diagram illustrating the structure of the upper and lower valves 

The upper valve is connected to the main shaft of the platform. A channel for drilling fluid to 
flow through is opened on the valve, also known as a high-pressure hole, as shown in Figure 2 
(a). The lower valve is fixed to the bias unit and has the same direction of rotation as the drill 
collar; it has three evenly spaced holes and is connected to the steering slap on the drill collar 
through a water eye-mud channel, known as the overflow hole, as shown in Figure 2 (b). The 
lower valve rotates with the drill collar, and the structure of the upper and lower valves are 
connected when one or both of the holes above are turned to the high-pressure hole position of 
the upper valve. At this time, the drilling fluid will enter the overflow hole and subsequently 
push against the well wall through the channel-driven slap, and the whole drilling tool will be 
deflected in the direction of the opposite force to achieve the guiding function. The position of 
the upper disc valve determines the direction in which the guiding force is generated, and the 
position of the upper valve is essentially the position of the stabilized platform, so the core of 
the control is to control the position of the tool face of the stabilized platform. 
The eccentricity moment of the platform is divided into two categories: one is the eccentricity 
moment caused by manufacturing and installation errors; the other is the additional moment 
of flexural deformation under the action of oscillatory impact. 
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The eccentricity moment due to manufacturing and installation errors can be divided into two 
types, one is the mass-distributed eccentricity moment gM , which is expressed as follows 

 0 sin singM r mg                                                                                (1) 

The other is the mounting eccentric acting moment mM  , which can be expressed as 

sin sinm mM r mg                                                                                   (2) 

where   is the tool face angle;   is the well inclination angle; 0r  is the eccentricity distance; 

mr  is the different axis error. 

Combining Equation (1) and (2) yields the eccentric acting moment aM , i.e. 

0sin sin sin sin

sin
g

a m g
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M M M

r mg r m g
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 
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                                                            (3) 

where f  is the eccentricity moment equivalent coefficient, and at 90   , the value of 
0 ~ 0.65  N m  is between.  
For the additional moment of flexural deformation under oscillatory impact, the stabilized 
platform will undergo significant lateral flexural deformation under transverse impact loading. 
The transverse flexural deformation causes structural deformation of the platform, resulting in 
a moment that adversely affects the control of the platform tool surface. The platform can be 
viewed as a cylinder with uniformly distributed mass, which simplifies the complex flexural 
deformation problem to a simply supported beam flexural deformation problem under uniform 
loading. The simplified flexural deformation can be expressed as 
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where p  is the distributed load of the equivalent vibration, E  is the elastic modulus of the 
material, I  is the moment of inertia, L  is the overall length of the platform,   is the well 
inclination angle,   is the tool face angle, and 1maxr  is the maximum deflection.  

In Reference [11], Wang et al. provided equation (5) to represent the nonlinear dynamic 
equation of a stable platform 

1 0sin ( ) ( )J k f M T t t                                                                         (5) 

where J  is the rotational moment of inertia of the stabilized platform; 1k  is the viscous friction 

coefficient of the drilling fluid on the stabilized platform; f  is the equivalent coefficient of the 
eccentricity moment; 0M  denotes the fixed moment independent of time; the total disturbance 

moment ( )t  can be expressed as the sum of the three disturbance moments, denoted by 

1 2 3( ( ) ( ) ( )t t t t   ）= + +  , where moment 1 ( )t  is the dynamic friction moment of the upper and 

lower disc valves, and it can be written as a cosine function, i.e. 1( ) cos( )t b t   ; moment 

2 ( )t  is the hydrodynamic impact moment, and it is a random perturbation with a mean value 
of 0, denoted by . is a positive and negative square wave pulse with mean value 0; moment 

3 ( )t  is the additional moment of flexural deformation in the eccentricity moment, which is set 

as a random disturbance with mean value 0, denoted as 3 ( ) ( )t A rand t   .   and   are the 
angular acceleration and angular velocity of the steady walking platform, respectively. 
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2.2. Stable	Platform	Tool	Face	Angle	Control	System	Structural	Design	
The tool face angle control system for the stabilization platform comprises a controller, an 
analog-to-digital converter, a PWM pulse generator, a MOSFET driver circuit, a load resistor, a 
turbine motor, the stabilization platform object, an attitude measurement circuit, a digital-to-
analog converter, and an attitude calculation module, as shown in Figure 3. 

 
Figure	3. Block Diagram of the Angle Control System for the Tool Surface of the Stabilization 

Platform 

Let the ideal value of the tool face angle be d , and the calculated value be ̂ . Define the 
difference between the ideal value and the calculated value as e : 

ˆ
de                                                                                                 (6) 

Assume the controller's control law is: 
   ( ) ( , )cu t f e t                                                                                     (7) 

Ignore the time delays and errors associated with components such as A/D and D/A converters, 
MOSFET driver circuits, and measurement sensors. Simplified as: 

2 4 3
ˆ ˆ( ) ( ), ( ) ( ), ,cu t u t u t u t         . 

A PWM generator can be simply regarded as an amplification stage, described as: 

3 2( ) ( )su t K u t                                                                                        (8) 

Through the MOSFET driver circuit, based on the function of the PWM pulse to turn the load 
resistor on and off, we have: 

 0
5

4

( ) ( )
( )

R
R t u t
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                                                                                       (9) 

Where 0R  represents the resistance value of the load resistor. In engineering applications, the 
load resistor's value is interchangeable, with a variation range of 5 to 30. 
Based on the preceding analysis, the electromagnetic torque of the torque motor serves as the 
control driving torque for stabilizing the platform, denoted as ( ) ( )u t T t . Substituting this into 
the electromagnetic torque formula for AC motors, ( ) ( ) coseu t C I t     , yields: 

mi
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The flow rate-torque characteristic coefficient 
0

B T
q

K k
K

R
 , the rotational speed-torque 

characteristic 
0

BKK
R  , and the drilling fluid flow rate 

min (1 cos )( ) f b BQ Qt K t   yield: 

3 3( ) ( ) ( ) ( )qu t K Q t u t K u t                                                                  (11) 
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2.3. Stable	Platform	Dynamics	Model	Considering	Sensor	and	Actuator	Failure	
Based on the above analysis, the flow rate change can be considered as an independent variable 

as   function ( ) qf K Q K    , which is regarded as an unknown control gain function and 

approximated using a fuzzy logic system, thus eliminating the effect of the flow rate change. 
Defining the state variable 1 2[ , ] [ , ]x x x     allows the stabilized platform control system 
model (5) to be simplified and include the form of transmission sensor and actuator faults 

1 2

2

1

( ) ( ) ( ) ( )
f

x x

x f x g x v t d t

y x


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 



                                                                (12) 

where 21 1s
)

in
(

k f

J J

x x
f x    is the unknown smooth nonlinear function, is the unknown 

control gain function, and 0(
( )

)t M

J
d t

 
  is the uncertain perturbation signal. fy  represents 

the sensor failure fault,   represents the fault parameter, and ( )v t  represents the actuator 
fault.  
(1) Sensor failure model 

It is assumed that the sensor used to measure the system variable ( )f t R   fails at moment fT , 

as represented below [12] 
( ) ( ), 0 1    f

ft t t T                                                                        (13) 

where ( )f t  is the actual measured value of the sensor output and 0 1   is the failure 
parameter. This case indicates a partial failure and according to the above definition, the 
measured output in the nonlinear system (5) in the presence of a sensor failure can be 
expressed as 

( ),    
( )     

( ),   

ff

f

y t t T
y t

y t t T

  
                                                                            (14) 

Let 1/l  , l̂  be an estimate of l . Define the estimation error as ˆl l l  . 

(2) Actuator failure model 
The two fault models for stabilized platform actuator failure are: 

Failure model: ( ) ( )v t u t  

Bias fault model: ( ) ( ) ( ) ( ) uv t u t v t u t    

Therefore, the fault model that considers both failure and bias is 
( ) ( ) uv t u t                                                                                  (15) 

where  , u  and u  represent known constants, control input signals and unknown bounded 
functions respectively, then u  satisfies 

1u  . Here 1  is an unknown constant. 

Assumption	 1: The unknown disturbance ( )d t  is bounded, and there exists an unknown 

positive constant *d  such that *( )d t d . 

Assumption	2:	For any moment of 0t  , the desired signal dy  and the first order derivative 

dy  are bounded. 
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Assumption	3	 [13]: There exist positive constants 1g  and dg  such that 
10 ( ) dg g x g    

holds. 

Lemma	 1 [14]: For a system ( )x f x , if there exists a positive definite and continuous 
function ( )V x  such that 

( ) ( )V x cV x                                                                                  (16) 

where 0c  , 0  , and 0 1  , then system ( )x f x  is semi-globally practically finite time 
stable and the stabilization time is satisfied as 

1
0

0
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(1 )t

V x
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k


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




                                                                                        (17) 

where 0k  , 00 1  . 

Lemma	2[15]: There exist real variables  ,   and positive constants  ,   and   for which 
the following inequality holds:  

-
+ +

+
+ +
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           
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                                                          (18) 

Lemma	3[16]: A fuzzy logic system is a universal approximator that can approximate any 
unknown smooth nonlinear function. The fuzzy IF-THEN rule is expressed as follows 
lR : If 1x  is 1

lF , 2x  is 2
lF , ..., nx  is l

nF , then y  is lG , 1, 2 ,  ,l N    . 
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nx x x x  and 21 ,[ ], , T

nx x x x  are the inputs and outputs of the fuzzy logic 

system, respectively. The fuzzy affiliation functions ( )l
i

iF
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y  correspond to the fuzzy 

sets l
iF  and lG  respectively; N  is the number of fuzzy rules. 

The fuzzy logic system can be expressed as 
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where max ( )ll Gy V
y y


 . 

The fuzzy basis function is defined as 
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where  1 2( ) ( ),  ( ),  ... ,  ( )
T

Nx x x x     is the fuzzy basis function vector and 

 1 2,  ...,   ,  
T

N     is the adaptive parameter vector. Therefore, the output of the fuzzy logic 

system can be written as 
T( ) ( )y x x                                                                                     (21) 

Let ( )f x  be a continuous function defined in the closed set  . For any given positive constant 
 , there exists a fuzzy logic system such that the following inequality holds 

T)su ( )p (
x

f x x  


 „                                                                           (22) 
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3. Fuzzy	State	Observer	Design	

To facilitate the design of the state observer, system (14) is rewritten in the following form 

 ( ) ( ) u)
f T

x Ax Ky B f x d Bg x u

y C x





      




 （
                                                          (23) 

where 1 2[ , ]Tx x x  is the system state vector, 1
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 

 

Based on the measured output signal fy  and Eq. (25), then the form of the state observer is 
constructed as follows 

(ˆˆ ˆ ˆ ˆ( | ) | )ˆ ˆ ˆ ˆ

ˆ ˆ

f
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x Ax Kly B B
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 




                                                 (24) 

where 1̂x  and 2x̂  are the state observations of 1x  and 2x  respectively, 1k  and 2k  are the 

observer gain vectors and l̂  is the estimate of l . 

Using fuzzy logic system ˆ ˆ ˆ( | ) ( )Tf x x    approximates ( )f x , ˆ ˆĝ( | ) ( )T
g gx x    

approximates ( )g x . Assumptions 
*( ) ( )Tf x x                                                                                  (25) 
*( ) ( )T
g g gg x x                                                                               (26) 

where *  and *
g  are optimal parameters;   and g  are bounded fuzzy approximation errors. 

Assume that there exist positive constants *  and *
g  satisfying *   and *

g g  . 

Define the observation error as ˆx x x  . Combining Eq. (16) and (17), the derivation is 
obtained 

ˆ
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f
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x x x

Ax B B u BKly Bd

Bg x

 

 
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
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 

                                                                (27)  

where ˆ ˆ( ) ( | )gf x f x   , ˆˆ ˆ( ) ( | )g gg x g x   . 

It follows from the definitions of   and g  
* ˆ ˆ( ( ) ( )) ( )T x x x                                                                            (28) 
*

gˆ ˆ( ( ) ( )) ( )T T
g g g g g gx x x                                                                   (29) 

Choosing the appropriate 1k  and 2k  ensures that A  is a strictly Hurwitz matrix. Therefore, 

there exist positive definite matrices TQ Q , TP P ,with the following relations holding: 

 2TA P PA Q                                                                               (30) 

The following Lyapunov function is considered to evaluate the properties of the designed fuzzy 
state observer. 

0

1

2
TV x Px                                                                                         (31) 

Seek guidance, there 
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x Qx x PB x PB u x PBd x PBKly x PBg x

x Qx x PB x PB u x PBd x PBKly x PB x x

x PB x

 

 

    



 

    

     

       



     

  

      

      

 * ˆ ˆ( ( ) ( )) ( ) ( )uT T T T T
g g g g gx PB x x u x PB x u x PBg x         

               (32) 

According to Young's inequality and i0 ( ) ( ) 1T
i     , it can be obtained 

2 2 *2

2 2*2 2 *2

2 2 2 2
1 2

1
2

2
1 1

2 2
1

( )( )
2

g

T T T T f
g

f

x PB x PB u x PBd x PBKly x P

P u P d

P k k ly

  



    

 

 

    



                                            (33) 

2 2 21 1
ˆ( )

2 2
T Tx PB x x P                                                               (34) 

2 2 2 2
1

1 1
( )

2 2
T

dx PBg x u x P g                                                              (35) 

           
22 2* *ˆ( ( ) ( ))T Tx PB x x x P                                                         (36) 

22 2 21 1
ˆ( )

2 2
T T

g g gx PB x u x P u                                                              (37) 

  
22 2* * 2ˆ( ( ) ( ))T T

g gx PB x x u x P u                                                         (38) 

Substituting equation (33) to equation (38) into equation (32), it can be obtained 
22 2 2*2 *2 2 2 * *2 2

0 1

2 2 22 2 2 22 * 2 2 2 2
1 2

2 22 2 2 22 2 2 2
0 0 1 2 0

11 1 1 1 1
 ( + )

2 2 2 2 2
1 1 1

( )( )
2 2 2

1 1 1
     ( ) ( )( )

2 2 2

g

T
d

f
g g

f
g

V x Qx x P d g P u

P P u P u P k k ly

x P P u P k k ly D

   

  

   

      

    

       

   

 

 

                     (39) 

where 0 min

11
( )

2
Q   ,

22 *2 *2 2 2 *
0 1

1 1 1
( + )
2 2 2 dD P d g     ,

22 2* *2
0

1

2
ggP P    . 

4. Controller	Design	and	Stability	Analysis	

4.1. Controller	Design	
In this section, the dynamic surface control technique is used to solve the ‘computational 
explosion’ problem in the traditional backstepping control technique by embedding the outputs 
obtained from the dynamic surfaces into the stability analysis and replacing the derivatives of 
the virtual controller. Firstly, the tracking error is defined as 1 dz y y  , the virtual error in the 

second step is defined as 2 2 1ˆz x   , and the virtual control law is defined as 1 . 
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Taking 1  to be the output of the low-pass filter 1

1s 
 of 1  and satisfying 1 1 1

1 1

+ =

(0)= (0)

  
 





, can 

be obtained 

1 1
1

-
=
 


                                                                                     (40) 

Define the filter error generated as 

1 1 1e                                                                                      (41) 

Since the occurrence time and value of sensor faults are uncertain, this means that both fT  and 

  are unknown. Therefore, tracking the change in error 1z  is the main difficulty in output 

feedback tracking control. When a fault occurs, 1z  will undergo the following changes 

1 1 /
fT

d d
fz y y z y y      

Due to the presence of sensor faults, the system output cannot be used for controller design. An 
algorithm needs to be designed to compensate for the effects of sensor faults. Therefore, the 
following error changes are designed 

1 1 1
ˆ ˆd dz x y ly y ly z ly                                                                       (42) 

where 1
ˆˆ dz ly y   is known. 

Using the first-order filter introduced above, the following are the steps for stability analysis 
and controller design. 
Step 1: For the first tracking error 1 dz y y  , its derivative can be obtained as follows 

1 2 2 2ˆ= = d d dz y y x y x x y                                                                       (43) 

Substituting the virtual error 2 2 1ˆz x    from step 2 into equation (36), we obtain 

1 2 1 1 2 dz z e x y                                                                                 (44) 

Design the following Lyapunov function 
3

2 2
1 0 1 1

1

1 1 1

2 3 2
V V z l e


                                                                     (45) 

where 1 0   is the design parameter. Taking the derivative and substituting equation (45) 
yields 

2
1 0 1 1 1 1

1

2
0 1 1 1 2 1 1 2

1

2 22 2 2 22 2 2 2
0 0 1 2

2
0 1 1 1 2 1 1 2

1

1 ˆsgn( )

1 ˆ   ( ) sgn( )

1 1 1
   ( ) ( )( )

2 2 2
1 ˆ ( ) sgn( )

d

f
g

d

V V z z l l l e e

V e e z z e x y l l l

x P P u P k k ly

D e e z z e x y l l l






   




   

       

      

       

   

    

 

   

                 (46) 

According to Young's inequality, the following inequality can be obtained 
22 2

1 2 1 1 1 1

1 1

2 2
z x z e z x e                                                                              (47) 

Substituting equation (47) into equation (48) yields 
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2 22 2 2 22 2 2 2
1 1 0 1 2 0

2 2 2
1 1 1 1 1 2 1 1

1

1 1 1
( ) ( )( )

2 2 2
1 1 ˆ ( ) sgn( )
2

f
g

d

V x P P u P k k ly D

e e z y z z z e l l l

   




       

      

  

  
                  (48) 

where 1 0

1

2
   . 

Design virtual control law A as follows: 
2y-1

1 1 1ˆ= dc z y                                                                                      (49) 

where 1 3 / 2c   is the design parameter. 

Substituting (49) into (48), we obtain: 
2 22 2 2 2

1 1 0

2 2 2 2 2 1
1 2 1 1 1 1 1 1 2

2 2 2
1 1 0

1

1 1
( )

2 2
1

ˆ( )( )
2
3 1 1 ˆsgn( )
2 2

g

f y

V x P P u

P k k ly e e c z z z z

z e l l l D

   





    

    

   

  

 

 

                                                     (50) 

According to Young's inequality, we obtain 

1 1 1 1 1 1

2 2 1 2
1 1 1 1 1

ˆ ( )

1
ˆ( ) ( )

4

f

f y f

c z z c z z ly

c z c ly z c ly




   

    



 
                                                        (51) 

Among them,   is a design parameter that will play an important role in the design of the 
adaptive law. Its selection and its impact on the estimation of the failure coefficient will be given 
in the subsequent design. 
Substituting equation (51) into equation (50), we obtain 

2 22 2 2 22 2 2 2
1 1 0 1 2 0 1 1

2 2 2 2 2
1 1 1 1 1 1 2 1

1

1 1 1
( ) ( )( )

2 2 2
1 1 1 ˆˆ( ) ( ) sgn( )

4 2

f
g

f f

V x P P u P k k ly D e e

C z c ly z c ly z z e l l l

   


 

        

      

   

   
             (52) 

where 1 1 3 / 2 0C c    is the design parameter. 

Design adaptive parameters 
22 2 2 2 2

1 1 1 1 1 2 1

1 ˆˆ( ( ))( ) ,              0ˆ 2
0,                                                                               0

fc z c P k k y l m
l

m

        
 

                                    (53) 

where 22 2 1 2
1 1 1 1 1 2

1
ˆ( ( ))( )

2
y fm c z c P k k y       and 1  are design parameters. 

Note: From equation (42), it can be seen that 1z  will change rapidly due to sensor failure. 

According to equation (53),   can be designed to compensate for sensor failure. In order to 

improve the sensitivity of   to changes in 1z ,   should be selected to be large enough. At the 
same time, in order to reduce the impact of other items in equation (46) on the adaptive law, 

1  should be selected to be small enough. 

Substituting (53) into (52) yields 
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2 22 2 2 2
1 1 0

2 2 1
1 1 1 1 1 1 2

1

2
1

3

sgn( )

1 1
( )( )

2 2
1 ˆ
2

gV x P P u

D e e C z z lz e

x

l l

   




    

     

  

 
                                              (54) 

where 1 0

1

4
D D


  . 

Step 2: The virtual error in the second step is defined as 2 2 1ˆz x   . Differentiation yields 

2 2 1

2 1 1

ˆ

ˆ ˆˆ ˆ ˆ ˆ( ) ( ) ( )f

z x

g x u f x y xk l



 

 

   

 


                                                               (55) 

Design the following Lyapunov function 

21
2

2

3
2

1 1

2 2

1

2
T T

g gV V z    
 

                                                                       (56) 

where 2 0   and 3 0   are design parameters. Differentiation yields 

2 1 2 2
2 3

2 22 2 2 2 2 2
1 0 1 1 1 1 1 1 1 2

2 2 1 1 2 2

1
2 2

1 2

2 T

1

(

1

1 1 1
( )

ˆ ˆˆ ˆ ˆ ˆ( ) ( ) ( ) ( )

ˆˆsgn( ) ( ) )

2 2 2
ˆ ˆ( ( ) )

1ˆ

T T
g g

T T T T
g g

g

f
gg x x k x x

V V z z

x P P u D e e C z e z z

z u

ll

ly x z u

z x

z

l

   

 

 

   

  

 






   

  



  

   

         

     



   



 

  



 

 




2 2

3

)
1 ˆˆ( ( )T

g g gz ux  


 

              (57) 

According to Young's inequality, the following inequality can be obtained 
22 2

2 2

1
ˆ( )

2

1

2g g
T
gz zu ux                                                                      (58) 

22
2 2

11

2
ˆ( )

2
T xz z                                                                                 (59) 

Substituting (58) and (59) into (57), we obtain 
2 22 2 2 2 2 2

2 1 0 1 1 1 1 1 1 1 2

2 22 2
2 2 1 1 2

1
2 2 3 2

1

2 T

2 3

1

ˆ ˆˆ ˆ( ) (

1

)

ˆ ˆˆ ˆsgn( ) ( ( ) ) ( ( ) )

1 1
( )

2 2 2
1 1ˆ ˆ ( ( ) )
2 2

1ˆ 

T T
g

g

f

T

gg

g g g

V x P P u D e e C z

x x k

l

e z z

z u ly x z

l l x

u

z uxz

   

   

 

   




    
 

        

    



 

  

  

   





 

  

                     (60) 

The adaptive law for design control input u  and parameters ̂  and ĝ  is as follows 

1 2 1
2

1 1
2 1 2 12

ˆ ˆˆ ˆ( )] (
-ˆ ˆ[ ( ) )( )T T

g g
fz z lu c y xx z x k    


                                         (61) 

2 22 (ˆ ˆˆ)xz                                                                                   (62) 

3 2 3
ˆ ˆˆ( )g ggz x u                                                                          (63) 

where 2 0c  , 0 1  , 2 0  , and 3 0   are design parameters. 

Substituting equations (61), (62), and (63) into (60) yields 
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2

22 2 2 2 2 2 2
2 1 0 1 1 1 1 1 1

2 22 31 2

1 3

2 2 T
2

2

1 1 1
( ( ( ) )

2 2 2
1 1 ˆ 
2 2

n ˆ ˆsg ( ) T
g g

g

gc

V x P P u D e e

l

C z e

uz l l

   




     
 

      

   









  





   
                       (64) 

4.2. Stability	Analysis	
To ensure the stability of the entire system, the Lyapunov function selected based on the 
aforementioned analysis is 

3
2 2 2

1 1 2
1 2 3

11 1 1 1

2 2

1 1

2 2 2 3 2
T T

g g
TV x Px e z l z    

 
                                       (65) 

Differentiation yields 

2

22 2 2 2 2 2 2
2 1 0 1 1 1 1 1 1

2 22 31 2

1 3

2 2 T
2

2

1 1 1
( ( ( ) )

2 2 2
1 1 ˆ 
2 2

n ˆ ˆsg ( ) T
g g

g

gc

V x P P u D e e

l

C z e

uz l l

   




     
 

      

   









  





   
                    (66) 

From (53), we can see that ˆ 0l  , ˆlim ( )t l t l  , therefore ˆl l . Again, because ˆl l l  , 

therefore 0l  . 
By Young's inequality, the following inequality can be obtained 

2 2 3 3
1 1

1 1
sgn( ) ( | |)

3
ˆ

3
l l l l l l l l                                                                  (67) 

2 2* *1 1ˆ ( )
2 2

T T                                                                    (68) 

2 2* *1 1ˆ ( )
2 2

T T
g g g g g g g                                                                  (69) 

Substituting (60), (61), and (62) into (59) yields 
22 2 2 22

1 1 1 1 1 1
2

31
2

2
2 2

2

1 3

3

1 1 1
( )
2 2 2 2

 
3 2 g

V x P e ce z zC

l

e

D

 










       

 

  

 



                              (70) 

where 
22 2 2 2 231 2

2 1 0

23 * *
3

1 2 3

1 1
( ( ( ) )( )

3 2 2 2 2g g gD Pl u uxD
    

  
        . 

Through equation (41), we can obtain its derivative as 

1
1 1 1 1( )

e
e B 


                                                                            (71) 

According to reference [15], it can be seen that 1( )B   in equation (64) is a continuous and 

bounded function, and satisfies relation 1 1 1 1 1 1 1̂( )= ( , , , , )d d d dB B z e y y y c z y      . 

In dynamic surface control, the introduction of a first-order filter avoids the “computational 
explosion” caused by repeated differentiation of the virtual control law. However, this 
introduces new filter error. By performing bounded scaling on the filter error, we ensure that 
the filter error does not compromise the closed-loop stability of the system. It is demonstrated 
that its impact is finite and can be suppressed by control parameters. 
From Young's inequality, we obtain 
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2 2
2 21 1

1 1 1 1 1

1 1
( )

2 2

e e
e e e B e M

 
                                                               (72) 

where M  is the maximum value of 1( )B  . 

Equation (73) can be further derived as follows 

 

22 2 2 22
1 1 1 21

2

31

2
2

3

3

2

1

1 1 1
( ) ( 1)
2 2 2

      
3

| |
2 g
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where 2
2

1

2
H D M  . 

Theorem	1: For nonlinear systems (12), considering sensor faults and actuator faults, given 
the initial state and reference signal of the system, the system achieves semi-global actual finite-
time stability through the constructed intermediate variable function (58), actual controller 
(61), and adaptive parameter update laws (62) and (63). With appropriate parameter 
adjustments, the convergence residual can converge to a small residual set close to zero. 
Proof: First, rewrite equation (73) as 
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According to Lemma 2, define 
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The result can be obtained 
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where 2 6C H   . 

According to equation (75), the following results can be obtained 

2nV V C                                                                                  (76) 
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According to Lemma 3, it can be concluded that the controlled system is semi-globally actual 
finite-time bounded. Based on equation (69), it can be proven that the constructed state 
observer is bounded within a finite time, and the convergence error can converge to a small 
residual set near zero within a finite time. Even when both the sensors and actuators fail 
simultaneously, the system can still achieve finite-time convergence, and all signals in the 
controlled system are bounded within a finite time interval. 

5. Simulation	Results	and	Analysis	

In this section, the effectiveness of the designed control algorithm is verified by simulation 
experiments. The stabilized platform model parameters: 2 )0.0285(J kg m  , 1 0.0008k  ,

0.5f  , 0 0.05M   , 1/12qk  , 0.08 /k  . 

The disturbance torque acting on the platform is 1 2 3( ) ( ) ( ) ( )t t t t       . 1( )t  is a cosine 

disturbance form, which can be expressed as 1( ) cos(3 )t t  ; 2 ( )t  can be simplified as a pair 
of pulses with frequency 3Hz  , phase difference  equal to 1/2 of a cycle, and amplitude 

0.46dM N m  ; 3 ( )t  can be regarded as a zero-mean random disturbance, which can be 

expressed as 3( ) 0.5 ( )t rand t   . 

Select the following membership functions for variables 1x  and 2x  
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where 1,2,...,9l  . The fuzzy basis function of the fuzzy system is 
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The initial conditions for the system state are set to 1(0) 0.1x  , 2 (0) 0.1x  , and the initial 

conditions for the observer are set to 1ˆ (0) 0x  , 2ˆ (0) 0x  . The initial values for the adaptive 

parameters are set to ˆ(0) 1l  , ˆ (0) 0.1g  , ˆ(0) 0.1  .  

The design parameters are selected as follows: 1 2c  , 2 6c  , 1 0.0001  , 2 0.5  , 3 0.0001  ,

1 2.2  , 2 2  , 3 0.05  , 0 .05  , 871500  . The observer gain 1 2[ , ] [2,5]T TK k k   is 

selected, and the matrix [ 6 , 6 ]Q d ia g  is defined such that min ( ) 11/ 2 0Q   . Using equation 

(25), the matrix 
18   -6

 6     6
P

 
  
 

 is obtained. The sensor fault parameters are set to 0.4  ,

1 30fT s . The actuator fault parameters and functions are set to 0.8  , 0.50.1(1 )tu e  ,

2 50fT s . The given ideal tool surface signal is 0.7 sin(0.2 )dy t . The flow rate is set to 

(t) 36 20cos(0.25 ) /Q t L S  . 
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The simulation results are shown in Figures 4 to 9. Figure 4 compares the tracking performance 
of the system output tool face angle with the fault compensation control method proposed in 
this paper and the system output tool face angle without fault compensation. The blue dashed 
line represents the tracking curve of the fault compensation method, and the black solid line 
represents the tracking curve of the method without fault compensation. It can be seen that the 
proposed control method ensures that the system output trajectory can still track the reference 
signal after sensor and actuator faults occur, whereas the method without fault compensation 
cannot achieve the desired tracking performance. Figure 5 shows the control input signal 
conditions. Under this control input, the system can quickly and stably track the set tool face 
angle. Figure 6 shows the observation results of the fuzzy state observer. It can be seen that 
even under sensor fault conditions, the fault compensation control method can still maintain 
good observation performance. Figure 7 shows the variation curve of the adaptive 
compensation parameters. Figures 8 and 9 show the tracking error curves of the control 
methods with and without fault compensation. The tracking error of the fault-compensated 
control converges quickly to a small neighborhood near the origin.  

 
Figure	4. Tool surface tracking trajectories under two control methods 

 
Figure	5.	Control input signal 
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Figure	6.	Tool face angle and its observed value under two control methods 

 
Figure	7. Adaptive law l̂  

 
Figure	8.	Tracking error of fault-free compensation method 
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Figure	9.	Tracking error of fault compensation method 

6. Conclusion	

This paper proposes a fuzzy adaptive finite-time control scheme for the stable platform of a 
Rotary Steerable System (RSS) subject to sensor and actuator faults. The scheme integrates 
backstepping control with finite-time control techniques. Specifically, a fuzzy state observer 
equipped with an adaptive fault compensation mechanism is developed to estimate 
unmeasurable state variables. By constructing an appropriate Lyapunov function, adaptive 
laws for the fault parameters are derived. This compensation method effectively mitigates the 
adverse effects of sensor faults, thereby guaranteeing the system's tracking performance. 
Furthermore, a novel controller is designed to achieve finite-time convergence, ensuring that 
the tracking error is confined to a small neighborhood of the origin. Finally, simulation 
experiments validate the effectiveness and robustness of the proposed algorithm. 
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