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Abstract:    This paper presents a velocity controller for the cutting system of a trench cutter (TC). The cutting velocity of a cutting 
system is affected by the unknown load characteristics of rock and soil. In addition, geological conditions vary with time. Due to 
the complex load characteristics of rock and soil, the cutting load torque of a cutter is related to the geological conditions and the 
feeding velocity of the cutter. Moreover, a cutter’s dynamic model is subjected to uncertainties with unknown effects on its 
function. In this study, to deal with the particular characteristics of a cutting system, a novel adaptive fuzzy integral sliding mode 
control (AFISMC) is designed for controlling cutting velocity. The model combines the robust characteristics of an integral sliding 
mode controller with the adaptive adjusting characteristics of an adaptive fuzzy controller. The AFISMC cutting velocity con-
troller is synthesized using the backstepping technique. The stability of the whole system including the fuzzy inference system, 
integral sliding mode controller, and the cutting system is proven using the Lyapunov theory. Experiments have been conducted on 
a TC test bench with the AFISMC under different operating conditions. The experimental results demonstrate that the proposed 
AFISMC cutting velocity controller gives a superior and robust velocity tracking performance. 
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1  Introduction 
 

The development of the diaphragm walling 
technique and the introduction of trench cutter 
technology have changed civil engineering signifi-
cantly. The trench cutter (TC) is now the most ad-
vanced construction machinery used for diaphragm 
walling. A system driven by hydraulic motors pro-
vides a cutting motion and breaks rock, making it a 
critical part of trench cutting. Controlling the cutting 
velocity of a TC is of great importance in the oper-
ating process to ensure construction efficiency and 
safety, but it is affected by unknown load character-
istics and varying geological conditions, making 

velocity control intricate a very complicated problem. 
In addition, fast dynamic response and high energy 
efficiency are both desirable in a TC cutting velocity 
control system. Valve-controlled systems can 
achieve a fast dynamic response and high system 
accuracy, but the system efficiency is comparatively 
low and sometimes even unacceptable (Chiang et al., 
2004). Pump-controlled systems can effectively 
eliminate the energy consumption due to throttling 
losses and have the potential to obtain good dynamic 
performance (Wu and Lee, 1995; Minav et al., 2013). 

To improve the dynamic performance of pump- 
controlled systems, various control algorithms have 
been designed. Daher and Ivantysynova (2013) were 
first to apply pump displacement control to an electro- 
hydraulic power steering system. Linearization con-
trol techniques were used to design a primary con-
troller based on a simplified and linearized plant 
model to control the actuator force of the steering 
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system. However, linear control theory is limited to a 
wide range of operating points and difficult nonlin-
earities. Therefore, nonlinear control algorithms have 
been designed to overcome nonlinear and parametric 
uncertainties associated with hydraulic systems. 
Wang et al. (2012) used singular perturbation theory 
and Lyapunov techniques to simplify control designs 
for hydraulic pump controlled systems to make the 
control algorithm suitable for engineering practice. 
Several robust controllers were also designed to 
achieve satisfactory performance of not only the 
pump-controlled systems (Ahn et al., 2007; Truong 
and Ahn, 2011), but also systems in industrial ap-
plications (Shi et al., 2013). Truong and Ahn (2009) 
presented a hydraulic hybrid load simulator and de-
signed a fuzzy self-tuning PID controller to obtain 
robust force control performance. The H∞ based 
linear quadratic regulator (LQR) control was em-
ployed to optimize the tracking controller design of 
discrete-time Takagi-Sugeno (T-S) fuzzy systems 
(Zhang et al., 2013). A decoupling fuzzy sliding 
mode controller was proposed for the clamping force 
and energy saving control in a hydraulic injection 
moulding machine to improve control performance 
and energy efficiency simultaneously (Chiang et al., 
2005). In addition, Lin et al. (2013) designed a robust 
discrete-time sliding mode controller for an electro- 
hydraulic pump controlled actuator system to deal 
with the adverse influence of nonlinear friction on 
system dynamic performance. A sliding mode con-
troller based on an improved friction model was 
designed to obtain better velocity tracking perfor-
mance and increased robustness of a hydraulic 
pump-controlled elevator (Sha et al., 2002). How-
ever, chattering in the control signal due to the slid-
ing mode controller can easily excite high frequency 
modes and degrade the system performance (Guo et 
al., 2015). Adaptive control was proposed to auto-
matically adjust the controller parameters and has 
been widely used in the presence of parameter un-
certainties. An adaptive controller was designed to 
control the velocity of a pump-controlled steering 
actuator, in which an indirect self-tuning regulator 
algorithm is used to estimate plant parameters (Daher 
and Ivantysynova, 2014). Wei et al. (2015) designed 
a nonlinear controller including a disturbance ob-
server, a nonlinear feedforward controller, and a 
feedback controller to improve supply pressure 

tracking performance of a hydraulic pump in the 
presence of unknown time-varying load flow dis-
turbances. The adaptive backstepping approach was 
applied to design a flow controller for U-tube steam 
generator whose dynamic responses varied signifi-
cantly when the load changed (Wei et al., 2014). 
Busquets and Ivantysynova (2015) proposed a non-
linear discontinuous projection-based adaptive ro-
bust controller (ARC) for precision motion control of 
displacement control actuators.  

Most of the above studies paid attention to 
nonlinear and parametric uncertainties. However, 
due to the complex load characteristics of rock and 
soil, the cutting torque of a TC is dependent on ge-
ological conditions and feed velocity. Moreover, its 
dynamic model is subjected to uncertainties with 
unknown effects on its function. Without an explicit 
plant model, adaptive control is not suitable for con-
trolling the cutting velocity of a cutting system. 
Moreover, the cutting torque cannot be measured on 
the actual equipment. Therefore, the actuator load 
torque is a significant factor affecting velocity con-
trol and may severely affect the performance of cut-
ting velocity tracking and the robustness of a cutting 
system. Fuzzy logic is an intelligent control method, 
which behaves like humans and is independent of the 
plant model (Lin and Huang, 2007; Wang et al., 
2011). The free fuzzy control approach has been 
widely used in electro-hydraulic servo systems (Chen 
et al., 2008; Kalyoncu and Haydim, 2009). However, 
the fuzzy rules have to be adjusted through trial and 
error, which is time consuming. Therefore, adaptive 
fuzzy control (Wang et al., 2012; Cerman, 2013) has 
been proposed to adjust the fuzzy sets, and better 
control performance has been achieved. 

In this paper, we propose an adaptive fuzzy in-
tegral sliding mode control (AFISMC) scheme for 
controlling the cutting velocity of a cutting system. 
The controller combines the robust characteristics of 
an integral sliding mode control with the adaptive 
adjusting characteristics of an adaptive fuzzy control. 
The AFISMC cutting velocity controller was syn-
thesized using the backstepping technique. The sta-
bility of the whole system including the integral 
sliding mode controller, the fuzzy inference system, 
and the controlled plant is proven using the Lya-
punov theory. 
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2  Architecture and mathematical model 

2.1  System architecture 

The cutting system of a TC is shown schemati-
cally in Fig. 1. The configuration of the cutting sys-
tem, including the hydraulic cutting motor, variable 
displacement pump, pilot operated directional valve, 
safety relief valve, coupling shaft, and cutter, was 
achieved by integrating hydraulic components and 
mechanical apparatus. A variable displacement pump 
driven by a constant speed diesel engine is connected 
to a fixed displacement hydraulic motor. A pilot op-
erated directional valve is employed to control the 
motor rotation direction. A safety relief valve is used 
to establish an upper limit to the line pressures and 
protect the system from damage due to pressure peaks. 
The displacement control of the pump is accom-
plished by means of a pilot servo valve with electrical 
feedback of the swashplate angle. 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
The cutting velocity control of the cutting sys-

tem is subjected to unknown load characteristics of 
rock or soil, and the geological conditions are 
time-varying. Due to the complex load characteristics 
of rock or soil, the cutting load torque of a cutter is 
related to geological conditions and the cutting and 
feeding velocities of the cutter. These particular 
characteristics of a cutting system present great 
challenges for cutting velocity controller design. 

2.2  Mathematical model 

The viscous damping and motor friction are 
fairly small compared with the load torque exerted on 

the motor and can be neglected without influencing 
the accuracy of the plant model. For simplicity, the 
torque balance equation of the cutting hydraulic mo-
tor can be written as 

 

f( , ),J pD f v                         (1) 

 
where J is the effective inertia of the motor and load, 
ω the rotational angular speed of the motor shaft, p 
the pressure at the inlet port of the hydraulic motor, D 
the volumetric displacement of the motor, vf the 
feeding velocity of the cutter, and f(ω, vf) the load 
torque acting on the hydraulic cutting motor. Due to 
the complex load characteristics of rock or soil, the 
load torque on the motor is related to geological 
conditions, cutting rotational velocity, and feeding 
velocity of the cutter, but the nonlinear functional 
relationships among them are unknown.  

The continuity equation for the inlet chamber of 
a cutting motor can be written as (Merritt, 1967) 

 

e
p p t( ),p k D c p

V


                   (2) 

 
where βe is the effective hydraulic fluid bulk modulus, 
V the total volume of the inlet chamber, kp the pump 
flow gain, αp the swashplate angle of the pump, and ct 
the total leakage coefficient of the pump and motor. 

Define the system state variables as x=[x1, x2]
T= 

[ω, p]T. The whole system can be written as 
 

1 2 1 f

e
2 p p 1 t 2

1
[ ( , )],

( ).

x Dx f x v
J

x k Dx c x
V




  

   





            (3) 

 
 

3  Controller design 
 

Given the desired velocity reference x1d(t), the 
goal of the controller is to guarantee that the output 
can track the desired trajectory as closely as possible 
in the presence of unknown disturbance. Using the 
backstepping technique, the controller is shown as 
follows. 

Step 1: 

Define the tracking error as 1 1 1d .x x x   Then 

Fig. 1  Architecture of a trench cutter (TC) 
(a) Photograph of a TC at a construction site; (b) A schematic 
diagram of a cutting system of a TC 
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an integral sliding surface s1 is defined in the fol-
lowing form: 

 

1 1 1d ,s x x t                             (4) 

 

where λ is a positive constant. Since decreasing 1x  is 

the same as decreasing s1, the aim is to make s1 as 
small as possible. The time derivative of s1 along the 
system can be written as 

 

1 1 1 2 1d 1

1
( ) .s x x Dx f x x

J
                 (5) 

 

However, f is an unknown nonlinear function, so 
the ideal control law cannot be implemented. Fuzzy 
control imitating human logic is independent of the 
plant model and therefore is well suited to this system. 
Here, the design of an online tuning fuzzy system 
through an adaptive mechanism is described. 

In the fuzzy controller, a product inference en-
gine, singleton fuzzification, and center average de-
fuzzification are employed. The input membership 
functions should be at least twice continuously dif-
ferentiable to use the backstepping technique. In 
addition, the membership function should be as 
simple as possible to ease implementation. Therefore, 
we designed a novel membership function, which is 
twice continuously differentiable for the two input 
variables (Fig. 2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
The twice continuously differentiable function 

of the two input variables is expressed as follows: 
 

2 2 2 2 3

8

[( ) ][( ) ]
) ,(i

k

kj kj kj kj

kj
A

c c 



   

 x
x x

   (6) 

where i
kA

  is the membership function value of the 

input variables, i (i=1, 2, …, m) denotes the fuzzy 
rule number, k (k=1, 2) denotes the input variable 
number, j (j=1, 2, …, n) denotes the input variable 
membership function number, and kj and ckj are 
respectively the width and center of the membership 
functions of the controlled cutting velocity and the 
cutter feeding velocity. 

The rules describing the fuzzy system are shown 
in Table 1. The knowledge base contains a set of 
IF-THEN rules, in which the ith rule is shown as 
follows: 

 

R(i): IF ω is 1
iA  and vf is 2

iA  THEN f=θi, 
 

where 1
iA  and 2

iA  are linguistic values of the cutting 

and feeding velocities of the cutter, respectively. θi is 
the fuzzy system output of rule R(i). 

The output value of the fuzzy system is given as 
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Therefore, the output of the fuzzy system can be 
expressed as regression models: 

 
T ,f  α θ                               (8) 

 

where α=[α1, α2, …, αm]T is a regressive vector de-
fined in Eq. (9), and θ=[θ1, θ2, …, θm]T is the un-
known parameter. 
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Table 1  Rule base for the fuzzy logic system 

ω/vf Z NZ VS S M B VB

Z Z Z Z NZ VS NS S 

NZ Z Z NZ VS NS S NM

VS Z NZ VS NS S NM M

S NZ VS NS S NM M NB

M VS NS S NM M NB B 

B NS S NM M NB B VB

VB S NM M NB B VB VB

Fig. 2  Fuzzy sets and membership functions 

Z         NZ          VS           S           M            B           VB

Z     NZ    VS     NS      S      NM     M     NB      B      VB

Z         NZ          VS          S            M            B          VB

0     1/9     2/9     1/3    4/9     5/9     2/3    7/9     8/9      1   f/fmax

0

1

0

1

0

1

1
( )lAμ ω

2
( )lAμ v f

( )lBμ f
0          1/6          1/3          1/2         2/3         5/6           1   vf/vfmax

0          1/6          1/3          1/2         2/3         5/6           1   ω/ωmax

Z         NZ          VS          S            M            B          VB

Z    NZ     VS     NS     S      NM     M      NB      B      VB
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In accordance with the universal approximation 
theory, an optimal fuzzy system exists in the fol-
lowing form: 

 

* Τ
fz ,*f f     α θ                   (10) 

 

where ε is the approximation error and satisfies |ε|≤E 
(E is a positive constant). In fact, the approximated 

fuzzy system fzf̂  is used in the controller. Therefore, 

the error is shown as follows: 
 

* T T T
fz fz fz

ˆ ˆ .*f f f     α θ α θ α θ           (11) 
 

A virtual controller x2d for x2 is shown as  
follows: 

 

2d 1d 1 11 1 comp fz

1 1 ˆˆ ,
J

x x x k s Eu f
D J D

      
 
   (12) 

 

where k11 is a positive constant, Ê  is the bound es-
timation, and ucomp is used to compensate for the 
difference between the real nonlinear functions f and 

fzf̂  and is the reaching part of sliding mode control. 

Here, we use a smooth signum function to obtain the 
twice differentiable smooth saturation ucomp facili-
tating calculation given by 

 

1 2 2

comp
2 2
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u 

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 
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 




       (13) 

 

where Φ is the sliding surface boundary layer width. 
Let s2=x2−x2d denote the tracking error of the 

servo valve spool displacement. Substituting Eq. (12) 
into Eq. (5), we obtain the time derivative of s1 as 
follows: 

 

T
1 11 1 comp 2

1 1 ˆ( ) .
D

s k s Eu s
J J J

      α θ  (14) 

Define 1 1 1sat( / )s s s     to obtain 
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 


       (15) 

 

The properties of function s1Δ are used to cease 
adaptation when the boundary layer is reached and to 
avoid unbounded increase. 

A Lyapunov function is defined as 
 

2 T 2
1 1

11 12

1 1 1 1 1
,

2 2 2
V s E

J J     θ θ         (16) 

 
where η11 and η12 are positive constants. The time 
derivative of V1 is written as 

 

T
1 1 1

11 12

1 1 1 1
.V s s EE

J J         θ θ             (17) 

 

Thus, if |s1|≤Φ, then s1Δ=0; it follows 1 0.V   If 

|s1|>Φ, then 1 1.s s    By substituting Eq. (14) into  

Eq. (17) we can obtain 
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The adaptive laws are chosen as 

11 1

12 1

ˆ ,

ˆ .

s

E s









 

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


θ α

                        (19) 

Thus, Eq. (18) can be rewritten as 

1 11 1 1 1 comp 1 2 1

1 ˆ[1 sgn( )] .
D

V k s s s E u s s s
J J         

(20) 
 
Step 2: 
The actual control input αp is determined in this 

step. The time derivative of s2 can be written as 
 

e
2 2 2d p p 1 t 2 2d( ) .s x x k Dx c x x

V


             (21) 

Define the Lyapunov function as 

2
2 1 2

21

1
.

2
V V s


                           (22) 

Differentiate Eq. (22) with respect to time as 
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By substituting Eq. (21) into Eq. (23) we can obtain 
 

2 1 comp 1

11 1 1 2 2d 1 21
21

e
2 p p 1 t 2

21
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Then the control law can be expressed as 

p 1 t 2
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Thus, Eq. (24) can be rewritten as 

2
2 11 1 1 21 2
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1 comp 1
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s E u s
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 
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Therefore, if |s1|≤Φ, then s1Δ=0 and 2 0V  . Else 

if |s1|>Φ, then s1s1Δ>0 and comp 1Δ1 sgn( ) 0;u s   it 

follows 2 0.V   

The stability of the overall closed-loop system, 
consisting of the controller and the adaptive fuzzy 
system, is guaranteed, and all the signals involved in 
the system are proved to be bounded. Fig. 3 shows 
the block diagram of the whole system. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4  Experimental verification 

4.1  Test bench setup 

In this section, we describe the experiments car-
ried out to verify the effectiveness of the proposed 
controller. The experimental installation is presented 
in Fig. 4 and the structure of the test rig in Fig. 5. In 
general, the experimental equipment contains mainly 
the cutting velocity control system (CVCS) and the 
load generating system (LGS). A variable displace-
ment axial piston pump with an external pilot oil 
supply was driven by a three-phase asynchronous 
motor which rotates at a constant speed of 1450 r/min. 
The displacement control of the pump was accom-
plished by means of a pilot servo valve with electrical 
feedback of the swashplate angle. Through a swash-
plate angle feedback, the current signal to the pilot 
servo valve determines the swashplate angle via the 
control piston and thus the pump displacement. The 
other servo valve controlled loading motor was used 
to simulate a load acting on the cutting motor and  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3  Structure of the AFISMC for cutting velocity control 
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generating pressure disturbance in the motor velocity 
control process. The pressures of the test system were 
measured by pressure sensors and the angular veloc-
ity of the hydraulic motors was obtained by differen-
tiating the angular signal which was measured by the 
angle encoder. A compatible PC including a 16-bit 
multifunction data acquisition and control card was 
used to acquire the sensor signals and generate control 
signals to the variable displacement pump and the 
load generating servo valve. The cutting velocity 
controller and the load generating controller were 
both implemented in the MATLAB/xPC target en-
vironment and the sampling time was 1 ms. 

4.2  Experimental results 

First, we focus on the ability of the proposed 
controller to overcome disturbances in the control of 
velocity in the cutting system in four different geo-
logical conditions: soil, hard soil, limestone, and 
granite. To evaluate the control performance of 
AFISMC in the cutting system, we used a constant 
velocity reference (1500 r/min) with load disturb-
ances introduced through the feeding velocity of the 
cutter. The flow rate disturbance signal through the 
feeding motor was a sinusoidal signal with an  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
amplitude of 5 L/min and a frequency of 0.25 Hz. 

Three control algorithms were compared in the 
experiments and first tested in soil. The first was the 
conventional PI controller. The PI gains were tuned 
by trial and error, and the determined PI gains proved 
to be better than those of the other algorithms in this 
operating condition. The PI controller used in the 
experiments is expressed as follows: 

 
3 2

1d 1 1d 10
2 10 ( ) 4.5 10 ( )d .

t
u x x x x t         (27) 

 
The second was an integral sliding mode con-

troller (ISMC) without fuzzy approximation. A 
smooth signum function was used to reduce the 
chattering phenomenon of the ISMC control law. The 
ISMC controller can be expressed as 
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Fig. 5  Structure of the test rig
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The third algorithm was the proposed AFISMC. 
The unknown bound of the disturbance increases the 
complexity of the calculation of the feedback gain of 
the reaching controller to ensure theoretical rigor. An 
alternative pragmatic approach is simply to choose a 
large enough feedback gain without worrying about 
specific prerequisites. This approach increases the 
tuning efficiency. The fuzzy system parameters were 
selected according to engineering experience and the 
control gains were tuned by trial and error based on 
the desired dynamic response. The boundary layer 
thickness (Φ) was selected on the basis of a com-
promise between the chattering phenomenon and the 
tracking accuracy. The proposed AFISMC parame-
ters are shown in Table 2. 

 
 
 
 
 
 
 
 
The corresponding tracking errors of AFISMC, 

ISMC, and PI with disturbances in soil are shown in 
Fig. 6. The three controllers showed similar control 
performance and the tracking errors were less than  
20 r/min in the experiment. Therefore, the three con-
trollers all obtained satisfactory control performance 
with external disturbances in soil. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Load torque acting on the cutting motor in soil 

using AFISMC is shown in Fig. 7. The load torque 
was calculated from the pressure difference and dis-

placement of the load generating motor. Although the 
desired cutting velocity of the cutter is constant, the 
load torque acting on the motor varies with its feeding 
velocity because of the particular characteristics of 
the cutting system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
The swashplate angle of the pump in this oper-

ating condition using AFISMC is shown in Fig. 8, and 
the corresponding transient inlet pressure of the cut-
ting motor in Fig. 9. They are both bounded as  
assumed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To further test the performance of AFISMC, we 

changed the geological condition to hard soil. The 
corresponding tracking errors of AFISMC, ISMC, 
and PI with disturbances in hard soil are shown in  
Fig. 10. The three controllers showed similar control 
performance and the errors were all nearly 20 r/min 

Table 2  AFISMC control parameters 

Parameter Value Parameter Value 

λ 20 η11 20

k11 500 η12 10−6

k21 100 η21 10−6

Φ 0.5   

Fig. 6  Constant tracking with disturbance in soil 
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Fig. 7  Load torque acting on the cutting motor in soil 
using AFISMC 

Fig. 8  Swashplate angle of the pump in soil using 
AFISMC 
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during the falling process of the disturbance signal. 
However, the AFISMC achieved a superior control 
performance than the other two controllers during the 
rising process in the experiment when confronted 
with a harder operating condition, which demon-
strates the effectiveness of the proposed controller. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The tracking errors of the three controllers with 

disturbances in limestone and granite are shown in 
Figs. 11 and 12, respectively. The PI and ISMC con-
trollers showed large control errors. In contrast, the 
proposed controller always had better robustness than 
the PI and ISMC controllers in these two operating 
conditions. This indicates that the proposed controller 
can effectively overcome external disturbances in 
different operating conditions. 

As previously stated, the conventional PI con-
troller and the ISMC controller could achieve rela-
tively good control performance similar to that of the 
proposed controller in soil and even in hard soil. 

However, they showed poor performance in lime-
stone and granite and thus cannot cover all the oper-
ating conditions. This occurs because the PI controller 
is not robust enough with respect to the varying op-
erating conditions and the ISMC controller has only a 
certain amount of robustness without an adaptive 
fuzzy system which can compensate for the unmod-
eled disturbances of the cutting system. In contrast, 
the proposed controller shows consistent control 
performance. The desired motor velocity is well 
tracked by the proposed AFISMC controller with 
feeding velocity disturbance under various operating 
conditions demonstrating its robustness. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Finally, to evaluate the control of tracking per-

formance of AFISMC for the cutting system, we used 
a sinusoidal velocity reference with a constant feed-
ing velocity. The desired velocity tracking trajectory 
was a sinusoidal signal with an amplitude of  
1000 r/min and a frequency of 0.25 Hz. 

Fig. 9  The transient inlet pressure of cutting motor in soil 
using AFISMC 
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Fig. 10  Constant tracking with disturbance in hard soil

Fig. 11  Constant tracking with disturbance in limestone
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Fig. 12  Constant tracking with disturbance in granite
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Fig. 13 shows the sinusoidal velocity tracking 
results of the three controllers in soil. The maximum 
tracking errors of the PI and ISMC controllers were 
respectively about 50 r/min and 35 r/min and there 
was a certain phase lag. The tracking error of the 
proposed AFISMC controller was always less than  
20 r/min. The AFISMC obviously exhibits better 
performance in soil than the PI and ISMC controllers 
in terms of the transient tracking error. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14 shows the sinusoidal velocity tracking 

results of the three controllers in hard soil. When 
confronted with a harder operating condition, 
AFISMC still achieved a superior tracking perfor-
mance in comparison with PI and ISMC controllers, 
demonstrating the effectiveness of AFISMC. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 15 shows the sinusoidal velocity tracking 

results of the three controllers in limestone. The 
maximum transient tracking error of the PI controller 

was about 80 r/min and the maximum error of the 
ISMC reached 50 r/min. In contrast, the proposed 
controller showed a tracking performance consistent 
with the previous experiments. This indicates that the 
proposed controller can achieve high tracking accu-
racy and fast response under various operating  
conditions. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 16 shows the sinusoidal velocity tracking 

experimental results of the three controllers in granite. 
The AFISMC showed its advantage in comparison 
with PI and ISMC controllers. The maximum tracking 
error of the proposed controller was about 50 r/min at 
the beginning of the experiment. However, as the 
experiment continued, the proposed control scheme 
showed higher tracking accuracy. The tracking error 
of the AFISMC controller achieved a rapid asymp-
totic decrease in the process of the approximation 
error of adaptive fuzzy system convergence through  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13  Sinusoidal tracking of the system in soil 

Fig. 14  Sinusoidal tracking of the system in hard soil
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Fig. 15  Sinusoidal tracking of the system in limestone

Fig. 16  Sinusoidal tracking of the system in granite 
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the fuzzy parameters tuning online and finally con-
verged to less than 25 r/min. Therefore, the adaptive 
fuzzy system can decrease the tracking error through 
the adaptive law for the fuzzy system. 

In summary, the AFISMC achieved a good 
tracking performance with a higher tracking accuracy 
and faster response than PI and ISMC controllers in 
all four different operating conditions, which shows 
the effectiveness of the proposed controller in terms 
of transient tracking errors. 

 
 

5  Conclusions 
 

In this study, the control of the cutting velocity 
of a cutting system was explored. To deal with the 
particular characteristics of a cutting system, an 
AFISMC scheme was designed to control the cutting 
velocity. The proposed controller combines the robust 
characteristics of an integral sliding mode controller 
and the adaptive adjusting characteristics of an adap-
tive fuzzy controller. The AFISMC cutting velocity 
controller was synthesized using a backstepping 
technique. The stability of the whole system, includ-
ing the integral sliding mode controller, adaptive 
fuzzy system, and the controlled plant, was proven 
using the Lyapunov theory. Finally, the effectiveness 
of the proposed controller was verified by experi-
mental results. 
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