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Abstract: Thin coal seam mining is a development direction to solve the problem of energy supply 
at this stage, which cannot be realized by small working space, low automation, and drilling devia-
tion. In this paper, a nonlinear adaptive backstepping controller based on a disturbance observer is 
proposed and used on a coal auger for position tracking control to achieve directional drilling. 
Firstly, a nonlinear dynamic model for the deflection control mechanism is built with the consider-
ation of parameter uncertainties and external disturbances. Then, the parameter uncertainty and 
external disturbance are regarded as a system compound disturbance. Furthermore, a disturbance 
observer is designed to estimate the system compound disturbance and a nonlinear adaptive back-
stepping controller was proposed to compensate the system compound disturbance. The upper 
bound of the compound disturbance, which can effectively reduce the chattering in the directional 
control process, cannot be obtained easily. A stability analysis of the DCM (deviation control mech-
anism) with the proposed controller is proved based on the Lyapunov theory. Finally, an electro-
hydraulic servo displacement control experimental system with matlab xPC target rapid prototyp-
ing technology and a prototype experiment system is established to verify the effectiveness of the 
proposed control strategy. The experimental results indicate that the proposed controller can yield 
more satisfactory position tracking performance, such as parameter uncertainties and external dis-
turbances, than the conventional proportion integral derivative (PID) controller and an adaptive 
backstepping controller. Using the control strategy, technical breakthrough on horizontal direc-
tional drilling can be realized for thin coal seam mining. 

Keywords: deviation control; drilling machine; nonlinear adaptive backstepping controller disturb-
ance observer; parameter uncertainties 
 

1. Introduction 
Thin coal seams, which are indispensable coal resources, are widely distributed 

around the world. The question of how to exploit these coal seams with high efficiency 
and mechanization has become the main development direction of coal excavation. The 
coal auger is a new type of thin seam mining equipment that has extensive prospects 
thanks to its characteristics of unmanned and non-supported coal face mining. Recently, 
a new type of coal auger working mechanism with five bits was used for further improv-
ing coal mining efficiency [1,2]. The drilling technology is shown in Figure 1. However, 
owing to the constraint reaction force of the coal wall, gravity, cutting resistance, and fric-
tion, the vibration of the working mechanism is relatively excessive, which may cause 
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serious drilling deflection [3]. As a result, the efficiency of drilling and excavating is un-
balanced. However, the excavation process has realized intelligent and rapid driving, 
based on supporting design optimization [4,5] and intelligent control [6]. 

 
Figure 1. Mining technology of coal auger. 

The dynamic characteristics and stability of the drilling mechanism are the main fac-
tors leading to deviation. There are many kinds of vibration forms—including vertical 
vibration [7], lateral vibration [8], torsional vibration [9], and coupling vibration [10]—in 
the actual drilling process that lead to deviation. For different structures of drilling mech-
anism, scholars have carried out extensive research on vibration characteristics to obtain 
the deviation behavior due to vibration [11–14]. However, the deflection in long-distance 
drilling cannot be solved by restraining the vibration behavior. Therefore, direct deflec-
tion detection and control methods have been extensively studied. Lueke et al. [15] ana-
lyzed the influence of borehole diameter, drill pipe pressure, bit structure, drilling depth, 
and geological conditions on deviation fluctuation in the process of directional drilling. It 
was pointed out that a deviation prevention device with a reasonable arrangement could 
realize deviation control in drilling. Manacorda G. [16] designed and put forward a kind 
of ground-penetrating radar equipment for a horizontal directional drilling (HDD) bit by 
using an angular displacement sensor and communication module. The equipment can 
provide the real-time position and pose information of the bit and provide a reference for 
controlling the drilling direction. Inyang I.J. [17] proposed a bilinear model attitude con-
trol method for directional drilling tools that describes the non-linear characteristics of 
directional drilling tools more accurately than the existing linear models are able to. Thus, 
by expanding the performance range, the attitude control of directional drilling tools was 
more effective, robust, and stable, which significantly reduced the effect of measurement 
delay and interference on the stability and performance. Kim J. [18] proposed a new hy-
brid rotary steering system aimed at the problem of uncontrollable borehole curvature in 
long-distance directional drilling. This system combines a traditional drill bit with a push 
bit and adopts a hybrid structure involving a hydraulic cylinder and spherical joint to 
achieve better maneuverability. Comprehensive analysis shows that deviation control in 
directional drilling was achieved by designing a special bit. Therefore, in view of the 
unique structure of the coal auger, a new hydraulic deviation correction mechanism was 
designed to achieve directional drilling. A structure diagram of the deviation control 
mechanism is shown in Figure 2. 
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Figure 2. Structure diagram of the deviation control mechanism (DCM). 

The DCM (deviation control mechanism) can be regarded as an electro-hydraulic 
servo control system. The position control of the DCM can be partially realized using a 
conventional proportional-integral (PI) controller [19] and backstepping controller [20]. 
However, the DCM is a complex nonlinear system with parameter uncertainties, such as 
servo-valve and hydraulic actuator dynamics [21], stiffness and damping differences [22], 
and external disturbances such as friction between the rod and bore of hydraulic cylinders 
[23]. All these factors make it difficult to obtain satisfactory position coordination perfor-
mance with the conventional PI controller and backstepping controller, because these two 
controllers cannot adjust their control parameters in consideration of the parameter un-
certainties and external disturbances of the DCM. In order to reduce the effects of the 
above-mentioned parameter uncertainties and external disturbances of the DCM, many 
control approaches, including adaptive sliding mode control [24], adaptive backstepping 
control [25], and a nonlinear disturbance observer (NDO) [26], were introduced. A non-
linear adaptive backstepping controller was employed to improve the position tracking 
performance, estimating uncertain parameters through adaptive laws derived by guaran-
teeing the stability of the DCM [27,27]. Choux M. et al. [28] developed an adaptive back-
stepping controller for a nonlinear hydraulic-mechanical system that handled uncertain 
parameters related to the internal leakage, friction, orifice equation, and oil characteristics. 
A new smooth and continuous sliding mode control law was proposed to solve the design 
conflicts between sliding mode control technology and backstepping adaptive control 
technology for position control by Ji X.H. [29]. An improved noise-alleviation method was 
proposed by Yang G.C. [30,31] to achieve the high-accuracy calculation of the standard 
sign function in direct adaptive control for high-precision position control. Zheng J.Z. [32] 
concerned a high-accuracy tracking control for hydraulic actuators with unmodeled flex-
ible dynamics considering the structural flexibility of the mechanical components. How-
ever, external disturbances that usually exist in nonlinear systems are not taken into ac-
count during the controllers’ design process. Guo K. [33,34] presented a nonlinear cascade 
controller based on an extended disturbance observer to track the desired position trajec-
tory for electro-hydraulic single-rod actuators in the presence of both external disturb-
ances and parameter uncertainties. Kasac J. [35] proposed a robust output tracking con-
troller using external disturbances observer for reducing the measurement parameters of 
the control system. Hu X. [36] designed a dynamically positioned vessel exposed to un-
known time-varying external disturbances, incorporating fuzzy logic systems (FLSs), pro-
jection operators, and the “robustifying” term into the vectorial backstepping technique. 
Teoh J.N. [37] took into consideration the rejection of narrow-band disturbances at two 
frequencies higher than the servo bandwidth in order to obtain a good positioning accu-
racy for a micro-actuator. A phase-stabilized feedback controller combined with a disturb-
ance observer structure was applied to achieve the rejection of the two disturbances. 

However, most of the research focuses on control accuracy using high-precision con-
trol elements. Our study tries to combine and improve these proposed controllers and use 
a control element with a slightly lower accuracy by achieving the required positioning 
control for easier industrial application. The main contribution of this work is to design a 
combined controller that consists of a nonlinear adaptive backstepping controller (NABC) 
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and a disturbance observer (DO) for DCM and its implementation in a double-rope wind-
ing hoisting experimental system. The basic concept of ABSMC-DO is to regard the pa-
rameter uncertainty and external disturbance as a system compound disturbance. A dis-
turbance observer was designed to estimate the system compound disturbance. A nonlin-
ear adaptive backstepping controller was proposed to compensate for the system com-
pound disturbance. The proposed control system does not need to accurately obtain the 
external disturbance, and has a good control effect for parameter uncertainty and uncer-
tain nonlinearity. A stability analysis of the DCM with the proposed controller is per-
formed based on the Lyapunov function. A series of experimental tests are carried out on 
the electro-hydraulic position control system with the characteristics of large load inertia 
and large external interference and a prototype to verify the availability of the proposed 
controller. Using the novel control method, the upper bound of the compound disturb-
ance, which can effectively reduce the chattering in the directional control process, cannot 
be obtained easily. 

2. Dynamic Model of the DCM 
The structure of a servo valve-controlled hydraulic cylinder was adopted as the de-

viation control mechanism (DCM). The dynamic model of the DCM is shown in Figure 3. 
It is comprised of a double-rod cylinder, a 3–4-way servo valve, and a load force. The goal 
is to position track any specified motion trajectory as closely as possible. The nonlinear 
dynamical model of the DCM is given as follows [38]. 

 
Figure 3. Dynamic model of the deviation control mechanism. 

We defined the right shift of servo valve spool as positive. In this direction, the load 
flow QL of the servo-vale is defined as follows: 

- sgn( )1
2

S v L
L d v

p x pQ C xω
ρ

= . (1)

where Cd is the flow coefficient of the servo valve, ω  is the area gradient of the servo 
valve, vx  is the spool displacement of the servo valve, Lp  is the differential pressure 
between the two chambers of the electro-hydraulic cylinder, 1 2=Lp p p− , Sp  is the sup-
plied system oil pressure, ρ  is the hydraulic oil density, and sgn is a symbolic function 
that is defined as follows: 

 1   if 0
sgn( )  0   if 0

-1   if 0

⋅ >
⋅ = ⋅ =
 ⋅ <

. (2)

As the dynamic response frequency of the servo valve is far higher than that of the 
correcting cylinder, without considering the dynamic model of the servo valve, the control 
accuracy of the system is less affected. The displacement of the servo valve spool and the 
control voltage can be regarded as a linear proportional relationship. Therefore, the ap-
proximation can be expressed as follows: 
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v xvx k u= , (3)

where kxv is a positive constant and u is the control voltage. 
Considering the equivalent load elastic deformation during drilling, applying New-

ton’s kinematics law, the force balance equation of the deflection control cylinder can be 
obtained: 

p p L p p p s p Lm x p A B x k x F= − − −  , (4)

where pm  
is the total mass, pB  is the viscous damping coefficient, px  is the spool dis-

placement of the deflection control cylinder, sk  is the equivalent elastic stiffness coeffi-
cient of the drilling load, and LF  is the external load force acting on the control cylinder. 

Considering the internal and external leakage of the deflection control cylinder, the 
load flow in two chambers of the deflection control cylinder is established as follows by 
applying the flow continuity equation: 

10
1 1 1

p p
p p ip L ep

e

V A x
Q A x p C p C p

β
+

= + + +  , (5)

20
2 2 1

p p
p p ip L ep

e

V A x
Q A x p C p C p

β
−

= − + −  ,  (6)

where 1Q  is the flow rate (m3/s) in intake chamber 1; 2Q  is the flow rate in the return 
chamber 2; ipC  is the internal leakage coefficient of the deflection control cylinder;

 epC  is 
the external leakage coefficient of the deflection control cylinder; eβ  is the effective bulk 
modulus; 10V  and 20V  are the initial volume of the oil-in cavity and oil-out cavity, re-
spectively; and 1p  and 2p  are the oil pressures of the oil-in cavity and oil-out cavity, 
respectively. 

Assuming that the cylinder initially stays in the middle position, 10 20 / 2tV V V= = . Vt 

is the total volume of the oil-in cavity and oil-out cavity. Because / 2p p tA x V , it can be 
neglected. The load flow is defined as the average flow of the oil-in cavity and oil-out 
cavity as follows: 

4
t

L p p L tp L
e

V
Q A x p C p

β
= + +  , (7)

where tpC  is the total leakage coefficient and can be written as = / 2tp ip epC C C+ . 
The displacement signal of the servo valve spool is used as the control input. Based 

on the derivation and discussion of the equations, the displacement, velocity, and accel-
eration of the deflection control hydraulic cylinder can be obtained. As the leakage coeffi-
cient and bulk modulus change with varying time and the external load of the drilling 
mechanism cannot be accurately obtained, the directional control system can be regarded 
as a strong nonlinear system with parameter uncertainty and disturbance uncertainty. 

A state space equation was used for improving the control accuracy of the DCM 
based on the proposed dynamic model. State variables can be defined by 

1 2 3[ , , ] =[ , , ]T T
p p px x x x x x x=   . The directional control system can be presented in a state space 

form as follows: 

1 2

2 3

3 ( ) ( )

x x
x x
x f x g x u d

=
 =
 = + +





, (8)
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where 1 1 2 2 3 3( )=f x x x xθ θ θ+ + , 1= 4 /e tp s p tC k m Vθ β−  , 2
2 = / +4 ( ) /s p e tp p p p tk m C B A m Vθ β + , 

3 = / +4 /p p e tp tB m C Vθ β , 4
( )= sgn( ) +p e tp p

s L
p p t

B C A
g x p u p

m m V
β 

−   
 

, 4
= e tp L

L
p pt p

C Fd F
m V m
β

−
 . 

The control system includes not only the nonlinearity of the hydraulic system, but 
also uncertain external disturbances, such as the friction force in the drilling process, the 
friction between the control cylinder and the piston rod, and the cutting load. The model 
uncertainty and external disturbances are regarded as a compound disturbance term, so 
the new system state space equation can be expressed as follows: 

1 2

2 3

3 0 0( ) ( )

x x
x x
x f x g x u D

=
 =
 = + +





, (9)

where = ( ) ( )D f x g x u dΔ + Δ +  is the compound disturbance term of the deflection control 
system. 

3. Controller Design 
Position control systems based on the adaptive control method have been widely 

studied. However, it is difficult to obtain the optimal value of the compensation parame-
ters when the external parameters change too much. A novel control method combining 
adaptive backstepping sliding mode control and an extended state observer was proposed 
to solve the above problems. The framework of the nonlinear adaptive backstepping con-
trol based on the disturbance observer (ABSMC-DO) for the DCM is shown in Figure 4. 
The basic concept of ABSMC-DO is to regard the parameter uncertainty and external dis-
turbance as a system compound disturbance. A disturbance observer was designed to es-
timate the system compound disturbance. A nonlinear adaptive backstepping controller 
was proposed to compensate for the system compound disturbance. The stability of the 
overall system with the proposed control algorithm can be proved using Lyapunov anal-
ysis. The upper bound of directional vibration can be obtained without any disturbance. 
Using ABSMC-DO, the upper bound of the compound disturbance, which can effectively 
reduce the chattering in the directional control process, cannot be obtained easily. 

  
Figure 4. Control diagram of the adaptive backstepping control based on the disturbance observer 
(ABSMC-DO). 

3.1. Adaptive Backstepping Slide Mode Controller 
The target of this part is to obtain the value of control input QL to track the reference 

displacement with an adaptive backstepping controller. The controller design process can 
be divided into the following four steps. 

Step 1: Define the displacement tracking error e1 and the intermediate dummy vari-
ables of the system intermediate dummy variables as follows: 
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1 1

2 2 1

3 3 2

d de y y x y
e x a
e x a

= − = −
 = −
 = −

, (10)

where yd is the displacement reference value of the deviation control cylinder and a1 and 
a2 are intermediate dummy variables. 

Step 2: Design the virtual control variable a1 as follows:  

1 1 1=- da k e y+  , (11)

where 1 0k > . 
To ensure the displacement tracking error e1 tends to zero, a semi-definite Lyapunov 

function can be defined as follows: 

2
1 1

1V
2
e= . (12)

The time derivative of V1 can be given as follows considering Equation (11): 
2

1 1 1 1 1 1 2 1 1 1 1 2V = ( ) ( )d de e e x y e e a y k e e e= − = + − = − +     . (13)

Step 3: To ensure the system is stable and convergent, 1V 0≤ . Therefore, a new Lya-
punov function for e2 is defined as follows: 

2
2 1 2

1V V
2
e= + . (14)

By deriving Equation (14), we can obtained the following: 
2

2 1 2 2 1 1 1 2 2 3 2 1V V = ( )e e k e e e e e a a= + − + + + −    . (15)

Then, the virtual control variable a2 can be designed as follows: 

2 2 2 1 1=-a k e e a− +  , (16)

where 2 0k > . 
2V  is calculated as follows: 

2 2
2 1 1 2 2 2 3V k e k e e e= − − + . (17)

Step 4: To ensure the Lyapunov function defined above has positive semi-definite 
properties, the synovial switching function is designed to make the system error converge 
to the synovial surface gradually as follows: 

1 1 2 2 3s c e c e e= + + , (18)

where c1 > 0, c2 > 0, and satisfied Hurwitz polynomials 2
2 1( )p c cξ ξ ξ= + + . 

The exponential reaching rate is employed in this work to make the control system 
approach a sliding surface: 

3sgn( )s s k sε= − − , (19)

where s ks= −  is an exponential reaching term and parameters ε  and k3 are both posi-
tive.  

The larger the parameters ε  and k3, the faster the convergence. However, too large 
parameters will cause system chattering and even lead to system instability. 

Further, by deriving Equation (18), the following can be deduced: 

1 1 2 2 3 2 1 1 2 2 0 0 2( ) ( )s c e c e x a c e c e f x g x u D a= + + − = + + + + −        . (20)
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The compound disturbance term in Equation (20) includes both parameter uncer-
tainty and external disturbance. Therefore, the system controller is designed as follows:  

3 1 1 2 2 0 2
0

1 ( sgn( ) ( ) )
( )

u s k s c e c e f x a D
g x

ε= − − − − − + −   . (21)

As 0 ( )g x  is a variable related to the parameters of the deflection-control hydraulic 
cylinder, the denominator of the designed controller (21) is not zero, which ensures its 
non-singularity. However, the unknown disturbance D in the controller directly affects 
the output performance and shaking characteristic. A disturbance observer was built to 
estimate and compensate the unknown disturbance D to avoid the control error and shak-
ing. 

3.2. Disturbance Observer 
The compound disturbance is expanded based on the control principle of the ex-

tended state observer, so that the sliding surface in Equation (20) can be re-expressed as 
follows: 

1 1 2 2 0 2 0 1

1

( ) ( )s c e c e f x a g x u s
s D

= + + − + +


=

   
 . (22)

An extended state observer is designed for Equation (20) with a second-order form: 

1 1

1 2 1 1 2 2 0 2 0 1 1

2 1

( ) ( )
= ( , , )

e z s
z z c e c e f x a g x u e
z e a

β
βη δ

= −
 = + + + − + −
 −

  


, (23)

where z1 and z2 are the observer outputs, e1 is the estimate error for the observer, and 
parameters 1β  and 2β  are greater than zero. 

Function η is defined as follows: 

1 1 1

1
11

sgn( ),
( , , )=

,

a

a

e e e
e a e e

δ
η δ

δ
δ −

 >



≤


, (24)

where 0 < a < 1 and δ > 0. 

Remark 1. For the second-order extended state observer of Equation (23), there are appropriate 
design parameters β1, β2, a, and δ that make the observer steady. 

Furthermore, the observer estimation error equation is established as follows: 

1 2 1 1

2 2

e e e
e D

β
β η

= −


= − −


 . (25)

The estimation error of the observer in steady state can be expressed as folows: 

1 2 1 1

2 2

=0
=0

e e e
e D

β
β η

= −


= − −


 . (26)

According to Equations (24) and (26), the estimated error of the observer can be pro-
cessed as follows: 
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1
1 2

1
2 1 1 1 2

- ( / )
( / )

e D
e e D

η β
β β η β

−

−

 =


= = −


 . (27)

Considering Equation (24), the observational errors can be divided into two cases: 
1/

1 2 1

1/

2 1 2 1

1
1 2 1

1
2 1 2 1

/

/

a

a

a

a

e D e

e D e

e D e

e D e

β δ

β β δ

δ β δ

β δ β δ

−

−

 = >

 = >

 = <

 = <









. (28)

Combined with Equations (27) and (28), it can be seen that reasonable values for pa-
rameters β1, β2, a, and δ determine the observer estimation error. Therefore, as long as the 
appropriate parameter values are selected, the state estimation error can be sufficiently 
small, so the observer output can converge to a certain critical region of s and D, which 
guarantees the observation accuracy of the compound disturbance. 

3.3. Stability Analysis 
The compound disturbance D can be replaced by the proposed extended state ob-

server. Thus, the control law from Equation (21) can be rebuilt as follows: 

3 1 1 2 2 0 2 0 2
0

1 ( sgn( ) ( ) ( ) )
( )

u s k s c e c e f x a g x u z
g x

ε= − − − + + − + −   . (29)

Remark 2. For the directional control system of Equation (8) with parameter uncertainties and 
external disturbances, the extended state observer of Equation (23) is used to estimate the com-
pound disturbance D. If there are suitable parameters, β1, β2, a, and δ, the control system output 
will gradually tend to the sliding surface and keep a relative slip on the sliding surface, so that the 
position output of the system can accurately track the desired trajectory. The parameters must meet 
the following conditions: 

2
1 1

1 2 1 2 0
4

k ck k k c εε ε +
+ − > . (30)

Proof. Define the Lyapunov function: 

2
2

1
2

V V s= + . (31)

Combining Equations (13), (18) and (29), Equation (31) can be derived as follows: 

2
2 2

1 1 2 2 2 3 1 1 2 2 0 2 0
2 2

1 1 2 2 2 3 3 2
2 2 2

1 1 2 2 2 3 3 2

2

( ( ) ( ) )
( sgn( ) )

( z )

( )T

V V ss
k e k e e e s c e c e f x a g x u D
k e k e e e s k s s z
k e k e e e k s s s D

s s D z

ε
ε

ε

= +

= − − + + + + − + +

= − − + + − − −

= − − + − − + −

= − − + −e Qe

  
  

, (32)

where 1 2 3=[ , , ]Te e ee  and 
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1 3 1 1 2 3 1 3

1 2 3 2 2 3 2 3

1 3 2 3 3

1
2

1
2

k k c c c k c k

Q c c k k c k c k

c k c k k

 
 +
 
 = + −
 
 
 −
 

. (33)

The designed parameters k1, k2, k3, c1, and c2 are all greater than 0 and constants, which 
can ensure that the first- and second-order principal minor determinants of matrix Q are 
positive. The fact that the third-order principal minor determinant of matrix Q is positive 
can be guaranteed by Equation (30). Therefore, matrix Q satisfies the positive definite. 

From Equation (33), the following can be concluded: 
2

min 3 2

2
min 3 2

( ) ( )

( ) ( )

V Q k s s D z

Q k e s

λ

λ

≤ − − + −

≤ − − −

e

e


, (34)

where min ( )Qλ  is the minimum eigenvalue of matrix Q. 
The tracking errors converge to a neighborhood of zero by assigning reasonable val-

ues for parameters β1, β2, a, and δ. Therefore, design parameter k3 satisfies 3 2k e> . Based 
on Equation (29), when 0V < , the system will embody asymptotic stability. 

Define N = Te Qe . When 3 2k e> , V N< − . The integral result is expressed as fol-
lows: 

0
(0) ( )

t
Ndt V V t≤ − . (35)

According to the boundedness of V  and 0V < , it can be deduced that

0
lim

t

t
Ndt

→∞
< ∞ . Therefore, 0, 1, 2,3ie i→ =  when t→∞  and 0N→ . Then, the sliding 

function s would be closer to zero, 0s→ . □ 

Based on the Lyapunov stability criterion, the system will gradually approach the 
sliding surface and eventually converge to the sliding surface. Therefore, the output of the 
directional control system can effectively track the desired trajectory. 

4. Experimental Research  
4.1. Experimental Introduction  

Figure 5 depicts an electro-hydraulic servo displacement control experimental sys-
tem that is utilized to implement the proposed nonlinear adaptive backstepping control 
based on the disturbance observer (ABSMC-DO) designed in this paper and experiment 
on the deflection control testing system. The testing system is composed of a loading sys-
tem and an actuating system. The loading hydraulic cylinder and actuating hydraulic cyl-
inder are the actuators and are driven by the proportional servo valve (MA-DLHZO-TES-
PS-040) manufactured by the YWL VTOZ company. The MTS magnetostrictive displace-
ment sensor (RPS0500MD601V810050) with an accuracy of 0.1 mm is used to measure the 
hydraulic cylinder position. For measuring the pressure changes in real time, two pressure 
sensors (Mik-p300 and 0–20 Mpa, resolution ±0.5%) are installed on the oil inlet and outlet 
of the loading cylinder and actuating cylinder. All the executive elements and acquisition 
elements have relative control precision to realize industrial application. Different exter-
nal loading signals, such as waves and sinusoidal steps, are imposed to the actuating cyl-
inder. A tension pressure sensor is employed to measure the external loading with a re-
petitive accuracy of 0.05% FS (Full Scales). 
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Figure 5. Electro-hydraulic servo displacement control experimental system. PID, proportion inte-
gral derivative. 

The signals of each sensor are collected in the industrial computer through an analog 
to digital (A/D) board, PCI-1723. The 16-bit A/D board transforms the feedback analog 
signals measured by the sensors to digital signals and then sends the acquired digital sig-
nals to the controller after converting in signal modular. Using the RTX module of the 
industrial computer, the proposed control algorithm is programmed in Matlab/Simulink 
and then compiled and downloaded to the matlab xPC target real-time controller. The 
real-time analog control output signals that are produced by the 12-bit D/A board PCI-
6126 and processed by the signal modular are sent to the two servo-valves to control the 
two electro-hydraulic cylinders. 

To verify the effectiveness of the proposed control strategy for the DCM, experiments 
were carried out on the electro-hydraulic servo displacement control experimental system 
using the conventional proportion integral derivative (PID) controller, the adaptive back-
stepping controller (ABC), and the proposed ABSMC-DO for comparison. The main pa-
rameters of the electro-hydraulic servo displacement control experimental system are 
shown in Table 1. 

The control parameters of different control algorithms were obtained by many tests. 
The parameter tuning of the PID controller included the hash method, the attenuation 
curve method, the expanded critical proportional band method, and the response curve 
method. In the tests, PID parameter tuning was performed based on an attenuation curve 
to achieve the best control state. Meanwhile, the ideal parameters of ABC and the pro-
posed ABSMC-DO could be obtained by the controlling variable referring to articles [21] 
and [23] as follows: 

PID controller: kp = 0.0005, ki = 0.04, kd = 1.5. 
Adaptive backstepping controller: feedback gain 1 100k = , 2 30k = , 3 50k = . 
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Nonlinear adaptive backstepping control based on disturbance observer: 1 200k = , 

2 320k = , 3 40k = , = 0.5ε , c1 = 1, c2 = 2, 1=4000β , 2 =8000β , 0.05a = , =0.1δ . 

Table 1. Main parameters of the electro-hydraulic servo displacement control experimental sys-
tem. 

Parameters Symbol Values Units 
Supply pressure Ps 15 × 106 Pa 

Effective bulk modulus βe 7.0 × 108 Pa 
Volume of hydraulic cylinder V 0.62 × 10−4 m3 

Effective area of hydraulic cylinder Ap 3.6 × 10−3 m2 
Total mass mp 100 kg 

Viscous damping coefficient Bm 5652 N·m·s/rad 
Flow coefficient of servo valve Cd 0.602 —— 

Gain of servo valve Kq 2.6 × 10−4 m/A 
Natural frequency of servo valve ωsv 150 rad/s 
Area gradient of servo valve core ω 1.63 × 10−3 m 

4.2. Experimental Results 
Deviation in the drilling process is caused by the fluctuation of the cutting load. The 

displacement of DCM should be adjusted in real time to ensure directional drilling at any 
time. Therefore, a random sinusoidal trajectory with an amplitude of 0.1 m and a fre-
quency of 1.0 Hz was applied to simulate the tracking characteristics of the DCM in the 
drilling process. The experiments were carried out under the conditions of no disturbance, 
parameter uncertainty, external loading disturbance, and random signal, respectively.  

4.2.1. Tracking Performance with No Disturbance 
The tracking errors of different controllers with no disturbance are presented in  

Figure 6. The parameter estimation of the adaptive backstepping controller is shown in 
Figure 7. 

 
Figure 6. Tracking errors of different controllers with no disturbance. ABC, adaptive backstepping 
controller. 
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Figure 7. Parameter estimation of the adaptive backstepping controller. 

It can be seen from Figure 6 that the displacement tracking error with the conven-
tional PID is much bigger than that with the adaptive backstepping controller and the 
proposed ABSMC-DO. Owing to the adaptive law (Figure 7), the adaptive parameters of 
the ABC converge to a stable region in a short time. The tracking performances of the ABC 
and the proposed ABSMC-DO are both excellent with no disturbance. 

4.2.2. Tracking Performance with Uncertain Parameters 
The performance robustness with uncertain parameters was further measured by 

loading mass blocks of 20 kg on the hydraulic cylinder slider; the control parameters of 
the different controllers remained unchanged. The tracking performance was obtained as 
shown in Figure 8. 

The tracking error of the PID controller increased significantly compared with the no 
disturbance conditions, resulting in a poor control effect. However, both the ABC and the 
proposed ABSMC-DO could achieve stability in a relatively short time because of their 
ability to self-adjust their parameters online. Even if the gain of the controller remained 
unchanged, a tracking response with a high accuracy could be achieved. The two control-
lers both had a high control accuracy and excellent tracking performance. 
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Figure 8. Tracking errors of different controllers with no disturbance. 

4.2.3. Tracking Performance with External Disturbance 
It is a challenge to improve control accuracy owing to the real-time change in the 

external load in the cutting process. A random external force of 1000 N amplitude was 
applied at t = 1.5 s and removed at t = 4.5 s to imitate external disturbance. The tracking 
errors of different controllers are shown in Figure 9. 

The conventional PID controller was no longer stable and achieved a large error un-
der external disturbance. The tracking error of ABC increased obviously when external 
disturbance existed. With the disappearance of the external disturbance, the error was 
controlled in a small range. However, the proposed ABSMC-DO controller was found to 
have a better tracking performance, except for the moment of imposing and removing 
external disturbance.  

A quantitative evaluation of the control effect was carried out using the peak tracking 
errors and root mean square errors (RMSEs), as shown in Table 2. 

Table 2. Position tracking performance index under different controllers. RMSE, root mean 
square error; PID, proportion integral derivative; ABC, adaptive backstepping controller; ABSMC-
DO, adaptive backstepping control based on the disturbance observer. 

Controller 
No Disturbance Uncertain Parameters External Disturbance 

Peak Error/mm RMSE Peak Error/mm RMSE Peak Error/mm RMSE 
PID 3.2 1.16 7.1 3.32 28.2 10.34 
ABC 3.6 1.02 3.7 1.33 9.1 4.26 

ABSMC-DO 2.3 0.84 2.9 1.14 4.7 1.62 

It can be concluded that the peak errors and RMSEs of the PID controller are both the 
greatest under different external conditions. The ABC can reach a better control accuracy 
with no disturbance and uncertain parameters. The controller errors of the proposed AB-
SMC-DO controller still maintain the smallest under each experimental context, which 
proves that the designed controller has strong robustness. 
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Figure 9. Tracking errors of different controllers with external disturbance. 

4.2.4. Tracking Performance with Prototype Experiment 
To realize the deviation control of the drill auger during the cutting process, a proto-

type experiment was carried out, as shown in Figure 10. 

 
Figure 10. Experiment prototype for position deviation control. 

In the actual drilling process, the control system cannot be added to the experimental 
prototype owing to the small space. Thus, the external disturbances and deviation posi-
tion data cannot be collected in real time. To solve this problem, we carried out some re-
lated experiments [2] on the ground in the early stage and obtained relevant experimental 
data that can be applied to the experimental prototype to replace the downhole operation 
environment. This can ensure the reliability of the data. A low-pass filter was used to re-
duce the influence of noise. The position deviation control results are shown in Figure 11. 
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Figure 11. Position deviation control results of the prototype test. 

As we can see, the signal output waveform showed obvious distortion and phase lag 
with the conventional PID controller, whose amplitude deviation was the largest. Using 
the ABC and the proposed ABSMC-DO controller, the tracking effect improved signifi-
cantly, which indicates that the nonlinear control effect was better in terms of its high 
response speed and high tracking accuracy. 

Further, a normalization analysis was conducted to evaluate the deviation control 
effect quantitatively. The calculation formula of the normalized root mean square error is 
as follows: 

2

1

1NRM SE [ ( ) ( )] / max ( )
=

= −
L

a a a
i
r k y k r k

L
, (36)

where ra is the value of the output signal, ya is the value of the reference signal, and L is 
the length of the reference and output signals. Table 3 lists the RMSE (root mean squared 
error) of the position tracking with the different controllers. As can be seen, the NRMSE 
(normalized root mean squared error) based on the PID controller is the largest. However, 
the ABC and ABSMC-DO controller can achieve a better performance. The ABSMC-DO 
controller can realize position deviation control under different external conditions. 

Table 3. Normalized performance index of position control under different controllers. NRMSE, 
normalized RMSE. 

Controller Max Signal RMSE NRMSE 
PID −0.0295 11.1009 × 10−3 37.63% 
ABC −0.0295 5.7584 × 10−3 19.52% 

ABSMC-DO −0.0295 4.2097 14.27% 
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5. Discussion 
In this study, a combined controller consisting of a nonlinear adaptive backstepping 

controller and a disturbance observer for deviation control was established and verified. 
Some studies have focused on controller design using the backstepping control method 
[22,26] and the disturbance observer method [23,31,32], which indicates that these meth-
ods are significant. However, most of the available research focuses on control accuracy 
using high-precision control elements. Our studies tried to combine and improve these 
two controllers and use a control element with a slightly lower accuracy to achieve the 
required positioning control for easier industrial application. The results confirm that 
long-distance directional drilling can be realized under bad downhole working condi-
tions, a finding that can be used in in oil drilling, deep sea exploitation, gas drainage, 
directional tunneling, and other fields. Besides this, our study shows that both the adap-
tive backstepping controller and disturbance observer controller cannot reach an excellent 
tracking performance individually in external disturbance, which is an important and as-
signable factor. The related research [28,30] has obtained consistent conclusions. There-
fore, improving the control accuracy of a single controller is also one of the directions for 
further research. 

However, prototype experiments in this paper were carried out using a ground test 
and the geological factors were neglected in this paper. Meanwhile, long-distance drilling 
over 100 m should be considered by fusing sins positioning technology for real-time con-
trol. Therefore, further investigation is necessary and will be discussed in future research. 

6. Conclusions 
In this work, a deflection control mechanism was designed to realize directional drill-

ing. A nonlinear adaptive backstepping controller based on a disturbance observer con-
sisting of an adaptive backstepping controller and a disturbance observer controller was 
firstly proposed for position tracking control, taking into account the parameter uncer-
tainties and external disturbances. The stability of the overall system with the proposed 
controller was proven with the help of the Lyapunov theory. To verify the effectiveness 
of the proposed ABSMC-DO controller, an electro-hydraulic servo displacement control 
experimental system with matlab xPC target rapid prototyping technology was estab-
lished. Then, a prototype experiment was conducted to prove the direction drilling per-
formance. The experimental results indicate the following: (a) The displacement tracking 
error with no disturbance of the conventional PID was much larger than that with the 
adaptive backstepping controller and the proposed ABSMC-DO. The tracking perfor-
mances of the ABC and the proposed ABSMC-DO were both excellent with no disturb-
ance. (b) Besides this, the tracking error of the PID controller increased significantly with 
uncertain parameters, resulting in a poor control effect. However, both the ABC and the 
proposed ABSMC-DO could achieve stability in a relatively short time thanks to their 
ability to self-adjust their parameters online. (c) The conventional PID controller was no 
longer stable and achieved a large error under the conditions of external disturbance. The 
tracking error of the ABC increased obviously when there was external disturbance. With 
the disappearance of the external disturbance, the error was controlled in a small range. 
However, the proposed ABSMC-DO controller achieved a better tracking performance, 
except for the moment of imposing and removing external disturbance. (d) The NRMSE 
based on the PID controller was the largest with the prototype experiment. However, the 
ABC and ABSMC-DO controller could reach a better performance. The ABSMC-DO con-
troller could realize position deviation control under different external conditions. All of 
the experimental results indicate that the proposed ABSMC-DO controller can yield a 
more satisfactory position tracking performance than the conventional PID controller and 
an adaptive backstepping controller. 
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