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ABSTRACT 

 Due to the capability of performing repetitive tasks with high speeds and accuracies, robot 

manipulators have been developed and used in many fields such as industrial automation, 

robotic surgery, and in-space missions. Besides the development of hardware components such 

as mechanical and electric subsystems, control design plays an important role to ensure that the 

robot manipulators operate precisely and achieve the desired performance. Recently, advanced 

control techniques have been proposed to deal with practical problems such as model 

uncertainties and external disturbances, output and state constraints, control input saturation, 

convergence time, and their combinations. Among them, uncertainty and disturbance 

attenuation are essential to guarantee nominal control performance before considering any 

further problems. This thesis proposes advanced control techniques for robot manipulators 

suffering from nonlinear dynamics, model uncertainties, external disturbances, and 

unmeasurable joint velocities. Firstly, the kinematics and dynamics of a general n-degree-of-

freedom (n-DOF) series manipulator are established by the Lagrangian method. Based on that, 

several observers such as sliding mode observer (SMO), and extended sliding mode observer 

(ESMO) are firstly designed to simultaneously estimate both lumped uncertainties/disturbances 

and unknown joint velocities. Then, the estimated values are feedback to the main controller 

which is constructed by the backstepping framework to guarantee the robustness of the control 

system with those difficulties. In addition, to further improve the position tracking control 

accuracy, the barrier Lyapunov function (BLF) is adopted to guarantee prescribed position 

tracking performance. For some specific applications while the contouring performance is 

primary compared to the general tracking performance, the task coordinate frame (TCF), which 

transforms the tracking error into the contouring error and other error components, is integrated 

into the original backstepping framework together with advanced observers to achieve high 

accuracy contouring performance. Finally, the proposed observer techniques are utilized in not 

only position control tasks but also force control tasks, i.e., admittance control architecture 

which regulates the relationship between the end-effector position and interaction forces with 

the environment.
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Chapter 1 

INTRODUCTION 

1.1. Overview 

 In recent decades, robot manipulators play an important role in the development of human 

society, from traditional applications such as material handling [1], assembly [2], and 

machining tasks [3] in general industry to recent trends such as surgery assistants [4], robot 

teachers [5], robot maids [6], etc. due to the characteristics of high accuracy and flexibility. 

Overall, a typical robot manipulator is constructed with many components such as mechanical, 

electric, electronic, and control subsystems in a sophisticated way. Among them, the control 

algorithm is primary to guarantee the tasks are properly conducted during robot operation. 

However, the control design for robot manipulators is difficult and has received much attention 

from both academics and the industry. 

 The overall control performance can be classified into nominal control performance and 

uncertainties/disturbances attenuation. In terms of the nominal control performance, the 

controller is designed based on the nominal robot model to guarantee that the desired criterions 

such as position tracking accuracy, force tracking accuracy, or the force/position relationship, 

i.e., impedance behavior, can be achieved. Depending on the availability of the system 

information, control approaches can be listed as proportional-integral-derivative control [7], 

computed torque control [8], adaptive control [9], backstepping control [10], sliding mode 

control [11], etc. Besides guaranteeing nominal control performance, these control algorithms 

still have the robustness to uncertainties/disturbances if high control gains are selected. For 

example, the sliding mode control approaches not even attenuate to matched 

uncertainties/disturbances due to the adoption of the signum function, but also provide finite-

time convergence. However, for robotic systems with large uncertainties/disturbances, the high 

control gain approach can cause instabilities in the robotic systems. Therefore, the 

uncertainties/disturbance attenuation is necessary to release the burden to the main controller, 

and also decouple the nominal control performance from the disturbance rejection and 

uncertainty suppression. 

 For a long time, disturbance/uncertainty estimation and attenuation (DUEA) have been 

investigated for robot manipulator applications [12]. Overall, the DUEA approaches can be 

classified into adaptive methods and disturbance observer methods. Originally, adaptive 

methods [13, 14] have been proposed to deal with structured uncertainties with known dynamic 
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functions and unknown model parameters. Adaptive laws are designed to estimate the unknown 

model parameters with the assumption that these parameters are constant or slow-varying. 

However, these laws are directly coupled with the tracking control errors and the parameter 

estimation accuracy is not guaranteed. Recently, the applications of the adaptive methods are 

broadened into unstructured uncertainties by assuming that they can be ideally approximated 

by neural networks (NNs) with bounded approximation errors [15, 16]. Then, adaptive laws are 

designed to estimate the weighting factors of the NNs. However, the problems of assuming 

constant weighting factors and their convergences still exist. Furthermore, these methods are 

only effective for model uncertainties, i.e., state-dependent terms, not for external disturbances. 

The remaining approach is the disturbance observer approach, which handles both the external 

disturbances and model uncertainties. For example, time delay estimation (TDE) has been 

applied to estimate the lumped uncertainties/disturbances in the position tracking control of the 

robotics system based on the time delay estimation mechanism [17, 18]. However, joint 

velocities and accelerations are needed which requires other state observers or sensors in the 

robotic system. Similarly, the nonlinear disturbance observer (NDOB) was also proposed to 

utilize the nonlinear dynamics of the robot manipulators in its design to successfully estimate 

the lumped uncertainties/disturbances [19]. Asymptotically estimation can be achieved in case 

of slow-varying or constant disturbances. Furthermore, acceleration information is omitted here, 

but the velocity information is still required to construct the observer. Another DUEA approach 

called “generalized momentum observer” (GMO) has been proposed to deal with the contact 

force estimation when the robot manipulator end-effector interacts with the environment [20]. 

Nevertheless, the problem of velocity estimation still occurs. To overcome these issues, the 

extended-state observer (ESO) was designed to simultaneously estimate both joint velocities 

and lumped disturbances/uncertainties [21]. Compared to the above-mentioned DUEAs, no 

further state observers are needed. Furthermore, after the estimation, both kinds of information 

are fed back into the main controller, which completes the design of the general control 

approach. From the author’s point of view, until now, the problem of active disturbance 

rejection control design for robot manipulators with different applications is still open and needs 

more investigation. 

1.2.Research objectives 

 This thesis investigates and presents observer-based control techniques for different 

applications of robot manipulators suffering from nonlinear dynamics, external disturbances, 

model uncertainties, unknown joint velocities, and actuator faults. The main controllers are 
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designed following the backstepping approach, which is effective to deal with the nonlinear 

dynamics of robot manipulators and allows easy implementation of the various kinds of state 

and disturbance observers. The Lyapunov theory is utilized to analyze the stability of the control 

systems. Simulation results verify the effectiveness of the proposed control algorithm compared 

to previous studies. 

 In detail, the objectives of the thesis are mentioned as follows: 

• To introduce some advanced state and disturbance observers for robot manipulator 

control purposes. The extended sliding mode observer (ESMO) and the sliding mode 

observer (SMO) are presented which improve both the transient response and the stead-

state estimation performance of both velocities and lumped disturbances. The Lyapunov 

analysis is utilized to validate the effectiveness of the proposed observers compared to 

the well-known ESO. 

• To investigate the applications of observer-based control approach for hydraulic robot 

manipulators in terms of position tracking with fault diagnosis and fault tolerant control 

problem. The internal leakage in the hydraulic actuators is considered the main problem 

here together with other difficulties. The ESOs play an important role in both estimating 

the matched and mismatched disturbances and detecting the internal leakage fault. Then, 

the fault is identified based on an adaptive identification algorithm. 

• To investigate the applications of the observer-based control approach for hydraulic 

robot manipulators in terms of interaction control with the environment. An extended 

sliding observer (ESMO) is designed to estimate the contact force and contribute to the 

cascade control framework. 

• To investigate the applications of the observer-based control approach for semi-

autonomous robotic excavators in terms of contouring accuracy. The task coordinate 

approach is adopted to separate the original tracking errors into contouring errors and 

the other error components. An ESO is designed to estimate joint velocities and 

disturbances. Based on that, the main control is designed following the backstepping 

framework with further improvement by considering the output constraint problem with 

help of the barrier Lyapunov function. 

1.3. Limitations 

 In this work, advanced observer-based control techniques have been conducted to improve 

the control performance of robot manipulators in different applications. However, some 

limitations remain as follows: 
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• The derivatives of the lumped uncertainties/disturbances are assumed to be bounded. 

• The nominal models of the robot manipulators are available. 

• Only simulation results are presented to validate the proposed control algorithm. 

Experiment results are not available due to some obstacles during the building of the 

test benches. 

 

1.4. Thesis outline 

 The dissertation outlines are presented as follows: 

• Chapter 1 present the research motivations, objectives, limitation, and the outlines of 

the thesis. 

•  Chapter 2 introduces some state and disturbance observers for robot manipulator 

control applications. 

• Chapter 3 derives an active fault-tolerant control for hydraulic manipulators based on 

ESOs and adaptive fault identification algorithm.  

• Chapter 4 describes a force-sensorless admittance control design for hydraulic 

manipulators with ESMO which estimates the unknown contact force at the end-effector. 

• Chapter 5 provides a high-accuracy contouring control algorithm for robotic excavators 

to complete the surface-flattening tasks based on the task-coordinate frame approach 

and ESO. 

• Chapter 6 concludes the thesis and gives a discussion about future works. 
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Chapter 2 

OBSERVER DESIGN TECHNIQUES FOR ROBOT 
MANIPULATORS 

2.1. Introduction 

 Before investigating the applications of the observer-based control techniques in the next 

chapters, in this chapter, the robot manipulator dynamics is presented with some assumptions 

to realize the design of the state and disturbance observers. Based on that, the design of ESO, 

ESMO, and SMO are presented, and observer stabilities are analyzed by the Lyapunov theorem. 

Finally, some discussions about the performance of observers are given. 

2.2. Robot manipulator dynamics 

 The manipulator dynamics are given as follows: 

  ( ) ( , ) ( ) d+ + = +M q q C q q q G q u   (2.1) 

where , ( ), ( , ),nRq M q C q q  and ( )G q  are the vector of joint angles, inertia matrix, Coriolis 

and centrifugal matrix, and gravity matrix, respectively. u  is the control force/torque and dτ  is 

the vector of lumped disturbances and uncertainties existing in the system.  

 To design the proposed observer more conveniently, the manipulator dynamics is rewritten 

in the following form: 

  
1 2

2 1 1 2 1 2( ) ( , )

=

= + +

x x

x f x u f x x d
 (2.2) 

where 1 1

1 2 1 1 1, , ( ) , ( ) ,d

− −= = = =x q x q d M x f M x  and 1

2 1 1 2 2 1( ) ( ( , ) ( ))−= − +f M x C x x x G x . 

 Assumption 1: There exists a constant 0   so that the following Lipchitz condition holds: 

  2 1 2 2 2 1 2 2( , ) ( , ) + −  f x x x f x x x  (2.3) 

 Assumption 2: The derivative of the lumped disturbances and uncertainties is bounded, i.e., 

hd  where 0h  . 

 Remark 1: The joint angles are measurable. The problem is how to estimate both joint 

velocities and lumped disturbances and uncertainties. 

2.3. Extended state observer 
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 The ESO is designed as follows [21]: 

  

1 2 1 1

2

2 1 1 2 1 2 3 1 1

3

3 1 1

ˆ ˆ ˆ3 ( )

ˆ ˆ ˆ ˆ( ) ( , ) 3 ( )

ˆ ˆ( )







= + −

= + + + −

= −

x x x x

x f x u f x x x x x

x x x

 (2.4) 

where  is the observer gain.  

 Theorem 1: The ESO can achieved globally uniformly ultimately bounded (GUUB) estimation 

performances of both unmeasurable joint velocities and lumped uncertainties/disturbances for the 

robot manipulator. 

 Proof: Set ˆ= −x x x . The error dynamics become 

  

1 2 1

2

2 2 3 1

3

3 1

3

3







= −

= + −

= −

x x x

x f x x

x h x

 (2.5) 

 Set 2

1 2 3[ , , ]T =ε x x x . The scaled estimation error dynamics are derived by 

  

1 2 1

2
2 3 1

3 1 2

3

3

 

 





= −

= − +

= − +

f

h

  

  

 

 (2.6) 

 Transferring above equation into matrix form, one obtains: 

  2
1 2 2


 

= + +
f h

A D D   (2.7) 

where 
1 2

0 03 0

3 0 ; ; 0

0 0 0

n n n nn n n n

n n n n n n n

n n n n n n n n

 

 

  

−     
    

= − = =
    
    −     

I I

A I I D I D

I I

. 

 Since the matrix A  is Hurwitz, there exists a positive- definite matrix P  satisfying the Lyapunov 

equation as follows: 

  
32T

n+ = −A P PA I  (2.8) 

 Consider the following Lyapunov function 

  
1

2

TV = P   (2.9) 
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 Taking the derivative of it, one obtains 

  

2
1 2 2

2 1 22

24

2
21

22 4

1

1 1

2 2

1 1

2 2

2 1
1

2 2

T T T

T

T T T

T T

Y
Y h

P

V

V

aV b


 






 
  

  

= − + +

 − + +

+ +

 
 − − − + 

 

= − +

f h
PD PD

f Y f

h Y h

   

   

   (2.10) 

where 
1 min 1 1(( ) )T

Y = PD PD , 
2 min 2 2(( ) )T

Y = PD PD , and 
1 max ( )P = P . 

 This completes the proof. 

 Based on that, one obtains: 

  

2 1
2 2 3/2 2

1
2

2 1
3 3 1/2 2

1
2

ˆ
1

2 1
2

ˆ
1

2 1
2

h Y P

Y
P

h Y P

Y
P

  

  


 

  

  


 

− 
 
− − 

 

− 
 
− − 

 

x x

x x

 (2.11) 

where 
2 min ( )P = P . 

2.4. Extended sliding mode observer 

 The ESMO is designed as follows [22]: 

  

1 2

2 1 1 2 1 2 3

2

3

ˆ ˆ

ˆ ˆ ˆ( ) ( , ) 2

ˆ





 = +


= + + +


=

x x v

x f x u f x x x v

x v

 (2.12) 

where the switching function is defined as 

  

1 1
1 1

1 1

1

ˆ
ˆif 0

ˆ

0 otherwisen





−
− 

−= 



x x
x x

x xv  (2.13) 
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 Theorem 2: The ESMO guarantees arbitrarily bounded velocity and disturbance estimation errors 

the bandwidth of the observer   is chosen with a large enough value. 

 Proof: Define the estimation errors ˆ ( 1,2,4)i i i i= − =x x x  and 
2 2 1 2 2 1 2

ˆ( , ) ( , )= −f f x x f x x . 

One obtains: 

  

1 2

2 2 3

2

3

2



= −

= + −

= −

x x v

x f x v

x h v

 (2.14) 

A Lyapunov function is defined as 
1 1 10.5 TV = x x . Taking the derivative of it, one obtains 

  1 1 2 1 2( ) ( )TV = −  − −x x v x x  (2.15) 

 In the domain that 2 0 0, 0   − x , the following condition holds: 

  
1 0 1 0 12V V  − = −x  (2.16) 

 Hence, finite-time convergence is achieved. After that, one obtains the equivalent switching action 

2eq =v x . Hence, the remaining error dynamics become 

  
2 2 3 2

2

3 2

2



= + −

= −

x f x x

x h x
 (2.17) 

 Define a scaled estimation error 
2 3[ , / ]T T T= x x . The error dynamics are rewritten as 

  
1 2 2 = + +A D f D h   (2.18) 

where 1 2

02
; ;

0 0

n n nn n

n n n n n n



 

−     
= = =    

−     

II I
A D D

I I
. 

 Because the matrix A  is negative definite, there exists a solution P  of the following Lyapunov 

equation: 

  
22T

n+ = −A P PA I  (2.19) 

 A Lyapunov function is defined as 0.5 TV = P  . Taking the derivative of it, one obtains 

  
1 2 2( )T TV  = − + +ε ε ε P D f D h  (2.20) 

 Define 
1 1 1

T T

   =Y D P P D  and 
2 2 2

T T

   =Y D P P D . The following inequality holds: 

  V aV b − +  (2.21) 

where  
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2 2

1 22

1

1 max 1 1 max

2 1 1
1 , ,

2 2

( ), ( )

Y Y h

P

Y P

a b    
 

   

 
= − − = 

 

= =Y P

 (2.22) 

 This completes the proof. 

 In the steady state, one obtains: 

  

2 1
2 2 3/2 2

1
2

2 1
3 3 1/2 2

1
2

ˆ
1

2 1
2

ˆ
1

2 1
2

h Y P

Y
P

h Y P

Y
P

  

  


 

  

  


 

− 
 
− − 

 

− 
 
− − 

 

x x

x x

 (2.23) 

2.5. Sliding mode observer 

 The proposed SMO is expressed as follows [23]: 

  
1 2

2 1 2 1 2( ) ( , )f 

= +


= + +

s s v

s x u f x s v
 (2.24) 

where 1s  and 2s  are the states of the observer, and   is the observer gain. The symbol v  

denotes a switching function of the observation error, which is defined by 

  

1 1
1 1

1 1

( )
if 0

0 otherwise

 −
− 

−= 



x s
x s

x sv  (2.25) 

where   is a positive parameter. 

 Theorem 4: Based on Assumptions 1 and 2, the proposed SMO ensures arbitrarily bounded 

estimation performance for the system if the observer parameters are selected with large enough 

values. 

 Proof: Denote the error term = −s x s . The error dynamics are expressed as follows: 

  
1 2

2 

= −

= + −

s s v

s f d v
 (2.26) 

 Define a Lyapunov function 
1 1 11 2 T

sV = s s . Differentiating it and substituting into, it becomes 

  1 1 2 1 2( ) ( )sV = −  − −s s v s s  (2.27) 
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where the observer parameter   is selected with a large enough value so that there exists a 

positive constant 0  satisfying 2 0  −s . Therefore, one obtains 

  
1 0 12s sV V −  (2.28) 

 Based on this, 1s  converges to zero in finite time. After that, from the first equation of, it is 

observed that the switching function v  is equivalent to the error 2s . Substituting it into the 

second equation of, it becomes 

  
2 2= + −s f d s  (2.29) 

 Another Lyapunov function is designed as 
2 2 21 2 T

sV = s s . The derivative of it is derived as 

  
2 2 2

2 2 2 2

( )

1 1

2 2

T

s

T T T T

V 



= + −

 − + +

s f d s

s s s s f f + d d
 (2.30) 

 Combining with Assumptions 1 and 2, it becomes 

  

2 2

2 2 2

2 2 2

1 1
1

2 2

T

s f d

s s s

V

V

 



 
 − − −  

 

 − + 

s s +
 (2.31) 

 This completes the proof. 

2.6. Discussion 

 This chapter provides a proof theory for some state and disturbance observers which will 

be utilized for different applications of robot manipulators. Comparison between observers is 

given as follows: 

• The ESO covers the states and disturbance estimation in case disturbance is limited in 

change rate. 

• The ESMO improves the state and disturbance estimation compared to the ESO. 

However, parameter selection for initial conditions needs to be careful. 

• Different from the above observers, the SMO handles the states and disturbances while 

the disturbance is limited, not the change rate of it. However, the proof theory cannot 

be strictly maintained.  
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Chapter 3 

APPLICATION TO FAULT-TOLERANT CONTROL 

PROBLEM OF HYDRAULIC MANIPULATORS 

3.1. Introduction 

 Electrohydraulic servomechanism has a high-power-to-weight ratio and large force/torque 

output compared to servo systems driven by pneumatic or electrical actuators [24]. As a result, 

electrohydraulic systems have been widely applied in industrial automation applications and/or 

military applications including active suspensions [25], rolling mills [26], aircraft actuators [27], 

robot manipulators [14, 28-31], and construction machines [32]. However, the performance of 

the servo system driven by electrohydraulic actuators usually is strongly affected by high 

nonlinearities, modeling uncertainties (e.g., Bulk modulus, friction, and leakage), and external 

disturbance (e.g., load variations) [33, 34]. To deal with these problems, several approaches have 

been proposed. Assuming that exact model parameters are available, the highly nonlinear 

behavior of the hydraulic system is effectively treated by the feedback linearization control [35]. 

To deal with parametric uncertainties, the adaptive mechanism is integrated into the nonlinear 

control design which adapts the unknown parameters based on the projection mapping function 

[33, 36]. To increase the robustness of the adaptive control under unmodeled disturbance and 

uncertain model parameters, the adaptive robust control (ARC) is proposed for a single-rod 

hydraulic actuator which guarantees bounded tracking performance [37]. Furthermore, the 

applications of ARC are realized in current works relating to not only valve-controlled hydraulic 

systems, but also pump-controlled hydraulic systems [38], and pump and valves combined 

hydraulic systems [39]. However, under the assumption that the unmodeled disturbance and its 

derivative are bounded, asymptotic tracking performance can be achieved by integrating a novel 

robust integral of the sign of the error (RISE) feedback in the adaptive backstepping control 

design [40]. To cancel or attenuate the effect of external disturbance on the system performance, 

disturbance, the DOB is proposed to estimate it with the assumption that its derivative is bounded 

[34, 41-43]. Compared to the adaptive mechanism, the disturbance estimation performance is 

completely guaranteed and does not depend on the tracking performance. However, in the above-

mentioned works, the problems are limited in healthy working conditions, not faulty conditions, 

which not only severely influents the high-accuracy tracking performance, but also poses a threat 

to the system safety [44-47]. 
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 In the electrohydraulic system, there are many types of faults as actuator faults including 

internal leakage, external leakage, drop in supply pressure, and sensor faults including pressure 

sensor faults and position sensor faults [48, 49].  Among them, internal leakage fault is the most 

popular problem which has been widely considered in previous studies. In [50], a robust leakage 

detection algorithm has been proposed for the electrohydraulic actuators disturbed by model 

uncertainty and external disturbance by using an adaptive nonlinear observer and a decision-

making mechanism. However, in this work, only a single actuator fault is considered with the 

fault detection problem. In [48], taking the advantage of the nonlinear unknown input observer 

(NUIO), model-based fault detection and isolation (FDI) scheme is proposed for a rudder servo 

system. Many types of faults are presented in this work including actuator faults and sensor faults 

with simulation and experimental validation. However, the simultaneous faulty conditions have 

not been investigated and the fault identification and FTC were not involved. In [51], an FTC 

design is proposed to effectively control a redundant hydraulic actuation system with internal 

leakage fault and force synchronization problem. However, in these studies, the problem of 

internal leakage fault is only considered for one-DOF system, which does not suffer from the 

nonlinear dynamics as the n-DOF mechanical system and limits the application of the proposed 

algorithm. To the best of authors’ knowledge, the problem of internal leakage faults in n-DOF 

electrohydraulic servosystem has not been studied in previous works. 

 In a certain aspect, faults can be considered as parametric uncertainty or external disturbance 

that exceeds an allowable threshold [45, 52]. As a result, the approaches mentioned above to deal 

with modeling uncertainty and external disturbance can be utilized in the design of FTC [53]. 

Taking the advantage of these approaches, in recent years, some efforts are trying to integrate the 

DOB and adaptive mechanism into the control design to simultaneously handle external 

disturbance and unknown model parameters in a more effective way. In [54], Yao. et. al. proposed 

a backstepping control scheme using a combination of an extended state observer (ESO) and a 

parameter adaption with projection mapping for a double-rod hydraulic servo system where the 

adapted parameters are utilized in the design of the ESO. However, the approach seems not 

practical because the disturbance estimation error, which is unknown, is used in the design of the 

adaptive function to adapt the unknown model parameters. In contrast, in [55], Wang. et. al. 

proposed a nonlinear adaptive control with a novel ESO for estimating both matched and 

mismatched lumped disturbances and uncertainties for a hydraulic valve-controlled single-rod 

actuator system. Different from [54], the design of the proposed ESO only utilizes the nominal 

model parameters and the parameter adaption is adopted to update “virtual” nominal model 

parameters, which gives more freedom in the control design. However, there is no proof theory 
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to guarantee the convergence of the adapted parameters to the physical ones. Overall, merging 

the DOB and parameter adaption law is still an open problem [35]. 

 In this paper, the problem of internal leakage faults in an n-DOF electrohydraulic servo 

system is studied for the first time by a novel active fault-tolerant control design system. In the 

normal control mode, the internal leakage fault detection is achieved based on a decision-making 

mechanism that compared the estimated matched disturbance from the ESO to a preset value. 

After the fault is detected, the controller is reconfigured, i.e., the ESO which is utilized to estimate 

the matched disturbance is turned off, and the online identification algorithm based on adaptive 

law is turned on to effectively estimate the internal leakage fault coefficient which is the dominant 

component compared to the matched disturbance due to the severity of its effects on the system 

performance.  Based on this approach, merging the DOB and adaptive mechanism is achieved in 

this work to effectively take advantage of both techniques. Moreover, the proposed control 

scheme can handle not only single-fault conditions but also simultaneous-fault conditions and 

entirely decouple the faulty effect from a faulty actuator to the remaining actuators. To attenuate 

the effect of mismatched disturbances/uncertainties on the control system, another ESO is 

designed and integrated with the above-mentioned techniques in the backstepping framework. 

Based on the Lyapunov stability analysis, bounded tracking performance is guaranteed. To verify 

the effectiveness of the proposed FTC, numerical simulations are conducted using a 2-DOF 

hydraulic manipulator model. The simulation results show that the proposed approach achieves 

acceptable tracking performance under a bunch of faulty conditions and difficulties. 

 This paper is organized as follows. In Section II, a general mathematical model of the n-DOF 

hydraulic system is presented. The fault detection and FTC design are developed in Section III. 

Stability analysis is conducted in Section IV and numerical simulation is presented in Section V. 

Finally, section VI concludes this paper. 

1
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Fig. 3-1: Schematic diagram of an n-DOF manipulator 
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3.2. System dynamics 

3.2.1.Mechanical system 

 The general structure of an n-DOF series-type manipulator is described in Fig. 3-1. The 

dynamics of the n-DOF manipulator is given by [56, 57] 

  ( ) ( ) ( ) d+ + + =M q q C q,q q G q τ τ   (3.1) 

where q  is the joint displacement vector, ( ) n nR M q  is the nominal inertia matrix which is 

symmetric positive-define, ( , ) nRC q q q  represents the nominal vector of centrifugal and 

Coriolis moments, ( ) nRG q  is the nominal vector of gravity, n

d R  denotes the lumped 

disturbance and uncertainty in the mechanical system, and nR  is the actuator force/torque 

vector. 

 Assumption 1: The Coulomb friction is assumed to be differentiable, which is proportional 

to the function tanh( )• , instead of the signum function sgn( )• , where ( )•  is the investigated 

velocity [57, 58]. 

 Based on Assumption 1, the vector dτ  including parametric uncertainty, viscous friction, 

Coulomb friction, and external disturbance dF  is expressed as below 

  
( ) ( , ) ( )

tanh( )

d

T

v C d

=  + +

+ + −

τ M q q C q q q G q

B q B q J F
 (3.2) 

where ,M  C,  and G  denotes uncertain matrices and vectors caused by model parameter 

uncertainties. vB  and CB  represent the unknown viscous and Coulomb friction matrices of the 

joints. The Jacobian matrix E J = x / q is defined based on the relation between end-effector 

position Ex  and joint angles q . 

 The actuator force/torque   is computed based on the force/torque generated by the 

hydraulic power as 

   
( )( )

( ) tanh( ( ) )

T

a a

a v a C a

= −

=

J q F F

F D J q q + D J q q


 (3.3) 

where vD  and CD  denote the viscous friction and Coulomb friction matrices of the actuator. 

The Jacobian matrix from manipulator space to actuator space /a =  J c q  is calculated based 

on the geometric relation between joint angles q  and actuator displacements c . 

 From (3.1)-(3.3), the manipulator dynamics is re-written as 
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  ( ) ( ) ( ) ( )T

a+ + +M q q C q,q q G q d = J q F  (3.4) 

where ( )T

d a a= +d J q F  represents lumped disturbance and uncertainty vector.  

1iP 2iP

siP
riP

iu

ic

1iQ 2iQ

M

 

Fig. 3-2: A typical electrohydraulic actuation system 

3.2.2. Hydraulic system 

 A typical electrohydraulic actuation system is described in Error! Reference source not found. i

ncluding a 4-way-3-position servo valve and a hydraulic actuator which can be a cylinder or a 

rotary actuator. The force/torque generated by the ith hydraulic actuator as mentioned in (3.3) and 

(3.4) is computed by 

  1 1 2 2i i i i iF A P A P= −  (3.5) 

where 1iP  and 2iP  are the pressures of both chambers. 1iA  and 2iA  denote the areas of both 

sides of the actuator. 

 The pressure dynamics of each actuator is given as [34] 

  

( )

( )

1 1 1 1

1

2 2 2 2

2

e
i i ai i Li i i

i

e
i i ai i Li i i

i

P A J q q Q w
V

P A J q q Q w
V





= − − + +

= + − +

 (3.6) 

where 1 01 1 2 02 2, ,i i i i i i i iV V A c V V A c= + = −  are the volumes trapped in both chambers of the ith 

cylinder ( 1, )i n=  while 01 02,i iV V  are the initial volumes. e  denotes the nominal value of Bulk 

modulus. 1 2, , ,Li i iq Q Q  and 1 2,i iw w  denote the internal leakage flow rate, flow rates going 

to/from both chambers, and the modeling errors in the pressure dynamics of the ith actuator, 

respectively. 

 The internal leakage is modeled as follows: 
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0 1 2 1 2 1 2( ) sgn( )Li i i i ti i i i iq C P P C P P P P= − + − −  (3.7) 

where 0iC  is a known coefficient and tiC  is an unknown faulty coefficient. When tiC  is large 

enough, the internal leakage fault happens and seriously affects the system performance. 

 With the assumption that the spool dynamics is neglected, i.e., vi ui ix k u=  where iu is the 

control signal which is the voltage applied to the ith servo valve, the supplied flow rate to the 1st 

chamber and the return flow rate of the 2nd chamber are derived by 

  

* *

1 1 1

* *

2 2 2

[ ( ) ( ) ]

[ ( ) ( ) ]

i qi ui i i si i i i ri

i qi ui i i i ri i si i

Q k k u s u P P s u P P

Q k k u s u P P s u P P

= − + − −

= − + − −
 (3.8) 

where kqi is the hydraulic coefficient depending on the discharge coefficient, spool valve area 

gradient, and the density of the oil. The function 
*( )s x  is defined as  

  *
1, if 0

( )
0, if 0

x
s x

x


= 


 (3.9) 

3.2.3. Total system dynamics 

 To consider both the mechanical system and hydraulic system, a new state variable is 

defined as [ , ,T T=x q q  
1 1 2 2( ) ]T T−A P A P . The total system model can be summarized as follows: 

  

1 2

1

2 1 1 3 1 2 2 1

3 1 1 2 1 2 3 1

( ) ( ( ) ( , ) ( ) )

( ) ( , ) ( )

T

a

tx

−

=


= − − −
 = − − +

x x

x M x J x x C x x x G x d

x f x u f x x f C f

 (3.10) 

where ( )1 11 12 1diag , ,... nA A A=A , ( )2 21 22 2diag , ,... nA A A=A , 
1 2[ , ,..., ]T

t t t tnC C C=C , 

1 11 12 1[ , ,..., ]T

nP P P=P , 
2 21 22 2[ , ,......, ]T

nP P P=P , 1 11 12 1diag( , ,..., )nf f f=f , 
2 21 22 2[ , ,..., ]T

nf f f=f , 

3 31 32 3diag( , ,..., )nf f f=f ,   1 2diag( , ,..., ).nf f f=f  

 The detailed description of each element in the above matrices and vectors is given as 

  

( )

( )

( )

( ) ( )

1 2 1
1 1 2 2 1 2 0 1 2

1 2 1

2
2 2 0 1 2

2

1 2
3 1 2 1 2 1 1 2 2

1 2

* *

1 1 1

;

sgn ;

i e i e i e
i qi ui i qi ui i i i aii i i i i

i i i

i e
i aii i i i i

i

i e i e
i i i i i i i i i i

i i

i i si i i i ri

A A A
f k k R k k R f A J x C P P

V V V

A
A J x C P P

V

A A
f P P P P f A w A w

V V

R s u P P s u P P

  



 

= + = + −  

+ + −  

 
= + − − = − 
 

= − + − − ( ) ( )* *

2 2 2; i i i ri i si iR s u P P s u P P= − + − −

(3.11) 
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 Assumption 2: 1 1 2, ,x P P  are the outputs of the system which are measured by sensors. All 

system states, their 1st derivatives, and all elements in the matrices 1( )M x  and 1( )aJ x are 

bounded. 

 Assumption 3: The following Lipschitz conditions hold 

  
2 1 2 2 2 1 2 2

1 2 2 2 2 1 2 2 2

| ( , ) ( , ) |

( , )( ) ( , )

i i i i i i i i if x x x f x x x



+  −  

+  +  −  C x x x x x C x x x x
 (3.12) 

where i  and   are positive constants. 

 Assumption 4: The lumped disturbance/uncertainty term f  is bounded, i.e., | | f

i if    

where f

i  is a constant. 

 Remark 1: Based on assumption 1, the derivative of 1x , i.e., 2x , and the derivative of the 

load pressure 3x  are calculated based on the well-known Levant’s exact differentiator with a 

very small bounded calculation error [59]. The differential quantity ( )•  computed by Levant’s 

differentiator is denoted by ( )• . For the sake of condense, the derivation of it is omitted in this 

work. 

3.3. Proposed observer-based control algorithm 

 The proposed FTC scheme is described in Error! Reference source not found. including the m

ismatched DOB, matched DOB, online identification, fault detection, and control 

reconfiguration mechanism. A full state feedback backstepping control is the main controller 

to guarantee the position tracking performance of the n-DOF hydraulic system under both 

healthy conditions and faulty conditions. 

 Lemma 1: Consider a time-varying positive quantity ( )X t . One concludes that ( )X t  will 

stay in a bounded region that ( ) /X t b a  when t →  if there exist positive constants a  and 

b  that satisfies 

  X aX b − +  (3.13) 

 Proof: Multiplying both sides of (3.13) by ate  and taking the integral of them, one obtains 

  ( ) (0) atb b
X t X e

a a

− 
 − + 
 

 (3.14) 

 Because lim 0at

t
e−

→
= , Lemma 1 is proved. 
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Fig. 3-3: Proposed active FTC scheme 

3.3.1. Disturbance observer design 

 To design the matched DOB and mismatched DOB, the extended-state mechanism is adopted 

to generate 2 augmented state-space equations as follows: 

  

1 2

1

2 1 1 3

1 2 2 1 4

4 1

( ) ( ( )

( , ) ( ))

T

a

−

=


=


− − +
 =

x x

x M x J x x

C x x x G x x

x h

 (3.15) 

  
3 1 1 2 1 2 5

5 2

( ) ( , )= − +


=

x f x u f x x x

x h
 (3.16) 

where 1

4 1 5 3( ) ; t

−= − = −x M x d x f f C . 

 Assumption 5: The derivatives of lumped disturbances are bounded, i.e., 1 1 2 2,  h h  

where 1  and 2  are positive constants. 

 To simplify the design of mismatched disturbance observer for the system (3.15), the state 

equation is re-written as 

  
( )1 1 1 1 1 2 3 1

1 1 1

, ,e e e e e

e e e

= + +


=

x A x F x x x

y C x


 (3.17) 

where  

  

 

11

1

1 1 1 1 1 1 3 1 2 2 1

1 1

1 1 1 2 4

000 0

0 0 ; 0 ; ( ) ( ( ) ( , ) ( )) ;

0 0 0 0

0 0 ; [ , , ]

nnn n n n n

T

e n n n n n e n e a

n n n n n n n

T T T T

e n n n n n e

 

−

  

   

 

   
   

= = = − −   
        

= =

I

A I F M x J x x C x x x G x

h

C I x x x x



 (3.18) 

 The mismatched disturbance observer is designed as follows: 
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( ) ( )1 1 1 1 1 2 3 1 1 1

1 1 1

ˆ ˆ ˆ, ,

ˆ ˆ

e e e e e e e

e e e

= + + −

=

x A x F x x x L y y

y C x
 (3.19) 

where 2 3

1 1 1 1[3 ,3 , ]T

e e n e n e n  =L I I I  is the observer gain, 1e  is the bandwidth of the 

disturbance observer. 

 Theorem 1: For the system (3.17), the disturbance observer (3.19) guarantees a small 

bounded estimation performance of the mismatched disturbance 4x  if the bandwidth of the 

observer 1e is chosen with a large enough value. 

 Proof: See Section 2.3. 

 Similarly, to design a matched disturbance observer for the system (3.16), the state equation 

is re-written as 

  
2 2 2 2 1 2 2 1 2

2 2 2

( , ) ( )e e e e e e

e e e

= + + +


=

x A x F x x B x u

y C x


 (3.20) 

where  

  

( ) ( )

 

2 1 2 1 1

2 2 2

1

1

2 2 1 3 5

2

,0
; ;

0 0 0 0

0
; 0 ; [ , ]

n n n

e e e

n n n n n n n

n T T T

e e n n n e

x


   





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

 
= = = 
 

f x x fI
A F B

Ψ C I x x x
h

 (3.21) 

 A matched disturbance observer is designed by 

  
( )2 2 2 2 1 2 2 1 2 2 2

2 2 2

ˆ ˆ ˆ( , ) ( )

ˆ ˆ

e e e e e e e e

e e e

= + + + −

=

x A x F x x B x u L y y

y C x
 (3.22) 

where 2

2 2 2[2 , ]T

e e n e n =L I I  is the observer gain, 2e  is the observer bandwidth. 

 Theorem 2: For the system (3.20), the disturbance observer (3.22) guarantees a small 

bounded estimation performance of the matched disturbance 5x  if the observer bandwidth 2e  

is chosen with a large enough value. 

 Proof: Similar to Proof of Theorem 1. 

3.3.2. Online-fault identification 

 In this section, the online-fault identification algorithm is proposed based on the adaptive 

mechanism with the linear regression [60]. However, instead of estimating both the internal 
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leakage fault coefficients and the remaining unstructured uncertainty term, only the internal 

leakage fault coefficients are considered to simplify the algorithm but still achieve the 

identification performance. 

 Considering the 3rd equation of the system dynamics (3.10), one obtains the corresponding 

model as follows: 

  1 1 2 1 2 3 1( ) ( , ) ( ) tx= − − +z f x u f x x f C f  (3.23) 

where 
3=z x .  

 The prediction model is designed by 

  1 1 2 1 2 3 1
ˆˆ ( ) ( , ) ( ) tx= − −z f x u f x x f C  (3.24) 

 Denote the prediction error ˆ= −z z z . The online identification for internal leakage fault 

based on adaptive law is proposed as 

  3
ˆ T

t = −C f z  (3.25) 

where   is a diagonal positive-definite matrix, which denotes the gain of the online 

identification algorithm. 

 Theorem 3: The bounded estimation performance ˆ
t t t= −C C C  can be obtained if the 

persistently exciting condition is satisfied, i.e.,  

  0 3 3 0, , 0 :

t t

T

n

t

t t t 
+

      f f I  (3.26) 

 Proof: Substituting (3.23), (3.24) into (3.25), one obtains 

  3 3 3 2( )T T

t t= − − −C f f C f f f   (3.27) 

 Applying the theory of time-varying linear system with noting that 
3 3

T
f f  is a diagonal 

matrix, the solution is given as 

  3 2

0

( ) (0) ( , ) ( , ) ( )

t

T

t tt t t d =  + −C C f f f    (3.28) 

where 3 3( , ) exp

t

Tt d


 
 

= − 
 
 f f  .  
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 When the persistently exciting condition (3.26) is satisfied, it is easy to state that 

(0) ( , ) 0t t  →C   when t → . The speed of this convergence depends on the value of Γ . 

Thus, to prove Theorem 3, the second term on the right-hand side of (3.28) needs to be bounded. 

 Based on (3.26), the following inequality holds 

  ( )0( , ) exp ( ) nt t   − − I  (3.29) 

 Due to Assumptions 1, 2, and 3, there exists a constant 0C   that satisfies 

  
3 2( )T

C− f f f  (3.30) 

 From (3.29), (3.30), one obtains 

  

( ) ( )

3 2 3 2

0 0

0 0

0 00

( , ) ( ) ( , ) ( )

exp ( ) 1 exp(

t t

T T

t

C C
C n n

t d t d

t d t

   

 
    

 

−  −

 − − = − − 

 



f f f f f f

I I

   

 (3.31) 

 From (3.28), (3.31), it can be concluded that ( ) ( )t tt → C C  0/C  . 

 Even in the case that the persistently exciting condition (3.26) does not satisfy, i.e., 1 2i iP P= , 

from (3.27), one obtains 

  

3 3 3 2

0

( ) ( ).

ti

T T

tj j j j j j j j

C

C f f f f f j i

=

= − − − 
 (3.32) 

 When these situations occur, the identification does not work at ith actuator but works well 

at the remaining actuators. However, these specific conditions happen intermittently at a single 

moment, when the actuation force direction is changed, not in a period. Hence, the persistently 

exciting condition holds most of the time and the identification performance is not affected at 

all. 

 Remark 2: Different than most of the previous works using the adaptive mechanism to 

obtain the position tracking performance, the online identification law (3.25) guarantees 

bounded estimation performance and does not depend on the tracking error between system 

states and their desired values. 

3.3.3. Control design 
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A switching term 1 2diag( , ,..., )ns s s=s is introduced here for fault detection based on the 

matched disturbance estimation values as follows: 

  
5

5

ˆ0, if

ˆ1, if

i i

i

i i

x
s

x





 
= 



 (3.33) 

where i  is a pre-defined threshold. 

 Remark 3: The switching term (3.33) is not only used for fault detection but also used to 

activate the adaptive law (3.25) and deactivate the matched observer (3.22) when faults are 

detected. Furthermore, it is well integrated into the fault-tolerant control design in the following 

steps. 

 Step 1: Define the position tracking error 1 1 d= −z x x  where dx  is a reference trajectory.

 Considering the first equation of (3.10), the derivative of 1z  becomes 

  1 2 d= −z x x  (3.34) 

 To obtain asymptotically tracking performance of 1z , a virtual control law of 2x  is designed 

as follows: 

  1 1 1d k= −x z  (3.35) 

where 1k  is a positive constant. 

 Step 2: Define the error between 2x  and the virtual control law 1  by 2 2 1= −z x  . From 

the second equation of (3.10), the derivative of 2z  is expressed as 

  

1

2 1 1 3 1 2 2

1 1

( ) ( ( ) ( , )

( ) )

T

a

−= −

− − −

z M x J x x C x x x

G x d 
 (3.36) 

 From (3.36), the virtual control law of 3x  is designed as 

  2 1 1 2 2 1

1 1 1 2 2 4

( ) ( ( , ) ( )

ˆ( )( ))

T

a

k

−= +

+ − − −

J x C x x x G x

M x z z x




 (3.37) 

where 2k  is a positive constant. 

 Step 3: Denote 3 3 2= −z x  . From the third equation of the total system (3.10), the 

derivative of it is calculated by 

  3 1 1 2 1 2 3 1 2( ) ( , ) ( ) tx= − − + −z f x u f x x f C f   (3.38) 

 Hence, the control signal is proposed by 
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2 1 2 5 3 1

1

2 1 1 2 3 3

1 ˆˆ( ( , ) ( ) ( )

( ) ( ) )

n t

T

a k−

= − − +

+ − −

u f x x I s x sf x C
f

J x M x z z

 (3.39) 

where 3k  is a positive constant. 

3.4. Stability analysis 

 Theorem 4: For the system (3.10), by using the control signal (3.39) with mismatched 

disturbance observer (3.19), matched disturbance observer (3.22), adaptive law for fault 

identification (3.25) , and the fault detection (3.33), arbitrary bounded tracking performance is 

guaranteed under lumped disturbance/uncertainty and internal leakage faults. 

 Proof: Consider the following Lyapunov function 

  1 1 2 2 3 3

1 1 1

2 2 2

T T TV = + +z z z z z z  (3.40) 

 Taking the derivative of it, one obtains 

  

1

1 2 1 2 1 1 3 2

1 2 2 1 4 1

3 1 2 5 3 2

( ) ( ( ) ( ( ) ( )

( , ) ( )) )

( ( ) )

T T T

d a

T

n t

V −= + − + +

− − + −

+ − + − − + −

z z x z M x J x z

C x x x G x x

z f u f I s x sf C sf

 





 (3.41) 

 Substituting control signals (3.35), (3.37), (3.39) into (3.41), the equation becomes 

  

( )

1 1 1 2 2 2 3 3 3 2 4

1

2 1 1 1 2 2 1 2 2

3 5 3 3

3 2 1 2 2 1 2

( ) ( ) ( ( , ) ( , ) )

( ) ( )

( , ) ( , )

T T T T

T T

a

T T

n t

T

V k k k

x −

= − − − +

+ −

− − + +

− −

z z z z z z z x

z M J x C x x x C x x x

z I s x z s f f C

z f x x f x x

 (3.42) 

 Applying Young’s inequality, the following inequalities hold 

  

2 4 2 2 4 4

2 2 2 2 2 2

3 5 3 3 5 5

1 1

2 2

1 1

2 2

1 1
( ) ( ) ( )

2 2

T T T

T
T T T T

T T T T

n n n

 +

−  +

− −  + − −

z x z z x x

z H Cx z z Cx HH Cx

z I s x z z x I s I s x
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3 3 3 3 3 3

3 2 3 3 2 2

1 1
( ) ( ) ( )

2 2

1 1

2 2

T T T T

t t t

T T T

+  + + +

−  +

z s f f C z z f f C s s f f C

z f z z f f

 (3.43)

   

where 1

1 1( ) ( ) ,T

a

−=H M x J x 2 2 1 2 2 1 2( , ) ( , ),= −f f x x f x x 2 1 2 2 1 2 2( , ) ( , )= −Cx C x x x C x x x . 

 From Theorem 1, 2, 3, Assumption 3, 4, and Remark 1, there exists a constant   satisfying 

below inequality 

  

4 4 5 5

3 3 2 2

2 2

1 1
( ) ( )

2 2

1 1
( ) ( )

2 2

1

2

T T T

n n

T T T

t t

T
T 

+ − −

+ + + +

+ 

x x x I s I s x

f f C s s f f C f f

Cx HH Cx

 (3.44) 

 Substituting (3.43), (3.44) into (3.42), one obtains 

  1 1 1 2 2 2 3 3 3

3
( 1)

2

T T TV k k k

V



 

 
 − − − − − + 

 

 − +

z z z z z z
 (3.45) 

where ( )1 2 3min 2 ,2 2,2 3k k k = − − . 

 By using Lemma 1, with large enough control parameters 1,k  2 ,k  and 3k  to make 0  , 

when t → , 3( )V t  will enter a region that 3( ) /V t    and Theorem 4 is proved. 

 Remark 4: Theoretically, the arbitrary bounded error can be achieved in both disturbance 

observer performance, adaptive fault identification performance, and tracking performance 

with large enough gains. However, the effect of sampling time is not considered here, which 

prevents the application of the high-gain observer, identifier, and controller in the real system. 

In other words, there is a trade-off between tracking/estimating performance and system 

stability. 

3.5. Numerical simulation 

 In this section, the HyQ leg prototype developed by the University of Genoa, Italy, and the 

Italian Institute of Technology (IIT) is utilized to verify the effectiveness of the proposed FTC. 

The original model includes 2 hydraulic cylinders to actuate the hip flexion/extension (hip f/e) 

and the knee flexion/extension (knee f/e), and 1 electric motor to actuate the hip 
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abduction/adduction (hip a/a). However, to be simple, the hip a/a joint is neglected here. The 

diagram of the reduced HyQ leg model is described in Fig. 3-4. More details about testbench 

configuration can be found in [61, 62]. 

3.5.1. Simulation setup 

 To verify the performance of the proposed FTC, simulation results are conducted based on 

the 2-DOF hydraulic manipulator model as mentioned above. Parameters for the simulation are 

given in Table 3-1 and Table 3-2. Numerous model geometric parameters that are used to 

compute the kinematic problem are omitted here for simplicity, which can be found in [62]. 

Hip f/e

Knee f/e

Hydraulic 

cylinder 1

Hydraulic 

cylinder 2

Fixed frame

 

Fig. 3-4: Diagram of the reduced HyQ leg prototype. 

Table 3-1: Mechanical parameters 

Symbol Quantity Value 

1m  Mass of link 1 1.77 kg 

2m  Mass of link 2 1.48 kg 

1CJ  Inertia moment of link 1 0.0704 kgm2 

2CJ  Inertia moment of link 2 0.0486 kgm2 

1l  Length of link 1 0.35 m 

2l  Length of link 2 0.35 m 

1Cb  Coulomb friction of link 1 1 Nm 

2Cb  Coulomb friction of link 2 1 Nm 

1vb  Viscous friction of link 1 10 Nm/(rad/s) 

2vb  Viscous friction of link 2 10 Nm/(rad/s) 
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Table 3-2: Hydraulic parameters 

Symbol Quantity Value 

D  Bore diameter 0.016 m 

d  Rod diameter 0.01 m 

L  Stroke 0.08 m 

1A  Bore area 2.01 cm2 

2A  Annulus area 1.23 cm2 

01V  Initial volume of chamber 1 9.65 cm3 

02V  Initial volume of chamber 2 5.88 cm3 

0C  Nominal internal leakage coefficient 10-15 

uk  Proportional gain of the valve 3×10-6 m/V 

qk  Hydraulic coefficient 4.65×10-4 

e  Bulk modulus 1.25 GPa 

sP  Supply pressure 160 bar 

rP  Return pressure 3 bar 

1cd  Coulomb friction of cylinder 1 5 N 

2Cd  Coulomb friction of cylinder 2 5 N 

1vd  Viscous friction of cylinder 1 50 Ns/m 

2vd  Viscous friction of cylinder 2 50 Ns/m 

 

 The reference trajectory is chosen in a sinusoidal form as follows: 

  
1

2

0.2 0.5sin(4 3)(rad)

1.4 0.5sin(4 3)(rad)

d

d

q t

q t





= − +

= +
 

 The mismatched disturbance includes unknown viscous and Coulomb friction at the 

revolute joints and the hydraulic cylinders as shown in Table 3-1 and Table 3-2, and the 

external load acting on the end effector is chosen as [10, 20]T

d = −F  (1 exp( )) (N)t− − . 

 The matched disturbance comes from unmodeled pressure dynamics, parameter deviations, 

and so on. Hence, in this simulation, the matched disturbance is considered as 

7 73.75 10 sin(2 / 3) 1.25 10 sin(4 / 3) ( 1,2)if t t i =  +  = . 
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 To simulate the internal leakage faults in a practical system, the unknown leakage fault 

coefficients are selected as the following slow-varying components: 

  

1 9 0.5( 15)

2 9 0.5( 25)

0 if 15s

1.5 10 (1 ) if 15s

0 if 25s

0.7 10 (1 ) if 25s

t t

t t

t
C

e t

t
C

e t

− − −

− − −


= 

 − 


= 

 − 

 

 Remark 4: In practice, the control signals generated by the controller are limited due to the 

physical limitation of hardware components. Hence, they are bounded as below 

  

max max

min min

if

( ) if

otherwise

sat

u u u

u sat u u u u

u




= = 



 (3.46) 

where max min12V, 12Vu u= = − . 

 The structure of the simulation is described in Fig. 3-5. 

 

Fig. 3-5: Structure of the simulation in MATLAB Simulink. 

3.5.2. Controllers for comparison 

 To evaluate the control performance of the proposed scheme for the hydraulic manipulator 

subjected to matched disturbance, mismatched disturbance, and severe internal leakage faults, 

the following three control algorithms are considered as follows: 

1) Proposed control algorithm: The parameters of the proposed control algorithm are 

chosen as:  

  
1 2 3

28

1 2

70, 70, 70,

150, 100, 10e e

k k k

  −

= = =

= =  =
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2) Backstepping control with 2 disturbance observers (BC2): This type of approach has 

been widely applied in previous works for the position tracking control of the hydraulic 

system [51, 54, 56]. In this controller, the control parameters are similar to those of the 

proposed controller but the online identification for internal leakage fault is neglected.  

3) Backstepping control with mismatched disturbance observer and online identification 

based on the adaptive mechanism for internal leakage faults (BCA): This control method 

is inspired by previous work [60]. The control parameters are similar to those of the 

proposed controller but the matched DOB is neglected. 

 To effectively evaluate the control performance of the above-mentioned controllers, besides 

the well-known root-mean-square error (RMSE), the maximum, average, and standard 

deviation of the tracking errors which are denoted as , ,zM   and   are utilized in this work 

[54]. 

3.5.3. Simulation results 

 The tracking performances of the proposed controller, BC2, and BSA are given in Fig. 3-6. 

Both controllers guarantee that the angular displacement at each joint follows its reference 

trajectory. However, in Fig. 3-7, the tracking error of each joint is clearly described which 

indicates that the proposed controller effectively takes advantage of both BC2 and BCA. During 

the period from 0s to 15s, i.e., before the faults occur, the tracking errors in both joints of the 

proposed controller and the BC2 are better than those of the BCA since the matched 

disturbance/uncertainty is the main problem. When the internal leakage faults occur at joint 1 

and joint 2, the proposed controller switches from the BC2 to the BCA step-by-step. During 

this period, except for the transient response, the tracking performance of the proposed 

controller and the BCA is more accurate than it of the BC2 because the effects of the faulty 

conditions dominate the matched lumped disturbance effects in healthy conditions.  

 To quantitatively access the control performance of the comparative controllers in the 

steady-state phase, a similar simulation is conducted in 100s. The internal leakage faults in the 

1st actuator and the 2nd actuator occur at 40s and 60s, respectively. The investigated periods 

include 30s in the steady-state phase of the healthy condition, i.e., from 10s to 40s, and 30s in 

the steady-state phase of the simultaneous faulty condition, i.e., from 70s to 100s. For the sake 

of simplicity, the steady-state phases of single internal leakage fault conditions are omitted here. 

The maximum, average, and standard deviation of the tracking errors are described in Table 

3-3, Table 3-4, and Table 3-5, respectively. From these tables, it is obvious that the proposed 
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controller inherits the advantages of both the BC2 and BCA in healthy conditions and faulty 

conditions, respectively. Furthermore, the RMSEs of three controllers are presented in Table 

3-6, which once again proves the effectiveness of the proposed controller compared to the 

remaining controllers. 

 

Fig. 3-6: Position tracking performances of comparative controllers 

 

Fig. 3-7: Position tracking errors of comparative controllers 

Table 3-3: Maximum of the tracking errors 

Control 

strategies 

Joint 1 (Deg) Joint 2 (Deg) 

Heathy Faulty Healthy Faulty 

Proposed control 0.2383 0.3877 0.3759 0.6513 

BC2 0.2382 0.6270 0.3757 1.8136 

BCA 0.3694 0.3876 0.5921 0.6515 

 

Table 3-4: Average of the tracking erros 

Control 

strategies 

Joint 1 (Deg) Joint 2 (Deg) 

Heathy Faulty Healthy Faulty 

Proposed control 0.1343 0.1555 0.1948 0.2517 

BC2 0.1342 0.2263 0.1954 0.5358 

BCA 0.1453 0.1555 0.2455 0.2516 
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Table 3-5: Standard deviation of the tracking errors 

Control 

strategies 

Joint 1 (Deg) Joint 2 (Deg) 

Heathy Faulty Healthy Faulty 

Proposed control 0.0646 0.0945 0.1002 0.1752 

BC2 0.0646 0.1191 0.1004 0.5014 

BCA 0.0938 0.0945 0.1580 0.1752 

 

Table 3-6: RMSE of the tracking errors 

Control 

strategies 

Joint 1 (Deg) Joint 2 (Deg) 

Heathy Faulty Healthy Faulty 

Proposed control 0.1490 0.1820 0.2191 0.3066 

BC2 0.1490 0.2557 0.2196 0.7338 

BCA 0.1729 0.1820 0.2920 0.3066 

 

 The fault detection signals are shown in Fig. 3-8 based on the proposed decision-making mechanism 

(3.33). Compared to the identification performance described in Fig. 3-9, it is obvious that the fault 

detection law effectively detects the faults in a very short time. After that, the online adaptive 

identification algorithm (3.25) successfully identifies the magnitude and shape of the fault as shown in 

Fig. 3-9. The identification errors between the estimated values and the true values are generated by the 

matched lumped disturbance/uncertainty components and the imperfection when the faults are assumed 

to be slow-varying. 

 

 

Fig. 3-8: Fault detection performance 
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Fig. 3-9: Internal leakage fault identification performance 

 When the proposed controller is applied, the estimation performance of the mismatched 

disturbance observer is shown in Fig. 3-10. The mismatched lumped disturbance/uncertainty 

term caused by the external force, unknown viscous friction, and unknown Coulomb friction 

acting at both rotating joints and hydraulic actuators are effectively estimated by the 

mismatched DOB (3.19). An interesting point can be observed that the mismatched disturbance 

is not affected by the internal leakage faults and matched disturbance in the hydraulic actuation 

system. It is reasonable because, in the design of the mismatched DOB (3.19), the load pressure 

is computed based on measured pressure signals, and supplied to the DOB, which isolates the 

problems in the hydraulic system from the mechanical system. 

 

Fig. 3-10: Mismatched lumped disturbance/uncertainty estimation performance 

 In Fig. 3-11, when the proposed controller is applied, the matched disturbance terms in both 

joints are well estimated compared to the real term based on the matched DOB (3.22), even 

after the faults occur. At that time, although the lumped term is caused by both 

disturbance/uncertainty in healthy condition and internal leakage faults, the control 

performance of the BC2 is worse than it of the BCA and the proposed controller as mentioned 
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before. Note that in the proposed controller, after the faults are detected, the matched DOB can 

be shut down. The estimation performance after that is shown in Fig. 3-11 is only used to check 

the effectiveness of it under faulty conditions. 

 

Fig. 3-11: Matched lumped disturbance/uncertainty estimation performance 

 To evaluate the effect of faulty conditions on the hydraulic actuation system when the 

proposed control method is applied, the pressures of both chambers in actuator 1 and actuator 

2 are shown in Fig. 3-12 and Fig. 3-13, respectively. In Fig. 3-12, after the internal leakage 

fault occurs, the pressure of both chambers consequently changes. A similar situation is realized 

with the internal leakage fault in actuator 2, which is described in Fig. 3-13. An interesting 

point that can be observed in these figures is that the faulty condition of an actuator does not 

affect the performance of the remaining actuator. This separation is achieved based on the 

compensation of mismatched DOB, matched DOB, the online adaptive identification, and the 

switching action of the fault detection law. 

 

Fig. 3-12: Pressures of both chambers in cylinder 1 
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Fig. 3-13: Pressure of both chambers in cylinder 2 

 Finally, the control signals of both controllers are presented in Fig. 3-14. One can observe 

that when the faults occur, the magnitude of the control signal increases. This situation is 

reasonable because when the internal leakage fault appears in an actuator, the leakage flow rate 

going from the high-pressure chamber to the low-pressure chamber severely rises, which 

reduces the load pressure and the actuator efficiency. Therefore, the control signals need to 

increase to compensate for the loss of effectiveness in actuators. 

 

Fig. 3-14: Control signals of comparative controllers 

3.6. Discussion 

 This paper proposes an active FTC system design for a hydraulic manipulator with internal 

leakage faults and matched/mismatched disturbances. A novel fault detection law is proposed 

to detect the internal leakage fault that occurs in each joint based on the estimated matched 

disturbances from the matched DOB. After that, an online adaptive identification algorithm is 

implemented to estimate the internal leakage fault coefficients. Besides, a mismatched DOB is 

designed to deal with the mismatched disturbance term caused by an external force, uncertain 

parameters, unknown viscous friction, and unknown Coulomb friction. The proposed FTC is 
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designed based on the backstepping framework, which integrates the estimated values from 

DOBs and the identified fault information into the control system design. Thanks to the fault 

detection mechanism, the actuation performance of each joint is successfully decoupled from 

the total system, even under simultaneous faulty conditions. Moreover, the proposed controller 

takes the advantages of both DOBs, which are utilized to deal with disturbances, and the 

adaptive law, which is effective to handle the parametric uncertainty, in a unique framework. 

Simulation results show that compared to the BCA and BC2, the proposed controller presents 

the best tracking performance under both healthy conditions and simultaneous faulty conditions.  

 In future works, the following interesting problems shall be investigated in the active fault-

tolerant control system design for hydraulic manipulator as 

1) The transient response of the hydraulic manipulation system caused by the control 

reconfiguration action when the actuator fault occurs has not been considered in this 

work. Moreover, the transient response improvement has been studied in several 

works with different objects [63, 64], which motivates the study about similar 

problems in the hydraulic manipulators. 

2) Other types of hydraulic actuator faults shall be researched in future works as the drop 

in pressure supply, valve proportional gain variation, etc. [48]. Moreover, depending 

on the structure of the hydraulic actuation system in the real applications including 

hydraulic actuators, hydraulic circuits, and hydraulic power source, not only the 

number of the actuator fault scenarios but also the effects of them on the entire system 

are very diverse but interesting to be investigated. 

3) Besides the actuator faults, the sensor faults including position sensor faults and 

pressure sensor faults can pose a threat to the hydraulic manipulation control system. 

However, the effects of sensor faults on the hydraulic manipulator have not been 

considered in previous works. A few studies have focused on the sensor faults in 

hydraulic systems, but the degree of freedom is limited to one [65, 66]. Moreover, 

some studies have tried to solve the fault diagnosis problem in robot manipulators 

[67-69]. However, the actuator dynamics are neglected for simplicity. 

4) Most of the current works focusing on the fault diagnosis and fault-tolerant control 

design for position tracking tasks. The effects of faulty conditions on the force control 

problems including direct force tracking control and indirect force control, i.e., 

impedance control, have not received much attention. 
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Chapter 4 

APPLICATION TO ADMITTANCE CONTROL 

PROBLEM OF HYDRAULIC MANIPULATORS 

4.1. Introduction 

 Due to the advantages of high-power-to-weight ratio and large force/torque output, 

electrohydraulic servomechanism is widely used in many industrial and/or military applications 

as robot manipulator [29, 70, 71], rolling mills [72], hydraulic press [73], construction machines 

[74-76], aircraft actuators [77, 78], active suspension [79, 80], etc. To complete tasks, control 

problems of the electrohydraulic actuator have been considered as position control [36, 42, 81] 

and force control [82-84]. However, for the robotic application, the position tracking performance 

cannot be achieved when the robot motion is constrained by a stiff environment. Similarly, when 

the robot is operated in free motions, it is impossible to guarantee that the contact force at the end 

effector tracks the desired one. To deal with these problems, hybrid force/position control is 

developed to separate the control target to position control task in some axes and force control in 

the remaining one [85]. However, free motions and constraint motions cannot be handled 

simultaneously in the same axis by this controller, and the feedforward term in the control design 

requires environment position information [86]. Thus, developing a control algorithm to handle 

the interaction force in both free motions and contact motions is challenging.  

 Another approach for solving this problem is the concept of impedance/admittance which is 

introduced by Hogan [87], where the relationship between contact force and motion is regulated 

to guarantee safe and compliant interaction. Impedance can be easily obtained by adding physical 

components like springs and dampers to the actuation system or the end-effector [88]. This is 

called passive impedance. However, this implementation is difficult when the space and mass are 

limited [89]. The other approach called active impedance or impedance control is widely utilized 

because the impedance behavior is achieved by controlling the joint torques/forces to mimic the 

desired impedance performance. The active impedance is developed in many aspects as joint-

space control/operational space control where the impedance behavior is accounted for the joints 

or the end-effectors, respectively, and force-based/position-based impedance control where the 

trade-off between simplicity and freedom in desired impedance behavior is considered [89]. 

However, in the case of the admittance control, i.e., the position-based impedance control, contact 

force measurements are needed which requires the installation of a force sensor at the contact 

point [90]. This approach is not cost-effective and complicates the hardware design. To overcome 
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these drawbacks, the force-sensorless has been proposed which utilizes observer techniques to 

estimate the contact force [91, 92]. 

 In recent years, several force observer techniques have been developed. The generalized 

momentum observer (GMO) was early developed to estimate the contact force based on the plant 

dynamic information and velocity measurement [93]. Since the velocity measurement is disturbed 

by noise, and the installment of the velocity sensor beside the position sensor requires more effort 

in hardware design and increases the total cost, the GMO performance is quite limited. In contrast, 

the extended-state observer (ESO), which is originally developed for a general problem with 

nonlinear systems [94], solves these problems by not only estimating the contact force but also 

observing the unmeasurable velocities [95]. Inheriting the same structure as the ESO, the ESMO 

is introduced by utilizing the signum function instead of proportional terms with output estimation 

error, which can quickly react to the sudden changes in disturbances and states during operation. 

The ESMO is widely applied in many systems such as the permanent-magnet synchronous motor 

(PMSM) [96-98], Markovian jump linear systems [99], descriptor stochastic systems [100], 

traction network [101], satellites autonomous navigation  [102], electro-optical tracking system 

[103], etc. However, the application of ESMO in robotics has not been realized. Hence, in this 

paper, the ESMO is firstly adopted to deal with unmeasurable contact forces to build the 

admittance control for hydraulic robots.  

 Besides the contact force estimation, another concern is about the effects of actuator dynamics 

on hydraulic robot control systems. In [89], the pressure dynamics of the hydraulic cylinder have 

been considered in the system modeling of the HyQ leg test bench. The study proposed two 

control approaches for the force control loop. The first one was a linear controller based on a 

linearized model around the equilibrium point with velocity compensation. The second one was 

the feedback linearization control which is developed based on the original nonlinear system 

modeling. However, matched disturbances and uncertainties were not considered in this research. 

In [104], an electro-hydraulic torque actuator with a backdrivable servo-valve was proposed 

which provided fast response and torque-source property. However, to design the compliant 

controller, the actuator dynamics were simplified to simple rigid actuator dynamics. A similar 

problem was realized in [105] where an impedance control was developed on the same electro-

hydraulic torque actuator with the GMO. Overall, nonlinearities and matched uncertainties, which 

always exist in hydraulic actuation system and has negative impacts on the control performance, 

have not been appropriately addressed in previous research. Thus, it is expected that considering 

these problems in the control design will improve the admittance control performance of 

hydraulic robot systems. 
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 Inspired by these observations, an advanced admittance controller with an ESMO is firstly 

developed for hydraulic robots. The ESMO is firstly designed to not only estimate the interaction 

force with the environment but also observe the unmeasurable joint velocities. To attenuate the 

effect of unknown friction in hydraulic actuators on the interaction force estimation performance, 

load cells are mounted on the hydraulic actuators, which provides the actuation force information. 

Furthermore, uncertainties and disturbances in the pressure dynamics are considered and handled 

by a matched disturbance observer. Finally, all of these techniques are integrated into the 

backstepping control framework to effectively deal with both the mechanical and hydraulic 

nonlinearities. Based on the Lyapunov criteria, the entire system stability is guaranteed. To verify 

the effectiveness of the proposed control algorithm, numerical simulations are conducted based 

on the 2-DOF HyQ leg model. Simulation results show that the proposed control algorithm 

provides high accuracy admittance performance with different scenarios. 

 This paper is organized as follows. In Section II, the total system modeling of hydraulic robots 

is presented. The admittance control design with the ESMO is developed in Section III. 

Simulation results and discussion is described in Section IV. Finally, section V concludes this 

paper.  

4.2. System dynamics 

 The total hydraulic robot system includes two subsystems as the mechanical system and the 

hydraulic system [106]. These subsystem models are presented in the following section: 

4.2.1. Mechanical system modeling 

 The dynamics of the mechanical system is modeled as follows: 

  
1 2

1

2 1 1 1 1 2 1( ) ( ( ) ( ) ( , ) ( ) )T T

a c d

−

=

= + − − −

x x

x M x J x F J x F V x x G x τ
 (4.1) 

where
1

nRx  is joint position vector; 
2

nRx  is joint velocity vector;
1( ) ,n nR M x  

1 2( , ) ,nRV x x and 1( )G x nR are the inertia matrix, centrifugal and Coriolis vector, and 

gravity vector, respectively; 
1( ) n nR J x  and 

1( ) n n

a R J x  are the Jacobian matrices 

computed by differentiating the end-effector position 
nRp  and actuator displacement nRc  

with respect to 1x , respectively; n

c RF  is the vector of forces generated by the contact motion 

with the environment; n

d R  is the vector of mismatched uncertainties and disturbances in 

the robot dynamics; F  is the actuation force vector measured by load cells, which is given by: 
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  3 a= −F x F  (4.2) 

where n

a RF  is the vector of model uncertainties, i.e., unknown frictions, in hydraulic 

actuators, and 3x  is defined in the next section. 

4.2.2. Hydraulic system modeling 

 The hydraulic system model is described as follows: 

  3 1 1 2 1 2 1 2( ) ( , , , ) ( )t= − +x f x u f x x P P f  (4.3) 

where 3 1 1 2 2= −x A P A P  is the hydraulic power force vector with 
n n

j R A  and 

( 1,2)n

j R j =P  are the area diagonal matrices and pressure vectors of both sides of actuators, 

respectively; ( ) nt Rf  is the vector of matched uncertainties and disturbances in pressure 

dynamics; nRu  is the control signal vector. For convenience, the remaining terms are 

described in Appendix A. 

The remaining functions in the hydraulic model (4.3) are defined as follows: 

  

( )

( )

( ) ( )

( ) ( )

1 2
1 1 2

1 2

1
2 1 2 0 1 2

1

2
2 2 0 1 2

2

1 1 1

2 2 2

i e i e
i ti i ti i

i i

i e
i i aii i i i i

i

i e
i aii i i i i

i

i i si i i i ri

i i i ri i si i

A A
f k R k R

V V

A
f A J x C P P

V

A
A J x C P P

V

R s u P P s u P P

R s u P P s u P P

 





= +

= + −  

+ + −  

= − + − −

= − + − −

 (4.4) 

where tik  are coefficients of servo valves; e  is the Bulk modulus; 1iV  and 2iV  are chamber 

volumes of hydraulic actuators; siP  and riP  are the supply pressure and tank pressure, 

respectively; 0iC  is the nominal internal leakage coefficient; the subscript i denotes the order of 

the considered actuator. The function s  is defined by 

  
1, if 0

( )
0, if 0

x
s x

x


= 


 (4.5) 

Assumption 1: 1x , 1P , 2P , and F  are measured without considering measurement noises and 

bandwidth limitations. 

Assumption 2: The following inequalities, i.e., Lipschitz conditions, hold during operation 
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where   and i  are positive constants. 
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Fig. 4-1: Proposed admittance control scheme for hydraulic robots 

4.3. Proposed observer-based control algorithm 

 The proposed admittance control structure is described in Fig. 4-1. The outer admittance 

control derives the desired end-effector position. Based on that, the inner position control loop 

calculates the desired actuation force. Finally, the force control loop receives it as a reference and 

computes the real control signals. 

4.3.1. Extended sliding mode observer design 

 To design the ESMO, the extended-state mechanism is adopted for the mechanical system 

model (3.10) as follows: 

  

1 2

2 1 1 2 2 1 4

4 1

( , ) ( )

=


= + +
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x x
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 (4.7) 

where 1

1 1 2 1 1 2 1( , ) ( ) [ ( , ) ( )],−= − +F x x M x V x x G x  2 1( ) =F x 1

1 1( ) ( ) ,T

a

−
M x J x  and 

1

4 1( ) ( )T

d c

−= − +x M x J F . 

 Assumption 3: Derivative of the lumped disturbance term 1h  is bounded, i.e., 

1 1 1, 0  h . 

 Based on this assumption, the proposed ESMO is designed as follows: 
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 (4.8) 
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where 1 1 1 1
ˆ ˆ( ) /= − −v x x x x  if 1 1

ˆ 0− x x  and 10n=v  otherwise,   is a positive constant, 

and 1  denotes the bandwidth of the observer. 

 Theorem 1: For the system (4.7) with Assumption 3, the ESMO (4.8) guarantees arbitrarily 

bounded velocity and disturbance estimation errors, i.e.,  2 2
ˆ−x x  and 4 4

ˆ−x x , if the bandwidth 

of the observer 1  is chosen with a large enough value. 

 Proof: See Section 2.4. 

 Remark 1: Because the estimated contact force is utilized in the outer admittance controller, 

the estimated value is expected to be chattering-free. Hence, to attenuate the chattering 

phenomenon, the switching action is modified as 

  1 1
mod

1 1

ˆ

ˆ




−
=

− +

x x
v

x x
 (4.9) 

where   is a positive constant. When the position estimation error is large, the modified 

switching action is almost the same as the original one. However, when position estimation 

error is small, it behaves like a proportional term with a very high gain value.  

4.3.2. Matched disturbance observer design 

 Considering the hydraulic system model (4.3), based on the extended state technique, this 

equation is rewritten as 

  
3 1 1 2 1 2 5

5 2

( ) ( , )= − +

=

x f x u f x x x

x h
 (4.10) 

 Assumption 4: Derivative of the lumped disturbance term 2h  is bounded, i.e., 

2 2 2, 0  h . 

 Based on this augmented system, a matched disturbance observer is designed as [106] 

  
3 1 1 2 1 2 5 2 3 3

2

5 2 3 3

ˆ ˆ ˆ ˆ( ) ( , ) 2 ( )

ˆ ˆ( )





= − + + −

= −

x f x u f x x x x x

x x x
 (4.11) 

 Theorem 2: For the system (4.10) with Assumption 4, the matched disturbance observer 

(4.11) guarantees arbitrarily bounded disturbance estimation errors, i.e., 5 5
ˆ−x x , if the observer 

bandwidth 2  is large enough. 

 Proof: Similar to Section 2.3. 
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4.3.3. Admittance control design 

From (4.7), the contact force is estimated by 

  1 1 4
ˆ ˆ( ) ( )T

c

−=F J x M x x  (4.12) 

Based on that, the outer admittance loop is designed as 

  ˆ
d d d d d d c+ + =M e B e K e F  (4.13) 

where de  is the desired error between the reference trajectory and the commanded trajectory 

which is the target for the physical end-effector position to follow to guarantee the desired 

admittance behavior of the system. 

 Remark 2: The contact force estimation (4.12) is disturbed by the lumped disturbances and 

uncertainties as shown in the definition of 4x . This problem is unavoidable since the contact 

force estimation performance always relies on the system model accuracy. 

 After solving (4.13), the commanded end-effector reference is computed as 

  c d d+p = p e  (4.14) 

where dp  is the reference trajectory of the end-effector.  

 Based on the commanded reference (4.14), the inner position control loop is designed in the 

backstepping framework as 
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 (4.15) 

where 1  and 2  are virtual control signals which guarantee the control performances in 

position and velocity loops, respectively; 1k , 2k , and 3k  are positive gains; 1 c= −z p p , 

2 1= −z p  , and 3 3 2= −z x   are control errors. 

 Theorem 3: The admittance controller constructed by (4.12), (4.13), (4.14), and (4.15) 

together with the ESMO (4.8) and matched disturbance observer (4.10) guarantees the desired 

admittance behavior of the hydraulic robot, i.e., the error c−p p  is arbitrarily bounded. 

 Proof: A Lyapunov function is selected as follows: 
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  1 1 2 2 3 3

1 1 1

2 2 2

T T TV = + +z z z z z z  (4.16) 

 Taking the derivative of it, one obtains: 

  
1 2 1 3 3 2( ) ( ) ( )T T T

cV = − + − + −z p p z p z x   (4.17) 

 From (3.10), (4.15), and (4.17), the derivative of the Lyapunov function is expressed as 
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T T T T

T T T T
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V k k z k

−
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where 1

1 4 2( )− = − + +J M V x Jx  and 
2 2 5 = − +f x . 

 Applying Young’s inequality, one obtains: 

  V V  − +  (4.19) 

where  
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 From this, it is observed that when time goes to infinity, the Lyapunov function converges 

to a bounded area V   . This boundary decreases when the control gains 1k , 2k , and 3k  

increase.  This completes the proof of Theorem 3. 

Fixed frame

Hydraulic 
cylinder 1

Hydraulic 
cylinder 2 Knee f/e

Hip f/e

 

Fig. 4-2: Reduced HyQ leg prototype. 

Table 4-1: Mechanical parameters 
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Symbol Quantity Value 

1m  Mass of link 1 1.77 kg 

2m  Mass of link 2 1.48 kg 

1CJ  Inertia moment of link 1 0.0704 2kgm  

2CJ  Inertia moment of link 2 
0.0486 2kgm  

1l  Length of link 1 0.35 m 

2l  Length of link 2 0.35 m 

 

Table 4-2: Hydraulic parameters 

Symbol Quantity Value 

D  Bore diameter 0.016 m 

d  Rod diameter 0.01 m 

L  Stroke 0.08 m 

1A  Bore area 2.01
2cm  

2A  Annulus area 1.23
2cm  

01V  Initial volume of chamber 1 9.65
3cm  

02V  Initial volume of chamber 2 5.88
3cm  

0C  Nominal internal leakage coefficient 1510−
 

tik  Valve coefficient 41.395 10−  

e  Bulk modulus 1.25 GPa 

sP  Supply pressure 160 bar 

rP  Return pressure 3 bar 

 

4.4. Numerical simulation 

 In this section, the HyQ leg prototype is inherited to verify the effectiveness of the proposed 

admittance control algorithm [62]. The reduced model includes 2 hydraulic cylinders to actuate 

the hip flexion/extension (hip f/e) and the knee flexion/extension (knee f/e). The diagram of the 

reduced HyQ leg model is presented in Fig. 4-2. 

4.4.1. Simulation setup 

 The geometric parameters of the leg model that are used to compute the kinematic problem 

are given in Table 4-1 [62]. Hydraulic model parameters are inherited from previous work [106] 
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as shown in Table 4-2. The unknown friction force in hydraulic cylinders
aF  is modeled as 

presented in the MATLAB Simscape Library [107].   

 To verify the effectiveness of the proposed admittance control algorithm, two case studies 

are investigated as follows: 

- Case 1: Admittance response with a step contact force. The contact force is selected as 

[10, 10] (N)T

c = −F . It is applied to the end-effector of the robot from 5s to 15s. The 

reference trajectory is set as [0, 0.595] (m)T

d = −p . 

- Case 2: Admittance response with an environment when contact motion happens. The 

stiffness of the environment is selected as 10000 N/m. 

 The matched uncertainties in pressure dynamics of hydraulic actuators are considered as a 

consequence of unknown internal leakage flows, which is expressed as follows: 

  ( )1 2
1 2 1 2

1 2

sgni e i e
i i i ti i i

i i

A A
f P P C P P

V V

  
= + − − 
 

 (4.21) 

where tiC  is the unknown leakage coefficient of the ith cylinder, which is selected as 

10

1 2 1.5 10t tC C −= =  . 

4.4.2. Controllers for comparison 

 To evaluate the control performance of the proposed scheme for the hydraulic robot 

subjected to matched disturbances/uncertainties and unmeasurable contact force, the following 

control algorithms as considered: 

- Proposed controller: Desired admittance parameters are selected as diag(2,2),dM =  

diag(40,40),dC =  and diag(100,100)dK = . Inner position control parameters are 

1 200,k =  2 200,k =  and 3 200k = . The matched DOB bandwidth is 2 200e = . 

Parameters of the ESMO are chosen as 1 20, 0.001,e = =  and  1 = . 

- ESOLCC: This controller has the same configuration as the proposed controller, except 

for the mismatched observer design where only conventional ESO is used instead of the 

ESMO. The mismatched observer bandwidth is chosen as 1 20e = . All the remaining 

parameters are selected the same as the proposed controller for a fair comparison. 

- ESOC: This controller has the same configuration as the above controllers. However, 

this controller does not utilize the force information from load cells. Instead of that, 
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pressure information is used in the design of the mismatched ESO. All parameters are 

selected the same as the ESO-LC. 

4.4.3. Simulation results 

4.4.3.1. Case 1: Admittance response with a step contact force 

 The contact force estimation performances of the proposed controller, ESOLCC, and ESOC 

are given in Fig. 4-3. Both the ESMO and the ESO provide high-quality contact force 

estimation performance with actuation force information from load cells. However, the ESMO 

shows the best estimation performance when the step-change in contact force happens at 5s and 

15s due to the quick response of the switching action. In contrast, the force estimation 

performance in the ESO without load cell is the worst because the unknown frictions in 

hydraulic cylinders cannot be covered when only pressure information is utilized. Nevertheless, 

in the steady-state, the estimated contact force by this observer converges to the actual one 

because the friction force significantly reduces with small sliding velocities between the rods 

and the bores of hydraulic cylinders.  

 

Fig. 4-3: Contact force estimation performance. 

 

Fig. 4-4: Position of the end-effector 
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Table 4-3: Performance indices in case 1 

Controller 
eM  (mm) e  (mm) e  (mm) 

xp  
yp  

xp  
yp  

xp  
yp  

Proposed 17.23 17.94 0.693 0.993 2.660 3.182 

ESOLCC 23.97 25.75 1.011 1.449 3.758 4.555 

ESO 25.45 51.46 1.489 7.722 4.180 12.86 

 

Fig. 4-5: Control signal for servo valves 

 The admittance behaviors of the three controllers are shown in Fig. 4-4. Overall, when the 

contact force is applied on the end effector, both controllers show the admittance control 

performances with deviation from the reference trajectory and follow the desired admittance 

behavior. However, it is observed that the contact force estimation performances strongly affect 

the admittance behavior of the controllers. Indeed, in Fig. 4, the proposed controller with ESMO 

shows the best admittance tracking performance compared to the remaining controllers. The 

ESOC shows the worst admittance tracking performance due to low quality-contact force 

estimation. To neglect the effect of initial conditions on the evaluation, performance indices 

including the maximum, average, and standard deviation of the tracking errors of both 

controllers are computed from 1s to 25s as given in Table 4-3, which indicates similar results. 

 Finally, Fig. 4-5 presents the control signals for the proportional valves controlling the hip 

and knee cylinders. It is observed that the proposed controller and the ESOLCC provide similar 

control signals with small deviation, which is reasonable due to the similar contact force 

estimation performance as shown in Fig. 4-3. However, because the ESMO observes the contact 

force faster than the ESO, the control signal of the proposed controller has a higher magnitude 

than the control signal of the ESOLCC during the transient time. When the steady-state is 

achieved, control signals of both controllers remain the same due to the same contact force 

estimation. 
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4.4.3.2. Case 2: Contact motion with the environment 

 In this case study, an environment with constant stiffness and fixed position is selected to 

test the admittance behavior of the leg test bench in contact motion. The force observer  

bandwidths of all controllers are increased to 1500. For simplicity, the friction force at the 

contact point is neglected here. Hence, admittance performance in the x-axis is not necessary 

to be considered. The reference trajectory and environment position are given in Fig. 4-6.  

 

Fig. 4-6: Reference trajectory and environment position. 

 

Fig. 4-7: Contact force estimation performance and contact force estimation error in the y-axis 

 

Fig. 4-8: Admittance tracking performance and the error between the actual position and the desired position in 

the y-axis. 

 Fig. 4-7 shows the contact force estimation performance and contact force estimation error 

in the y-axis. From 0s to 2s, contact force estimations of all controllers are zeros due to the 

constant reference. After that, from 2s to 4s, the robot moves down following the reference 

trajectory. In this period, the contact motion does not happen but the force estimation error in 
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the ESOC exists due to the lack of load cell information to cover frictions in hydraulic cylinders. 

From 4s to 5s, the contact motion happens, and the reference trajectory goes down. 

Consequently, the contact force slowly increases, and contact force estimations of all controllers 

successfully track it. However, in the remaining period, the reference trajectory does not move 

down anymore, which causes a sudden reduction in the ideal contact force. Among all force 

observers, it is observed that the ESMO still shows the best contact force estimation 

performance during this period. 

 The admittance behaviors and the admittance tracking accuracies of all controllers are given 

in Fig. 4-8. Due to the contact motion, one observes that the ideal admittance behavior 

computed by the outer admittance loop is different from the reference trajectory. Based on this 

desired behavior, both controllers provide good position tracking performances. However, 

similar to the force tracking performance mentioned above, the proposed controller shows the 

best admittance accuracy regardless of matched disturbance in actuator dynamics. This 

statement is also illustrated by performance indices in Table 4-4. 

Table 4-4: Performance indices in case 2 

Controller eM  (mm) e  (mm) e  (mm) 

Proposed 0.1740 0.0157 0.0233 

ESOLCC 0.1953 0.0138 0.0284 

ESO 8.3688 1.6958 2.7478 

4.5. Discussion 

 In this paper, an ESMO is firstly developed for the force estimation of an admittance control 

algorithm of a hydraulic robot system. Together with the hydraulic actuation force information 

from load cells, the proposed control algorithm shows superiority in the admittance control 

performance compared to the remaining controller utilizing the ESO with constant external force 

and contact force with the environment. Actuator nonlinear dynamics are also clearly exploited 

to fulfill the design of the proposed admittance controller under matched disturbance, which is 

rarely observed in previous studies. Practical problems relating to measurement noises will be 

considered in future work. 
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Chapter 5 

APPLICATION TO CONTOURING CONTROL 
PROBLEM OF ROBOTIC EXCAVATORS 

5.1. Introduction 

 Motion control is one of the most important tasks in many practical applications as machine 

tools and manipulators. The crucial criteria to evaluate the motion control performance is the 

tracking accuracy which means the distance between the actual position and the desired position 

at each moment. However, it is not always that tracking control guarantees the quality of the 

product, e.g., high-quality surfaces of machined parts in a machining process. This is due to the 

fact that the distance between the actual position and desired contour cannot be explicitly 

described in the tracking accuracy, which is called the contouring error. Thus, in order to 

guarantee contouring accuracy, several contouring control approaches have been proposed, 

which can be classified into two groups. The first approach is called the cross-coupled control 

(CCC), in which an auxiliary contouring control signal is directly added to the tracking control 

signal to attenuate the contouring error [108, 109]. Based on this framework, many techniques 

have been integrated into the control design as adaptive nonlinear control [110], fuzzy PID 

control [111], iterative learning control [112], with several estimation methods as tangential 

line-based estimation [113], osculating circle-based approximation [114, 115], generalized 

CCC [116], and Taylor series [117]. Overall, the CCC structure is simple and easy to be 

implemented in real applications. However, the effectiveness of the control system is limited 

because of the omission of the system dynamics information. The other group of contouring 

control is the task coordinate frame (TCF)-based approach. The key idea of this method is that 

the system dynamics is transformed from the original described coordinate system to a more 

convenient coordinate system where the tracking error can be easily decoupled into tangential 

error, normal error, and bi-normal error [118]. Compared to the CCC, the TCF-based approach 

utilizes the plant information in the control design, which can offer higher contouring 

performance. To improve the control performance, different types of coordinate transformation 

methods based on this framework have been proposed as global TCF (GTCF) [119], orthogonal 

GTCF [120], reduced-dimension TCF [121], and polar coordinate frame [122, 123].  

 In recent years, besides many control problems considered in practical tasks of the excavator 

as position tracking control [74], energy efficiency [124-126], coordinated control [127, 128], 

and remote control [129], researchers have considered the contouring performance in excavator 
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since the surface quality has been still considered in some levels. In [130], a proportional-

integral tracking control combined with CCC was proposed for the leveling work of the 

excavator. The equivalent joint angle errors were calculated based on the contouring error 

through kinematic constraints and then fed back to a simple proportional contouring control. In 

[131], a nonlinear PI tracking control was proposed for a robotic excavator. Instead of using 

two kinds of controllers as tracking controller and contouring controller, the authors modified 

the reference trajectory based on equivalent joint angle errors which were calculated based on 

the contouring error. Overall, the previous works in contouring control of excavators were 

limited to the CCC approach, which remains an open area to improve control performance 

based on the TCF approach. Moreover, although contouring precision requirements in 

excavator tasks are lower than those in high-precision machining tasks, model uncertainties and 

external disturbances usually appear in excavator operation, which significantly affects the 

contouring performance.  

 To attenuate the impact of uncertainties and disturbances, besides using robust controllers, 

many auxiliary components have been developed as the time delay estimation to deal with 

lumped disturbances/uncertainties [17, 132], the adaptive mechanism to estimate unknown 

model parameters [33, 133-135], and the disturbance observer (DOB) for the external 

disturbance [41, 94]. Originally, the DOB was designed to only estimate the external 

disturbance, which will be compensated in a feedforward way in control design. However, if 

the effect of model uncertainties can be considered as a part of the disturbance, the application 

of DOB can be also extended to deal with this difficulty. Recently, a special type of DOB called 

extended-state observer (ESO) is widely applied to not only estimate the lumped 

uncertainties/disturbances but also estimate the unmeasurable states of the plant. The 

effectiveness of ESO has been verified in many applications as hydraulic system [34, 136, 137], 

diesel engine [138], autonomous helicopter [139], and manipulator [57].  

 Motivated by these observations, a novel model-based contouring control is proposed for 

an excavator. One unique feature of the proposed control is that both the steady-state and 

transient contouring performance can be pre-defined and strictly maintained during operation. 

This is based on the integration of the output constraint concept with the barrier Lyapunov 

function (BLF) [15, 140-143] into the control design. An ESO is implemented to estimate the 

lumped disturbance and unmeasurable states, thus increases the robustness of the control system. 

Another main contribution of the paper is firstly adopting the TCF in the contouring control 

problem of the excavator, to transform the traditional tracking control problem into three 

decoupled control problems as contouring control, tangential control, and orientation control 
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which are separately treated due to their priority orders. The remaining tangential tracking 

performance and orientation tracking performance are guaranteed to be bounded by simple 

proportional-derivative controllers. Owing to the decoupling effect of these control objectives, 

the stability of each separated performance contributes to the global stability of the whole 

system. Finally, the effectiveness of the proposed control algorithm is verified by some 

simulations in the MATLAB Simulink under different surface-flattening task scenarios. 

 The paper is organized as follows. First, the excavator modeling with the kinematics and 

dynamics models is described in Section 2. Section 3 analyzes the implementation of the ESO 

in the control system. Then, the proposed controller is presented in Section 4. The trajectory 

generation algorithm of the surface flattening task is given in Section 5. Simulation results are 

presented and discussed in Section 6. Finally, Section 7 concludes this work. 

5.2. System dynamics 

5.2.1. Kinematics analysis 

 The model of an excavator is described in Fig. 5-1. The world frame is denoted by 
0 0Ox y . 

Positive directions of angles 1 2 3, , ,q q q and   are counterclockwise. The relation between 

position and orientation of the bucket tip [ , , ]Tx y =r and the joint angle variables 

1 2 3[ , , ]Tq q q=q  are described as 

  

( ) ( )

( ) ( )

1 1 2 1 2 3 1 2 3

1 1 2 1 2 3 1 2 3

1 2 3

cos cos cos

sin sin sin

x L q L q q L q q q

y L q L q q L q q q

q q q

= + + + + +

= + + + + +

= + +

 (5.1) 

where 1 2,L L , and 3L are the lengths of the boom, arm, and bucket, respectively.  

 Differentiating both sides of (5.1), velocity and acceleration constraints are described as 

follows: 

  
+

r = Jq

r = Jq Jq
 (5.2) 

where the Jacobian matrix J  which expresses the relation between bucket tip velocity and joint 

angles velocity is defined by 

  


=


r
J

q
 (5.3) 
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Fig. 5-1: Schematic diagram of the investigated excavator. 

5.2.2. Dynamics analysis 

 The dynamic model of the excavator can be accurately calculated based on the method of 

Lagrange multiplier [144] or virtual decomposition control [145-147] due to the closed-loop 

structure of the configuration. However, to be simple, in this paper, the dynamics model of the 

excavator is approximately computed based on Lagrange’s equations for the series 

configuration of a multi-body system as follows: 

  ( ) ( ) ( ) ( )T

d+M q q + C q,q q + G q q J q F =   (5.4) 

where 
3Rq  is the vector of the joint variables, 

3 3( ) R M q is the inertia matrix, 

3 3( ) R C q,q  denotes the matrix of centrifugal and Coriolis forces, 
3( ) RG q  represents 

gravity vector, and 3

d RF  is the external disturbance acting on the bucket tips. 

 Toques provided at each joint is computed based on the cylinder forces by 

  T

a= J F  (5.5) 

where aJ  is the Jacobian matrix of the actuation system which is calculated based on the 

geometric relation between the joint angles and cylinder displacements as follows: 

  
a


=


c
J

q
 (5.6) 

 The displacements of the cylinders 
1 2 3[ , , ]Tc c c=c are computed based on the boom, arm, 

and bucket joint angles by 
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( )

( )

( )

( )

2 2

1 1 1 1 1 1 1 2

2 2

2 2 2 2 2 3 4 2

2 2

3 3 3 3 3 5 3

2 2 2

3 3 3
1

3 3

2 2 2

3 3 3
2

3 3

2 2

3 3 3 3 3 6 1 2

2 cos

2 cos

2 cos

arccos
2

arccos
2

2 cos

c a b a b q

c a b a b q

k d e d e q

d k e

d k

b k f

b k

c a b a b

 

  

 





  

= + − + +

= + − − − −

= + − − −

 + −
=  

 

 + −
=  

 

= + − − −

 (5.7) 

where 1 2 3 4 1 41 42, , , , , ,       , and 3  are specific angles. 1 2 3 1 2, , , , ,a a a b b  3 3 3, ,b d e , and 3f  are 

specific lengths. These dimensions which are defined to make the calculation process (5.7) 

convenient are described in Fig. 5-1. 

 Based on the hydraulic power forces 3Ru and friction forces, the cylinder forces are given 

by 

  −F = u Dc  (5.8) 

where 3 3R D is the matrix of unknown viscous damping coefficients of hydraulic cylinders. 

 From (5.4), (5.5), and (5.8), the dynamics model of the excavator becomes 

  ( ) ( ) ( ) T

f a+ + + =M q q C q,q q G q J u  (5.9) 

where ( )T T

f d a a+J q F J DJ q =  is the vector of the lumped disturbance and uncertainty caused 

by the external load and unknown actuator friction. 

5.3. Extended state observer 

To estimate the lumped disturbance in the dynamics model of the excavator, an ESO is 

implemented in this paper. Firstly, an extended state vector is defined as 

( )
1

1 2 3[ ] [ , , ]T

e e e e f

−
= = −x x , x , x q q M q τ and let 3 ( )e e t=x h  where ( )e th  denotes the change rate 

of the lumped disturbance. Then, the model dynamics (5.4) can be represented by 

  
e e e e e

e e e

= + +

=

x A x H

y C x


 (5.10) 
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where 

3 3 3 3 3 3

3 3 3 3 3 3

3 3 3 3 3 3

0 0

0 0

0 0 0

e

I

I

  

  

  

 
 

=
 
  

A  , f

3 3

3 3

0

0

e e





 
 

=
 
  

 ,  3 3 3 3 3 3,0 ,0e I   =C ,
1( ) ( T

e a

−= M q J u  

( ) ( ))− −C q,q q G q , and  1 3 1 30 ,0 ,
T

e e =H h . 

Assumption 1: The derivative of the lumped disturbance is assumed to be bounded as

e hh . 

  From (5.10), the ESO can be constructed as 

  ( )ˆ ˆ ˆ ˆ
e e e e e e e e= + + −x A x K y C x  (5.11) 

where ˆ
ex is the estimated value of ex , and ˆˆ ( , )e q q  is the estimated value of ( , )e q q . The 

observer gain eK  can be designed in the following form: 

  
2 3

3 3 3 3 3 33 ,3 ,
T

e e e    
 =  eK I I I  (5.12) 

where 0e   is a design parameter which can be considered as the bandwidth of the ESO. 



( , )d dx y

d



( , )x y

0x

0y

n

t



Actual 

position

Desired 

position

Desired 

contour

 

Fig. 5-2: Tracking error decomposition schematics. 

5.4. Proposed observer-based control algorithm 

 The Cartesian tracking error is defined as d= −e r r . Transform this tracking error into the 

following form: 

  =ε Te  (5.13) 

where [ , , ]T

n t   =  is a new form of the tracking error e including the normal tracking error 

(i.e., the contouring error), tangential tracking error, and orientation tracking error, respectively. 

Fig. 5-2 illustrates the relation between the tracking error and its decomposition components. 

 Based on Fig. 5-2, the transformation matrix is defined by 
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sin cos 0

cos sin 0

0 0 1

 

 

− 
 

=
 
  

T  (5.14) 

where    is the slope angle of the target surface. 

 Remark 2: Control objective includes both tracking performance and contouring 

performance when the latter is primary. When the tracking error is transformed into a new form, 

the final target is how to reduce the contouring error n as much as possible, while maintaining 

an acceptable level of the tangential tracking performance t  and orientation tracking 

performance 
 . 

Trajectory 
generation Full state feedback decoupled 

contouring control with output 
constraint

Manipulator

Unknown friction

Excavator dynamic

Extended state 
observer

Disturbance

qu

, ,d d dr r r

1ˆ ˆ, ( ) fq M q −−

 

Fig. 5-3: Diagram of the proposed control. 

 Inspired by this idea, an extended-state observer-based output-feedback controller is given 

in Fig. 5-3. The control signal is designed by 

  

1 2

1

1

2 3

( )( )

ˆ ˆ ˆ( ) ( )

ˆ ˆ( ) ( ) ( ) ( )

T

a

f

x x x d

−

−

= +

= + +

= − − +

u J q u u

u C q,q q G q

u M q J q,q q M q T u M q r

  (5.15) 

where q̂  and ˆ
fτ  are the estimation vectors of velocities of joint angle variables and the lumped 

disturbances/uncertainties, dr is the reference trajectory of the end tip, 1( ) ( )x

−=M q M q J , and

3u is a virtual control signal vector which will be designed later. 

 Substituting (5.15) to (5.9), one obtains 

   3= +u d  (5.16) 

where 
( )

1

ˆ ˆ ˆ( ) ( , ) ( , )
( )

ˆ ˆ ˆ ˆ( ( , ) ( , ) ) ( )

x

x

f f

−

 −
 =
 + − + − C

M q J q q q J q q q
d TM q

C q q q q q q τ τ

 



56 

 

 From Theorem 1, it is easy to state that d  is bounded as dd  where d  is a positive 

constant. Then, regarding Remark 2, two different control strategies are designed with different 

priorities as follows.  

5.4.1. Normal tracking control 

 The first equation in (5.16) can be expressed as follows: 

  31n nu d = +  (5.17) 

 The contouring error is expected to be bounded with specific lower and upper boundaries 

as 

  ( ) ( )n n nk t k t−    (5.18) 

 Theorem 2: To guarantee that the contouring error in (5.17) satisfies the prescribed 

performance (5.18) while suffering from the estimation error at the same time, a control signal 

3nu can be designed by 

  
( )

3 22 2

n
n

n n

u k z
k t





= − +

−
 (5.19) 

where nz  = − , 1( ( ))n nk t  = − + , and 
2 2 1/2( ) ( ( ) / ( ) )n n nt k t k t = + . 1k , 2k and   are 

positive constants. 

 Proof: A Barrier Lyapunov function is considered as 

  
( )

( )

2

1 2 2

1
log

2

n

n n

k t
V

k t 
=

−
 (5.20) 

 Taking the derivative of it, one obtains 

  
( )

( )
( )1 2 2

nn
n n

n n n

k t
V

k t k t


 



 
= −  −  

 (5.21) 

 To achieve 
1 0V  , a virtual control law can be designed as  

  ( )( )1 n nk t  = − +  (5.22) 

where ( )n t  is defined in (5.19). 

 Substituting into (5.21), it becomes 
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( ) ( )

2

1
1 2 2 2 2

n n

n n n n

k z
V

k t k t

 

 
 − −

− −
 (5.23) 

 From this, it is clear that the error between the virtual control law and real contouring speed 

error is expected to become zero.  

 Thus, considering the dynamic equation (5.17), a Lyapunov function is designed as 

  2

2 1

1

2
V V z= +  (5.24) 

 The derivative of it is calculated by 

  
( ) ( )

( )
2

1
2 1 32 2 2 2

n n
n n

n n n n

k z
V V zz z u d

k t k t

 


 
= +  − − + − −

− −
 (5.25) 

 Substituting the control signal (5.19) into (5.25) with noting that n dd  , one obtains 

   
( )

( )

2
21

2 22 2

2
2 21

22 2

1 1

2 2

n
n

n n

n
d

n n

k
V k z d z

k t

k
k z

k t










 − − −
−

 
 − − − + 

−  

 (5.26) 

 From [148], below inequality holds 

  
2 2

2 2 2 2
log

k x

k x k x

 
 

− − 
 (5.27) 

 Substituting (5.27) into (5.26), it becomes  

  
( )

( )

2

2 2

2 1 22 2

1 1
log

2 2

n

d

n n

k t
V k k z

k t




 
 − − − + 

−  
 (5.28) 

 To simplify (5.28), set 
1 2

2

1
2 min ,

2

1

2
d

a k k

b 

  
=  −   


 =


  

 Inequality (5.28) becomes 

  
2 2V aV b − +  (5.29) 

 Multiplying both sides with ate and taking the integral, one obtains 

  ( ) ( ) ( )2 2 20 0aTb b b
V T V e V

a a a

− 
 − +  + 
 

 (5.30) 
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 From (5.20) and (5.30), the contouring error is bounded as follows: 

  ( ) ( )1 1c c

n nk T e k T e− −− −   −  (31) 

where 22 (0) 2c V b a= + . 

This completes the proof of Theorem 2. 

5.4.2. Tangential and angular tracking control 

 The last two equations in (5.16) can be written as 

  3i i iu d = +  (5.32) 

where ,i t = . 

 As explained in Remark 2, because these tracking errors are not primary, so bounded 

tracking performances are acceptable. A proportional-derivative control signal is designed as 

  
3i di i pi iu k k = − −  (5.33) 

 Substitute to (5.32), one obtains  

  
i di i pi i ik k d  + + =  (5.34) 

 The transfer function of this system is expressed as 

  ( ) 2

1
i

di pi

G s
s k s k

=
+ +

 (5.35) 

 This is a conventional 2nd order system. Thus, it is easy to guarantee bounded tracking 

performance /i d pik  when the resonance does not occur at 2di pik k  [149, 150]. 

 Remark 3: Bounded errors are observed in both contouring performance, tangential 

tracking performance, and orientation tracking performance, which leads to global stability of 

the control system.  

5.4.3. Trajectory generation 

 In the surface-flattening task, the operator supplies the orientation of the bucket   and the 

speed of arm angle 2q by a joystick. After that, the trajectory generation algorithm is designed 

to generate the reference angles of the boom, arm, and bucket to achieve the desired contour. 
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To locate the position of the target surface, a point 0( , )oA x y  lying on the surface and the 

surface angle   are pre-determined. 

 The bucket tip must lie on the surface which is described by the following equation: 

  ( ) ( )0 0sin cos 0x x y y − − − =  (5.36) 

From (5.1) and (5.36), there are four algebraic equations with four unknowns 1, ,x y q , and 

3q . The solution 1q is found as 

  1 1q  =  −  (5.37) 

where 

  

( )

( )

( ) ( )

2 2 1 2 2

1

1 2 2 2 2

3 0 3 0

2 2

1 2 1 2 2

sin sin cos cos ,
arctan 2

cos sin sin cos

sin cos cos sin
arccos

2 cos

L q L L q

L L q L q

L y L x
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 (5.38) 

Substituting this solution to (5.1), 1,q x , and y  are computed. 

5.5. Numerical simulation 

5.5.1. Simulation setup 

 

Fig. 5-4: Mini-excavator model 

Table 5-1: Model parameters 

Parameter Description Value Unit 

1m  Mass of boom 36.863 kg 

2m  Mass of arm 13.138 kg 

3m  Mass of bucket 9.008 kg 
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1zJ  Mass moment of inertial of the boom 7306759.708 kgmm2 

2zJ  Mass moment of inertial of the arm 1178748.843 kgmm2 

3zJ  Mass moment of inertial of the bucket 348927.380 kgmm2 

1cr  Center of mass of the boom [848.173, 213.106, 2.615]T mm 

2cr  Center of mass of the arm [336.525, 65.798, -0.000]T mm 

3cr  Center of mass of the bucket [210.471, 154.244, 0.082]T mm 

1L  Length of boom 1692 mm 

2L  Length of arm 851 mm 

3L  Length of bucket 580 mm 

Table 5-2: Geometric dimensions 

Parameter Value Unit Parameter Value Unit 

1a  220 mm 3f  200 mm 

2a  840 mm 1  1.05 rad 

3a  681 mm 2  0.27 rad 

1b  825 mm 3  0.6 rad 

2b  240 mm 4  2.67 rad 

3b  185 mm 5  1.66 rad 

3d  141 mm 6  2.86 rad 

3e  128 mm    

 To verify the effectiveness of the proposed controller, simulation results are conducted 

based on a 1.5-tonne mini excavator which is shown in Fig. 5-4. Parameters for the simulation 

are given in Table 5-1 and Table 5-2. 

 Remark 4: In practice, forces generated by actuators are limited due to the physical 

limitations of hardware components. Thus, the output of the controller is bounded as follows: 

  ( )
max max

min minsat

u if u u

u sat u u if u u

u otherwise




= = 



 (5.39) 

where  

  

max min

max min

max min

: 50000 , 50000

: 50000 , 50000

: 40000 , 40000

Boom u N u N

Arm u N u N

Bucket u N u N

= = −

= = −

= = −
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5.5.2. Controllers for Comparison 

 To compare the effectiveness of the proposed controller with that of previous works, we 

consider 3 controllers as follows: Controller 1 – proportional- derivative with cross-coupled 

control (PD-CCC); Controller 2 – decouple contouring control (DCC); Controller 3 - extended-

state observer-based output-feedback decoupled contouring control (ESO-DCC). 

Table 5-3: Control parameters 

Controller Parameters 

PD-CCC ( ) ( )

( )

250000,100000,25000 , 15000,1500,150 ,

50000,0,50000

P D

CC

P

K diag K diag

K diag

= =

=
 

DCC 
1 25000, 500, 15000, 2000, 120, 150pt dt p dk k k k k k = = = = = =  

ESO-DCC 
1 25000, 500, 15000, 2000, 120, 150,

200

pt dt p d

e

k k k k k k 



= = = = = =

=
 

Proposed 

controller 
1 2

5

1

5000, 500, 15000, 2000, 120, 150,

( ) (0.2 0.005) 0.005 (m), 0.1, 200

pt dt p d

t

n e

k k k k k k

k t e

 

 −

= = = = = =

= − + = =
 

 For a fair comparison, instead of using the well-known proportional- integral-derivative 

with the cross-coupled control (PID-CCC), the PD-CCC is designed by 

  ( )
( )ref CC

P ref D P q

d q q
u K q q K K

dt


−
= − + +  (5.40) 

where 
q  denotes the angle error with respect to the contouring error. Detailed information on 

the calculation can be found in previous work [130]. 

 The DCC, ESO-DCC, and proposed controller are designed by using the decoupled control 

framework (5.15). The difference among them is that the DCC is built without disturbance 

compensation and the speeds of the boom, arm, and bucket angle are computed based on the 

derivative approximation. In contrast, the ESO-DCC and proposed controller receive the 

estimated speeds from the ESO as a feedback signal to construct the controller. 

 The DCC and ESO-DCC are similarly designed based on well-known backstepping 

technique as follows: 

  

3 * 2 *

* *

* 1 1

n n

n

u k z

z

k

 

 

 

= − +

= −

= −

 (5.41) 

 To guarantee fair comparison, equivalent control parameters are chosen in Table 5-3. 
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5.5.3. Simulation results 

 In order to verify the effectiveness of the proposed controller against external disturbance, 

unknown viscous friction, and time-varying output constraint, some simulations are presented 

on the excavator with specific working tasks, which are described in the following case studies. 

 These simulations are conducted by MATLAB 2019b with a sampling time 410− seconds 

and automatic solver. The sampling time of controllers and observers is set as 310− seconds. The 

simulation diagram is shown in Fig. 5-5. 

 

Fig. 5-5: Simulink block diagram  

 

Fig. 5-6: Excavator reference motion in case 1 

5.5.3.1. Case 1: Horizontal motion 

 In this case, the slope angle, orientation of the bucket, and surface height are predefined as 

0 ,60  , and 0.6m− , respectively. The desired motion of the bucket is shown in Fig. 5-6. In Fig. 

5-7, the arm speed signal from the joystick is set to be zero in the first 1 second to make the 

system states converge, in some levels, to a stable position and after that operate in the working 
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mode. To verify the capability to handle external disturbance, an external force and moment 

vector [ 300N,dF = − 100N, 300Nm]T− − is added at 2.5 seconds. 

 In Fig. 5-8a, compared to the three remaining controllers, the proposed controller shows 

the best performance with the highest contouring accuracy and guarantees the prescribed 

performance under the external disturbance which occurs at 2.5 seconds. In contrast, even 

though having the largest parameters compared to the other controllers, the contouring 

performance of the PD-CCC is the worst with the highest overshoot at 2.5 seconds and the 

largest steady-state error not only before but also after the external disturbance is applied to the 

system since it does not get benefits from the plant information in the control design. Similar 

performances are observed in tangential and orientation error which is illustrated in Fig. 5-8b-

c. It is very interesting that the tangential and orientation tracking performances of the ESO-

CCC and proposed controller are almost the same due to the effectiveness of the decoupling 

methodology that separates the contouring task from the tangential task and orientation task. 

The overall contour shape is described in Fig. 5-8d which once again shows that the PD-CCC 

and CCC cannot finish the task due to poor tangential tracking performance, and their 

contouring accuracy is lower than the proposed controller and ESO-DCC. 

 

Fig. 5-7: Arm speed reference signal 

 

  

                                                       (a)                                                                (b) 
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                                                     (c)                                                                   (d) 

Fig. 5-8: Performance of excavator with respect to a) Contouring accuracy, b) Tangential accuracy, c) 

Orientation accuracy, and d) Contour shape. 

  

                                                  (a)                                                                          (b) 

 

(c) 

Fig. 5-9:  Estimation performance in terms of a) position, b) velocity, and c) lumped disturbances/uncertainties. 

 Fig. 5-9 shows the estimated joint angle errors, estimated joint speed errors, and estimated 

lumped disturbance of the ESO in the joints of the excavator. The result shows that the ESO 

only takes a few milliseconds to successfully estimate both position, speed, and lumped 

disturbance. When the disturbance suddenly occurs at 2.5 seconds, there are some overshoots 

at the estimation error of joint angles and speeds due to the violation of Assumption 1 that the 

derivative of lumped disturbance is bounded. After that, the estimation errors quickly converge 

to a very small boundary according to Theorem 1. In addition, in the first 2.5 seconds, although 
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the external disturbance has not been applied at the bucket tips, the estimated values of the 

lumped disturbance are non-zeros due to the unknown viscous damping of the cylinders. In the 

last 2.5 seconds, the external disturbance is provided to the bucket tips and affects the joint 

torque due to the kinematic relationship, which makes the estimated values change dramatically 

in the boom, arm, and bucket joint angles. 

 Fig. 5-10 presents the control signals, which mean the force generated by each cylinder, in 

each joint of the excavator. Besides the sudden-increasing magnitude at 2.5 seconds due to the 

external disturbance, it is observed that control signals abruptly rise at 1 second. The reason is 

that at that time, the arm speed signal is also suddenly increased by the operator as shown in 

Fig. 5-7. 

 

  

                                (a)                                                      (b) 

 

(c) 

Fig. 5-10: Force control signal of a) boom cylinder, b) arm cylinder, and c) bucket cylinder. 
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Fig. 5-11: Excavator reference motion in case 2 

5.5.3.2. Case 2: Slope motion 

 In this case, the slope angle is changed from 0 to 45 . A point (2,0.5) is chosen to 

determine the surface. The desired motion of the excavator is shown in Fig. 5-11. The bucket 

orientation is calculated to make the bottom tangential to the targeted surface. The arm speed 

signal is the same as Case 1. An external disturbance vector [ 150N, 100N,dF = − − 300Nm]T−  

is also added at 2.5 seconds to test the capability of controllers for handling external disturbance.  

 Fig. 5-12 shows errors in the contouring performance, tangential performance, orientation 

performance, and contouring shape. Similar to the previous scenario, it is observed that only 

the proposed controller guarantees the contouring prescribed performance and achieves the best 

tracking performance with respect to the tangential and orientation tracking errors, compared 

to the remaining controllers. 

 Estimation performance is verified in Fig. 5-13 with small estimation errors in both position 

and velocity of joint angles. Similar to the previous case study, the estimated values of the 

lumped disturbance dramatically change at 2.5 seconds due to the external force and moment. 

At the time, undesirable changes in the estimated errors of positions and speeds of the boom, 

arm, and bucket angles are also not avoided as explained before. However, it does not violate 

the prescribed performance in the contouring error due to the implementation of the BLF in 

control design. 
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                                                 (a)                                                                          (b) 

  

                                                  (c)                                                                         (d) 

Fig. 5-12: Performance of excavator with respect to a) Contouring accuracy, b) Tangential accuracy, c) 

Orientation accuracy, and d) Contour shape. 
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                                                    (a)                                                                       (b) 

 

(c) 

Fig. 5-13: Estimation performance in terms of a) position, b) velocity, and c) lumped disturbances/uncertainties. 

  

                                                     (a)                                                                  (b) 

 

(c) 

Fig. 5-14: Force control signal of a) boom cylinder, b) arm cylinder, and c) bucket cylinder. 
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 Finally, force control signals of the boom, arm, and bucket cylinders are shown in Fig. 5-14. 

From 3 seconds to 5 seconds, the force control signal of the boom cylinder has changed its sign 

from positive to negative. It means that the effect of the external force and moment dominates 

the gravity force on the whole system, which requires the cylinder force to change its sign to 

make the boom move down.  

5.6. Conclusion 

 This paper reports a novel extended-state observer-based output-feedback decoupled 

contouring control for an excavator in surface-flattening tasks regardless of time-varying output 

constraint, external load, and unknown frictions. The proposed controller was designed based 

on the ESO and BLF with the backstepping technique. The task coordinate methodology is 

utilized to separate the tracking performance into the contouring performance, tangential 

performance, and orientation performance, and treat them independently due to their orders of 

priority. Besides estimating the unmeasurable speed of each joint angle, the ESO is also applied 

to estimate the lumped disturbances/uncertainties presented during operation. In addition, the 

BLF is adopted to guarantee the contour performance not violating the pre-defined constraint 

performance. Moreover, the stability of the system is theoretically analyzed based on Lyapunov 

stability analysis. Simulation results with two surface flattening scenarios are conducted to 

verify the effectiveness of the proposed controller. The proposed control performance shows 

its superiority in improving both tracking performance and contouring performance under 

unknown friction, external load, and different working condition compared to the PD-CCC, 

DCC, and ESO-DCC.  
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Chapter 6 

CONCLUSION AND FUTURE WORKS 

6.1. Conclusions 

 This thesis presents some observer-based control techniques applied for different 

applications of robot manipulators. The key techniques are the backstepping framework and the 

state and disturbance observers which are proposed to improve the estimation performance. 

Depending on the specific problem in each application, these two techniques are skillfully 

utilized together with other auxiliary components to effectively solve the problem compared to 

the previous results. The main contributions of the dissertation are listed as follows: 

 Firstly, to realize the fault detection mechanism in the hydraulic robot manipulators with 

internal leakage fault, the ESO has been utilized to estimate the lumped disturbances in the 

pressure dynamics, and the estimated values are considered as an indicator to detect the fault. 

When the fault is detected, the online adaptive identification algorithm is activated to identify 

the internal leakage fault coefficient. Based on that, the normal controller is reconfigured into 

the fault-tolerant controller which effectively attenuates the effects of faults on the final control 

performance. 

 Secondly, in the interaction between the robot end-effector and the environment, contact 

force estimation is very important to achieve the desired admittance behavior on the system. To 

deal with this problem, an ESMO is firstly introduced which improves the transient response 

and the steady state force estimation performance compared to the ESO. Based on that, the 

estimated contact forces and velocities are fed back to the cascade controller including the outer 

admittance control loop and the inner position control, which guarantees the final control 

performance. 

 Finally, to improve the quality of the surface flattening tasks for robotic excavators, a high-

accuracy contouring control algorithm is proposed, which relies on the task-coordinate frame 

approach to decouple the contouring error from the tracking error, the ESO to reduce the effects 

of the lumped uncertainties/disturbances on the excavation system, and the BLF to achieved 

pre-defined contouring control accuracy. Simulation results show that the proposed approach 

dominates the traditional CCC approach.  

6.2. Future works 

 In this work, some practical problems should be considered in future work such as 
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• Control input saturation: This problem occurs when the actuation system tries to follow 

the desired trajectory but exceeds the physical limits of the hardware, which can cause 

instability and deteriorate the control performance. 

• Time delay: In practical robotic systems, the signals come in and go out of the main 

controller through ADC, DAC, and communication protocol which causes delays and 

affects the overall system performance. 

• Sensor faults: Actuator faults have been investigated in robot manipulators based on the 

robot nominal model and output measurement from sensors. However, when faults 

occur at sensors, the problem is much more difficult and requires much effort to find 

effective solutions. 
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