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Abstract 

 

During the past few decades, fault-tolerant control has been introduced to enhance 

safety and acceptable performance when faults occur in the system. In this dissertation, a 

real implementation of fault estimation (FE) and fault-tolerant control (FTC) for a robot 

manipulator based on synchronous technique is presented. First, the forward kinematics 

of the robot manipulator was investigated, and then, inverse kinematics problem was 

studied using both Pieper and numerical methods. In this study, Lagrangian method was 

used for the dynamic model of robot manipulator which plays an important role in FE and 

FTC. Moreover, the mathematical definition of faults has been showed. However, the 

exact dynamic model of robot manipulator is difficult to determine in a real system. 

Therefore, the least-square method was applied to identify the dynamic parameters of a 

real robot manipulator. After that, the point-to-point control and force control were 

implemented to verify the effectiveness of the hardware setup as well as the dynamic 

model of a robot manipulator. 

To implement fault-tolerant control, the estimator was designed to estimate and 

identify the faults within one step. The extended state observer (ESO), which is easy to 

implement and fast to compute, was used to estimate the lumps of uncertainties, 

disturbances and faults. The active fault-tolerant control (AFTC) based on the ESO and 

super twisting sliding mode control was evaluated for the effectiveness of AFTC.  By 

using the conventional controller in AFTC, the system responds slowly and the 

performance decreases when faults occur due to the picking phenomenal effect of the FE 

and slow response of AFTC. However, the AFTC has capable of handling the high 

magnitude of faults which common in real systems. Therefore, we proposed the AFTC 

with synchronous sliding mode control (AFTC-SSMC).  Due to the ability to make the 

error at each joint simultaneously approach to zero, the proposed control can reduce the 

impact of picking phenomena and provide fast recovery compare to the conventional 
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controller. Moreover, due to the constraint inside the synchronous control, the system is 

able to deal with high magnitude faults. The next proposed AFTC has been developed 

with the ability to converge in finite-time of controller. In this proposed AFTC, the 

synchronous terminal sliding mode control (S-TSMC) with ESO has been combined with 

two novel synchronization position errors. The first proposed synchronization position 

error is based on the combination of novel synchronization error and coupling position 

error. The second proposed synchronization position error uses only the novel 

synchronization position error to reduce the disadvantage of conventional coupling 

position error in real system. All the proposed AFTCs are proved to be stable based on 

Lyapunov theory. To implement the proposed AFTC in a real robot manipulator system, 

a simulation model of the robot was created in Solidworks and then imported into Matlab 

Simulink to verify the proposed AFTC. After applying to the simulation system, the 

proposed AFTC was implemented on SAMSUNG 3-DOF FARA-AT2 robot manipulator 

using FPGA-Labview NI-PXI. 
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Chapter 1: Introduction 

1.1 General  

 Nowadays, in order to increase the profit, the quality of the products, safety and 

stability, the automation systems are designed to be near optimally and the theory of 

advantage control is applied. However, the more processes are automated, the greater the 

risk that the equipment in the systems will occur more faults. As a result, the quality of 

the product decreases because the performance of the system degrades and the system 

becomes unstable. This has a significant impact on profitability. Moreover, in highly 

automated industrial systems, it is difficult to perform warranty and maintenance 

immediately. They must be finished on a schedule.  Therefore, the system must be able 

to remain performance and predictable when faults occur. Fault estimation and fault-

tolerant control become an interesting topic in past few decays because they can predict 

and tolerate the occurrence of faults in systems. 

 With the advancement of technology, robot manipulators are increasingly used in 

industry and daily life. Robot manipulator become friendly with human and easier 

interaction with operator in both industry and daily life. The robot manipulators are not 

only stable and highly accurate in the production line, but also have the ability to share 

the workspace and cooperate with humans to complete complex tasks. The robot 

manipulator can work in all situations to maintain the safety, reliability and acceptable 

performance. These features are key to the success of the model robot manipulator. In 

next Section, the definition of fault, failure, malfunction, fault estimation and fault-

tolerant control were presented. Previous work and the motivation for this research were 

described in Section 1.3. Finally, the contribution and outline of the work have been 

shown in Section 1.4. 
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1.2 Fault, Failure and Malfunction 

1.2.1 Fault 

 A fault is an unpermitted deviation of at least one characteristic property (feature) 

of the system from the acceptable, usual, standard condition. 

Remarks: 

 - A fault is a state within the system. 

 - The unpermitted deviation is the difference between the fault value and the 

violated threshold of a tolerance zone for its usual value. 

 - A fault is an abnormal condition that may cause a reduction in, or loss of, the 

capability of a functional unit to perform a required function. 

 - There exist many different types of faults, design fault, manufacturing fault, 

assembling fault, normal operation fault (wear), wrong operation’s faults (overload), 

maintenance-fault, hardware-fault, software-fault, operator’s fault (some of these faults 

are also called errors, especially if directly cause by humans). 

 - A fault in the system is independent of whether the system is in operation or not. 

 - A fault may not affect the correct functioning of a system (like a small rent in an 

axle). 

 - A fault may initiate a failure or a malfunction. 

 - Frequently, faults are difficult to detect, especially, if they are small or hidden. 

 - Faults may develop abruptly (stepwise) or incipiently (drift-wise). 

1.2.2 Failure 

 A failure is a permanent interruption of a system’s ability to perform a required 

function under specified operating conditions. 

Remarks: 

 - A failure is the termination of the ability of a functional unit to perform a 

required function 

 - A failure is an event 

 -A failure results from one or more faults 

 - Different types of failures can be distinguished 

  + Number of failures: single, multiple 

  + Predictability 

 - Random failure (unpredictable statistically independent from operation time or 

other failures) 
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 - Deterministic failure (predictable for certain conditions) 

 - Systematic failure or causal failure (dependent on known conditions) 

 - Usually, a failure arises after begin of operation or by increasingly stressing the 

system. 

1.2.3 Malfunction 

 A malfunction is an intermittent irregularity in the fulfilment of a system’s desired 

functional. 

Remarks: 

 - A malfunction is a temporary interruption of a system’s functional 

 - A malfunction is an event 

 - A malfunction results from one or more faults 

 - Usually, a malfunction arises after begin of the operation or by increasingly 

stressing the system. 

 The fault may develop abruptly, like a step-function, or incipiently, like a drift-

like function. The corresponding feature of the system related to the fault is assumed to 

be proportional to the fault development. After exceeding the tolerant of normal values, 

the feature indicates a fault. After exceeding the tolerance of normal values, the feature 

indicates a fault. Dependent on its size, a failure or a malfunction of the system follow at 

time. 

 

Figure 1.1. Development of the event “failure” or “malfunction” from a fault which 

causes a stepwise or drift-wise change of a feature. 

 In Figure 1.1, the development of failure and malfunction from a fault is 

presented. Therefore, early prediction of failures is very useful to maintain the continuous 
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operation of the system. In Table 1.1, the critical components, failure modes and the 

possible solutions for each mode are given. 

 

Table 1.1. Critical components and failure modes 

Component Failure modes Possible solutions 

Joint sensor  -Frozen 

-Biased  

-Run-away 

-Spike 

-Ignore sensor and find alternate data 

-Remove bias from results 

-Ignore sensor and find alternate data 

-Ignore spike value 

Joint motor -Frozen (constant 

output) 

-Zero (on output) 

-Run-away 

-Random 

(unknown/variant 

output) 

-Halt motor, redistribute work load 

-Halt motor, redistribute work load 

-Counteract if have dual-motor 

-Halt motor, redistribute work load 

Power supply -Surge 

-Zero 

-Surge protector 

-Back-up power supply 

Control 

computer 

-Software error: 

    + invalid command 

    + wrong value 

-Hardware error 

 

-Ask operator for new command 

-Use alternate software modules 

-Back-up processors or redistribute to 

parallel processors 

 

 

1.3 Fault estimation 

 In conventional system, fault diagnosis system is capable of performing the three 

tasks of detection, isolation, and identification of faults, which are defined as follows:  

 - Fault detection: To indicate the occurrence of a fault in a monitored system. 

 - Fault isolation: To determine the location of the fault and/or identifies which 

component, sensor, or actuator has become faulty. 

 - Fault identification: To estimate the magnitude of the fault.  
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 Unlike traditional fault diagnosis, fault detection only shows the binary result. 

Nowadays, with the development of computers, the observer based on the dynamic model 

can detect the location and magnitude of faults in robot manipulators within one step, 

which is called Fault Estimation. In this thesis, fault estimation was used in the active 

fault-tolerant architecture.   

1.4 Fault-tolerant 

1.4.1 Hardware redundancy 

 This method is based on the hardware complement to fault tolerance. Hardware 

complementation for fault tolerance is widely used in fields such as aerospace, aircraft, 

and nuclear power systems. Hardware redundancy can consist of sensors, actuators, 

process parts, computers and communication systems. They are integrated into the 

system, in parallel. When faults are detected, hardware redundancy is automatically 

activated. This solution maintains high reliability, but increases cost and reduces payload 

due to the structure and weight of the systems change. 

1.4.2 Dynamic redundancy 

 This method is based on the dynamic model of robot to detect and tolerate faults. 

With this technique, faults in sensors, actuators and controller can be tolerated. It can 

keep the acceptable performance. The operator can schedule maintenance and cost do not 

increase when compared to the hardware redundancy method.  For example, in case, 

faults occur at actuators. Using the estimator based on the dynamic model, we can 

estimate the magnitude of faults and detect where faults occur. The information from 

estimator is compensated with main controller to tolerant faults. This scheme had been 

called active fault-tolerant control. Another scheme was called passive fault-tolerant 

control, which do not require the feedback from estimator to dealing with faults. This 

scheme based on the ability to handle uncertainties and disturbances from the main 

controller to tolerate faults. Both schemes have significant advantages. Passive fault-

tolerant control response quickly when faults occur but has limit ability to deal with large 

faults and multiple faults. Active fault-tolerant, on the other hand, response slowly, but it 

has high ability to deal with high magnitude and multi faults. Depending on the 

characteristics of system, each scheme will be selected. In this thesis, the active fault-

tolerant control was studied and developed.  
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1.5 Previous works and motivation 

 These the days, robot manipulators play the important role in the manufacturing 

industries and daily life. With the development of hardware and advantage technique 

control, robot manipulators are required to increase the safety for all situations. The safety 

plays a key role in the case of robots sharing the workspace with humans or cooperating 

with humans. Therefore, fault-tolerant control (FTC) was introduced to enhanced safety 

and acceptable performance when faults occur in the system. Generally, AFTC can be 

divided into two main types 1) active FTC (AFTC) [1–3] and 2) passive FTC (PFTC) [4–

6]. Each FTC strategy has advantages and disadvantages defending on the characteristics 

of the system, the knowledge about that system and the type of faults.  

 In robot manipulator systems, PFTC has a simple architecture with one controller 

for both normal and fault conditions. PFTC quickly responds to faults due to the 

elimination of a fault diagnosis process. Some techniques have been classified into PFTC 

such as sliding mode control (SMC) [7, 8], adaptive control [9, 10] and so on. For 

instance, the SMC [8, 11] is widely known due to its robustness and the ability to deal 

with uncertainties and disturbances. In order to guarantee the stability of systems, the 

design of SMC required the upper bound knowledge of faults which is difficult to know 

in a real system. Therefore, PFTC with SMC has less flexible and limited to tolerate the 

faults capability in real systems. The second PFTC technique is adaptive control which 

does not need exact knowledge of faults, but the excessive adaptation rate is a problem 

of with this kind of controller. From these analyses above, it can be seen that PFTC had 

the advantage in the case of the systems with a good knowledge about the upper bound 

of uncertainties, disturbances and faults. In contrast, to guarantee the stability and 

acceptable performance of a system, AFTC used fault detection, and fault diagnosis 

(FDD) to compensate for the normal controller. In AFTC, the FDD process is a very 

important process which leads to increasing the ability of tolerating faults. Therefore, 

FDD [12–15] has been developed with several techniques. The advantage of AFTC 

strategy is it has the high ability to deal with the high magnitude faults and multiple faults. 

In addition, the upper bound of faults does not require to be exactly known in the same 

way as PFTC does. However, this strategy slowly responds to faults because the FDD 

process needs time to feedback the information of faults as well as the time delay problem 

in a real system. Hence, the performance of AFTC was affected. 

 In a real system, the degradation performance of AFTC can be obtained by the 

occurrence of the picking phenomenon due to the slow response of AFTC and high 
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magnitude of uncertainties and disturbances. In robot manipulator systems, the FDD has 

been widely replaced by the fault estimation process (FE) which uses the fault detection, 

fault isolation and fault diagnosis within one step. The structure controller has the 

combination with the estimator as known disturbance observer-base (DOB).  The 

difference of DOB and AFTC with the estimator is in AFTC with an estimator, the output 

value was used to compare the threshold to detect fault and isolation faults. It warns the 

operator about the occurrence of faults to make the effective action. The AFTC with 

structure of DOB control (AFTC-DOB)[16–18] may have the effect in the case of bias 

faults. This kind of fault can be considered as uncertainties or disturbances so that AFTC-

DOB can show the acceptable performance depending on the accuracy of the estimator. 

However, with the loss-effective fault or the combination of loss-effective and bias faults, 

using merely AFTC-DOB may not reduce the effect of this kind of fault. Hence, AFTC 

need a different way to handle the faults due to the occurrence of lost effect faults. Most 

of the research studies about FTC [1, 7, 19, 20] focus on the development of the ability 

to deal with the uncertainties, disturbances or handle the conventional problem of 

controller such as the chattering phenomenon or fast convergence problem of controller. 

However, they lack the picking phenomenon of AFTC strategy which the most impact 

degrades the performance of AFTC. Therefore, in this dissertation, the synchronization 

technique was proposed to suppress the picking phenomenon, fast response and dealing 

with high magnitude of faults when faults occur, especially with the occurrence of lost 

effect faults for AFTC strategy. 

 In the field of control, the synchronization control has been widely known with a 

close-loop chain mechanism such as dual drive gantry mechanism [21], parallel robot 

manipulator [22], cable-driver parallel manipulator [23], cooperation robot manipulator 

[24] and so on. These systems have the internal tensor force during the motion due to the 

close-loop mechanism. This kind of force can degrade the performance of systems. By 

using the synchronization technique, the controller makes the position errors at each joint 

simultaneously approach to zero and reduce the internal tensor force. Therefore, the 

accuracy of systems can be increased. Unlike a close-loop mechanism, a serial robot 

manipulator does not have the occurrence of internal tensor force. Due to the open-loop 

mechanism, this internal uncertainty can be compensated by the consideration of a 

dynamic model. Therefore, the synchronization technique does not show the advantage 

compared the model-based controller such as DOB in normal operation. However, the 

ability to make the position error simultaneously equal and approach to zero still 
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maintains in an open-loop mechanism with the synchronization technique. In case that 

faults occur, the internal constraints of the synchronization control to keep the error at 

each joint equal may suppress the effect of faults. The synchronization controller 

increases the ability to quickly respond to the controller before it gets the feedback 

information of faults from FDD or FE. Due to the internal constraints of position error at 

each joint of the synchronization technique, the proposed controller can reduce the 

picking effect and fast response before the FE gets the information of faults, increase the 

ability to deal with high magnitude faults and fine-time convergence to make the robot 

manipulator system acceptable performance.  

1.6 Thesis contribution and Outline 

 The main contributions of this dissertation can be summarized as follows: 

➢ Chapter 2: The fundamentals of robot manipulators and faults were presented, 

including forward kinematics, inverse kinematics, dynamic model and mathematics of 

faults. In particular, the inverse kinematics of robot manipulators was investigated using 

both geometric and numerical methods. In the numerical methods, Jacobian-base and 

Cyclic coordinate descent were theoretically represented and implemented in C-Shape. 

The inverse kinematics software can be used to compute inverse kinematics for any serial 

robot manipulators by filling the parameters of the D-H table. 

➢ Chapter 3: Hardware development using the FARA-AT2 robot manipulator in 

torque control mode is presented. First, the hardware setup base on Labview with NI-PXI 

computer was shown. To verify the hardware setup, the point-to-point controller for 6-

DOF FARA-AT2 robot manipulator was shown using Labview. Next, to apply the torque 

control mode for robot manipulator, the dynamics parameters of 3-DOF robot 

manipulator were shown by using the least squares method. Two types of force control 

and computed torque control were applied to the robot manipulator to verify the 

identification processing results. The results with computed torque control shows the 

effectiveness of dynamic model in improving the accuracy tracking trajectory of robot 

manipulators. Moreover, the admittance control without force sensor not only 

demonstrated the importance of the dynamic model in controlling a robot manipulator but 

also showed the potential of robot manipulator for human-robot interaction research.   

➢ Chapter 4: In this chapter, the fault-tolerant control for robot manipulator based 

on the combination of the extended state observer and supper-twisting method is 

proposed. By using the extended state observer, we can easily monitor the faults and no 

need the knowledge about bound of uncertainties/disturbances and faults. The faults were 
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compensated in the supper-twisting controller. By using this combination, the accuracy 

of robot is increased and is shown acceptable performance when faults occur. The 

simulation and experimental results are shown for a 3-DOF robot manipulator to illustrate 

the effectiveness of the proposed fault-tolerant control. 

➢ Chapter 5: In this chapter, an active fault-tolerant control for a robot manipulator 

based on synchronous sliding mode is proposed. As the synchronization errors approach 

zero, the joint errors tend to become equal and also approach zero. Therefore, the 

synchronization technique is inherently effective for a fault-tolerant controller. To 

demonstrate such a system, the following implementation is presented. First, an estimator 

was designed with an extended state observer to estimate uncertainties/disturbances along 

with faults/failures. The estimator signal was used for an online compensator in the 

controller. A fault-tolerant controller with a combination of synchronous sliding mode 

technique and estimator was proposed. The stability of the system was established using 

Lyapunov theory. Finally, fault-tolerant control was implemented in a three degree-of-

freedom robot manipulator and compared to the conventional sliding mode control. This 

comparison shows the effectiveness of the proposed active fault-tolerant control with 

synchronous sliding mode technique. The contributions of this chapter are summarized 

as follows: 

 (1) Synchronization techniques are applied to fault-tolerant control for robot 

manipulators for the first time. Compared to active fault-tolerant control using 

conventional sliding mode control, the proposed system has achieved higher 

accuracy, robustness, and faster system reconfiguration when faults occur. These 

results confirm that synchronization techniques are very effective in fault-tolerant 

control. 

 (2) The stability of the proposed AFTC with the synchronous sliding mode 

technique is demonstrated using analysis via Lyapunov theory.  

 (3) Based on the extended state observer, the proposed controller can easily 

monitor faults without detection and isolation processes. This feature is helpful in 

maintenance systems as well as maintenance planning systems. 

➢ Chapter 6: In this chapter, two finite-time active fault-tolerant controllers for a 

robot manipulator, which combine a synchronous terminal sliding mode control with an 

extended state observer, are proposed. First, an extended state observer is adopted to 

estimate the lumped uncertainties, disturbances, and faults. The estimation information is 

used to compensate the controller designed in the following step. We present an active 
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fault-tolerant control with finite-time synchronous terminal sliding mode control, largely 

based on a novel finite-time synchronization error and coupling position error. We also 

present an active fault-tolerant control that does not use a coupling position error. By 

using synchronization control, the position error at each joint can simultaneously 

approach toward zero and toward equality, which may reduce the picking phenomenon 

associated with the active fault-tolerant controller strategy. Finally, simulation and 

experimental results for a three degree-of-freedom robot manipulator verify the 

effectiveness of the two proposed active fault-tolerant controllers. The contributions of 

this chapter are summarized as follows: 

 (1) Two active fault-tolerant control algorithms for robot manipulators, based on 

novel finite-time synchronous terminal sliding mode controllers and an extended state 

observer, are proposed. The novel finite-time synchronization technique has the 

ability to make both the joint position error and the synchronization error 

simultaneously approach to zero. Due to these internal constraints of the 

synchronization control, the proposed controller can make the system quickly respond 

to the faults in a forward way before its feedback response after a fault estimation. 

Therefore, the proposed controller can reduce the occurrence of the picking 

phenomenon due to the slow feedback response of AFTC strategy. 

 (2) The novel synchronization error leads to better synchronization because it uses 

more information from other joints than the conventional synchronization error in 

[77],which has the information from only one neighbour joint. 

 (3) The novel coupling error can make the position error approach zero in a finite-

time while the conventional coupling error in [76] cannot guarantee the finite-time 

convergence. 

 (4) Two proposed AFTCs can avoid the singularity in both the desired trajectory 

and the control action, while the control algorithms in [26–28] cannot guarantee 

avoiding the singularity. This ability allows increase in the workspace of the robot. 

 (5) Experimental results show the effectiveness of the proposed AFTC in reducing 

both the picking phenomenon and in handling faults of high magnitude. 
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Chapter 2: Kinematics, Dynamics of 
Robot Manipulators and Mathematical 

of Faults 

2.1 Introduction 

 In this chapter, kinematics and dynamics of the FARA-AT2 robot manipulator 

were studied. In addition, the mathematics of faults was presented. In subsection 2.2, the 

kinematics of robot manipulator is considered, where the position and orientation of the 

tool are computed relative to the user's work station when given the joint angles of the 

robot manipulator. Next, in subsection 2.3, the motion of the robot is analysed based on 

the notions of linear and angular velocity. It turns out that the study of velocities leads to 

a matrix entity called the Jacobian of the manipulator. Subsection 2.4, the more difficult 

converse problem will be presented: Given the desired position and orientation of the tool 

relative to the station, how do we compute the set of joint angles which will achieve this 

desired result. The solution of this problem is of fundamental importance in order to 

transform the motion specifications, assigned to the end effector in the operational space, 

in to the corresponding joint space motions that allow execution of the desired motion. 

This problem is known as the inverse kinematics of the robot manipulators. In this 

subsection, three methods of inverse kinematics are presented: Pieper method, Jocobian-

base method and cyclic coordinate descent (CCD) method. After considering the static 

positions and velocities, we address the Eq. of motion for the robot manipulator, the way 

in which motion of the manipulator arises from torques applied by the actuators for from 

external forces applied to the manipulator in subsection 2.5. Finally, the mathematical of 

faults was shown in subsection 2.6. 

2.2 Forward Kinematics 

 In this subsection, some of definition of kinematics was defined then the forward 

kinematics of FARA-AT2 robot manipulator was presented. 
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Figure 2.1. Link frames are attached so that frame {i} is attached rigidly to link i 

 As introduced in [27], typical robot manipulators consist of a series of rigid bodies 

(Links)connected by means of kinematic pairs or joints. The links are numbered starting 

from the robot base, which might be called link 0. The first moving body is link 1, and so 

on, the last rigid body is called link n. 

 Joint axis: are defined by lines in space. Joint axis i is defined by a line in space 

or a vector direction, about link i  rotates relative to link 1i − . 

 Link length: The distance is measured along the line that is mutually perpendicular 

to both axes. 

 Link twist: If we imagine a plane whose normal is the mutually perpendicular line 

just constructed, we can project the axes 1i −  and i  onto this plane and measure the angle 

form 1i −  to axis i  in the right-hand sense about 1ia − . This angle is defined as the twist of 

link 1i − , 1i −  . Neighbouring links have a common joint axis between them. 

 Link offset: parameter of interconnection has to do with the distance along this 

common axis form one link to the next link. The link offset at joint i  is called id . 

 Joint angle: the amount of rotation about this common axis between one link and 

its neighbour. In the case of a revolute joint, i  is called the Joint variable. 

 The definition of mechanisms by means of these quantities is a convention usually 

called the Denavit-Hartenberg notation. The following definition of the link parameters 

are valid 

ia = the distance from ˆ
iZ  to 

1
ˆ

iZ +
measured along ˆ

iX ; 

i  = the angle ˆ
iZ to 

1
ˆ

iZ +
measured about ˆ

iX ; 

id = the distance from 
1

ˆ
iX −

to ˆ
iX measured along ˆ

iZ ; 
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i  = the angle from 
1

ˆ
iX −

to ˆ
iX measured about ˆ

iZ ; 

 The Fara-AT2, which is used in this dissertation, is a robot with six degrees of 

freedom and all rotational joints. It is show in Figure 2.2 with link-frame assignments 

follow the procedure presented above. The link parameters corresponding to robot 

configuration shown in Figure 2.2 are shown in Table 2.1. 

Table 2.1. Link Parameters of FARA-AT2 robot manipulator 

 1i − (degree) 1ia − (mm) id (mm) i (degree) 

1 0 0 0 1  

2 90 150 0 2 90 +  

3 0 255 0 3  

4 90 96 300 4  

5 -90 0 0 5  

6 90 0 0 6  

 

 

Figure 2.2. Kinematic parameters and frame assignments for the FARA-AT2 robot 

manipulator. 

 The link transformation is generally obtained as follow 

1

1 1 1 11

1 1 1 1

0

0 0 0 1

i i i

i i i i i i ii

i

i i i i i i i

c s a

s c c c s s d
T

s s c s c c d

 

     

     

−

− − − −−

− − − −

− 
 

− −
 =
 
 
 

   (2.1) 
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where the notation ‘s’ is sine and ‘c’ refers to the cosine. 

 Using (2.1), we compute each of link transformations 

1 1

1 10

1

0 0

0 0

0 0 1 0

0 0 0 1

c s

s c
T

 

 

− 
 
 =
 
 
 

 ; 

2 2 1

1

2

2 2

0

0 0 1 0

0 0

0 0 0 1

s c a

T
c s

 

 

− 
 

−
 =
 
 
 

; 

3 3 2

3 32

3

0

0 0

0 0 1 0

0 0 0 1

c s a

s c
T

 

 

− 
 
 =
 
 
 

;

4 4 3

43

4

4 4

0

0 0 1

0 0

0 0 0 1

c s a

d
T

s c

 

 

− 
 

− −
 =
 
 
 

; 

5 5

4

5

5 5

0 0

0 0 1 0

0 0

0 0 0 1

c s

T
s c

 

 

− 
 
 =
 − −
 
 

; 

6 6

5

6

6 6

0 0

0 0 1 0

0 0

0 0 0 1

c s

T
s c

 

 

− 
 

−
 =
 
 
 

 

 Forward kinematic solution is determined as 

0 0 1 2 3 4 5 6

1 2 3 4 5 6T TT T T T T T T T=     (2.2) 

 Finally, we obtain the product of all six links transform 

11 12 13

21 22 230

6

31 32 33

0 0 0 1

x

y

z

r r r p

r r r p
T

r r r p

 
 
 =
 
 
 

    (2.3) 

where 

 11 1 4 6 4 5 6 1 6 23 5 23 4 5 23 4 6( ) ( ( ) )r s c s s c c c c s s c c c c s s= + − − +  (2.4) 

 12 1 4 6 4 5 6 1 6 23 5 23 4 5 23 4 6( ) ( ( ) )r s c c s c s c s s s c c c c s c= − + − −  (2.5) 

 13 1 23 5 23 4 5 1 4 5( )r c s c c c s s s s= + +  (2.6) 

 21 1 6 23 5 23 4 5 23 4 6 1 4 6 5 6 4( ( ) ) ( )r s c s s c c c c s s c c s c c s= − − + − +  (2.7) 

 22 1 6 23 5 23 4 5 23 4 6 1 4 6 5 6 4( ( ) ) ( )r s s s s c c c c s c c c c c s s= − − − −  (2.8) 

 23 1 23 5 23 4 5 1 4 5( )r s s c c c s c s s= + −  (2.9) 

 31 6 23 5 23 4 5 23 4 6( )r c c s s c c s s s= + −  (2.10) 

 32 6 23 5 23 4 5 23 4 6( )r s c s s c c s s c= − + −  (2.11) 

 33 23 4 5 23 5r s c s c c= −  (2.12) 

 1 1 3 23 4 23 2 2( )xp c a a c d s a c= + + +  (2.13) 

 1 1 3 23 4 23 2 2( )yp s a a c d s a c= + + +  (2.14) 

 3 23 4 23 2 2zp a s d c a s= − +  (2.15) 

Eq.(2.3) constitute the kinematics of the FaraAT2. They specify how to compute the 

position and orientation for frame 6relative to frame 0of the robot. These are the 

basic Eq.s for all kinematic analysis of this robot manipulator. 
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2.3 Jacobian 

 In this section, the robot Jacobian which is the tool to express the transition from a 

different kind of velocity inside the robotic structure was presented. There are three basic 

methods to compute the robot Jacobian includes: The simple propagation velocity from 

link to link; the geometry computation; and the numeric computation. The numeric 

computation of robot Jacobian was used in this dissertation. 

 For general n-degree of freedom manipulator 

( )EX J  =       (2.16) 

where 6( ) nJ    is matrix Jacobian. 6 1, , , , ,
T

E x y zX p p p     =   is a vector of position 

and orientation of end-effector. 1

1 2[ , ,..., ]T n

n    =  is a vector of joint angle. 

 The FARA-AT2 included 6 revolute joints. Therefore, the robot Jacobian obtained 

as  

( ) ( ) ( ) ( ) ( ) ( )1 1 2 2 3 3 4 4 5 5 6 6

1 2 3 4 5 6

ˆ ˆ ˆ ˆ ˆ ˆ0 0 0 0 0 0
( )

ˆ ˆ ˆ ˆ ˆ ˆ

z P z P z P z P z P z P
J

z z z z z z


  −  −  −  −  −  −
=  
  

(2.17) 

where 

0

ˆ 0

1

o

i iz R

 
 

=
 
  

, , ,
T

x y zP X p p p = =   , , ,
T

i i xi yi ziO X p p p = =   , 0 (1,4)xi ip T= , 0 (2,4)yi ip T= , 

0 (3, 4)zi ip T= ( 1,...,6i = ). Eq. (2.17) was rewritten as  

( ) ( ) ( ) ( ) ( ) ( )1 1 2 2 3 3 4 4 5 5 6 6

1 2 3 4 5 6

1 6

0 0

1 1 6 6

1 6

ˆ ˆ ˆ ˆ ˆ ˆ0 0 0 0 0 0
( )

ˆ ˆ ˆ ˆ ˆ ˆ

0 0

0 0

1 1

x x x x

y y y y

z z z z

z P z P z P z P z P z P
J

z z z z z z

p p p p

R p p R p p

p p p p


  −  −  −  −  −  −

=  
  

           
          

 −  −          
                    

=

0 0

1 6

0 0

1 6

0 0 0 0

1 1 6 6

0

1

0 0

0 0

1 1

0 (1,4) 0 (1,4)

0 (2,4) 0 (2,

1 (3,4) 1

x x

y y

z z

R R

p T p T

R p T R p T

p T p

  
   
   

      
    
    
    
        

         
         

 −  −         
                  =

0

6

0 0

1 6

4)

(3,4)

0 0

0 0

1 1

T

R R

   
   
   
   

   
    
    
    
        

 (2.18) 

2.4 Inverse Kinematics 

 The direct kinematic equation establishes the functional relationship between the 

joint variables and the position and orientation of the end-effector. The inverse kinematics 
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problem is to determine the joint variables corresponding to a given the position and 

orientation of the end-effector. Solving this problem is fundamental to transforming the 

motion specifications, assigned to the end-effector in the operational space, into the 

corresponding joint space that allow the desired motion to be executed. In this section, 

three inverse kinematics method for FARA-AT2 robot manipulator were presented: 

Pieper method, Jacobian-base method and cyclic coordinate descent (CCD) method. 

2.4.1 Pieper method 

 The Pieper's solution could be applied to solve the inverse kinematic problem 

with closed-form solution. We can briefly explain the closed form solution of FataAT2 

using the Pieper's solution as follows. 

 We wish to solve i  when 0

6 T  is given. Assumed that the orientation of end-

effector is X-Y-Z rotation. We have the 0

6 T given as 

11 12 13

21 22 230 0 1 2 3 4 5

1 1 2 2 3 3 4 4 5 5 6 6

31 32 33

( ) ( ) ( ) ( ) ( ) ( )

0 0 0 1

x

y

T

z

r r r p

r r r p
T T T T T T T

r r r p
     

 
 
 = =
 
 
 

  (2.19) 

and  

11 12 13

21 22 23

31 32 33

r r r c c c s s s c c s c s s

R r r r s c s s s c c s s c c s

r r r s c s c c

           

           

    

− +   
   

= = + −
   
   −   

  (2.20) 

where , ,
T

E x y zX p p p =   and  , ,
T

   is vector of orientation were given. 

 A restatement of Eq.(2.19) that puts the independence on 1  on the left-hand side 

of the Eq. is 

 0 1 0 1 2 3 4 5

1 6 2 3 4 5 6T T T T T T T− =  (2.21) 

where at the left-hand, we have 

 

1 1 11 12 13

1 1 21 22 230 1 0

1 6

31 32 33

11 1 21 1 12 1 22 1 13 1 23 1 1 1

11 1 21 1 12 1 22 1 13 1 23 1 1 1

31 32 33

0 0

0 0

0 0 1 0

0 0 0 1 0 0 0 1

0 0 0 1

x

y

z

x y

x y

z

c s r r r p

s c r r r p
T T

r r r p

r c r s r c r s r c r s p c p s

r s r c r s r c r s r c p s p c

r r r p

−

   
   
−
   =
   
   
   

+ + + +

− + − + − + − +
=









 


 (2.22) 

and at the right-hand, we have 
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6 23 5 23 4 5 6 23 4 6 23 5 23 4 5 23 6 4 23 5 23 4 5 1 3 23 4 23 2 2

4 6 5 6 4 5 4 6 4 6 4 51

6

6 23 5 23 4 5 6 23 4 6 23 5 23 4 5 23 6 4 23 4 5 23 5 3 23 4 23 2 2

( ) ( )

0

( ) ( )

0 0 0 1

c s s c c c s c s s s s c c c c c s s c c c s a a c d s a c

c s c c s c s s c c s s
T

c c s s c c s s s s c s s c c s c s s c s c c a s d c a s

− − − − − + + + +

− − − −
=

+ − − + − − − +

 
 
 
 
 
 

(2.23) 

Equating the (2,4) elements from both sides of Eq.(2.21), we have 

 1 1 0x yp s p c− + =  (2.24) 

To solve this equation, we make the trigonometric substitutions 

 cos ; sinx yp p   = =  (2.25) 

where 2 2

x yp p = + , tan 2( , )y xA p p = . 

 Substituting Eq. (2.25) into Eq. (2.24), we obtain 

 1sin( ) 0 − =  (2.26) 

The solution for 1  is  

 
1

1

tan 2( , )

tan 2( , )

y x

y x

A p p

A p p



 

=

= −
 (2.27) 

Now with 1 is known, we equate the (1,4) element and (3,4) element from the two sides of 

Eq.(2.21), we obtain 

 3 23 4 23 2 2 1 1 1x ya c d s a c p c p s a+ + = + −  (2.28) 

 3 23 4 23 2 2 za s d c a s p− + =  (2.29) 

Then, we square Eq. (2.28) and Eq. (2.29) plus together, we get 

 3 3 4 3a s d c K+ =  (2.30) 

where 

 
2 2 2 2 2

1 1 1 3 4 2

2

( )

2

x y zp c p s a p a d a
K

a

+ − + − − −
=  (2.31) 

To solve Eq. (2.30), we make the trigonometric substitutions 

 3 4cos ; sina d   = =  (2.32) 

where 2 2

3 4 4 3; tan2( , )a d A d a = + = . 

            Substituting Eq. (2.32) into Eq. (2.30), we have 

 3sin( )
K

 


− =  (2.33) 

 So that, we have 

 2 2

3 4 3tan 2( , ) tan 2( , )A d a A K K = +  −  (2.34) 
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To compute 
2 , Eq. (2.19) can be rewritten as 

 0 1 0 3 4 5

3 6 4 5 6T T T T T− =  (2.35) 

In Eq. (2.35), the left-hand obtain as 

 

23 1 23 1 23 1 23 2 3 11 12 13

23 1 23 1 23 1 23 2 3 21 22 230 1 0

3 6

1 1 31 32 330 0

0 0 0 1 0 0 0 1

x

y

z

c c c s s a c a c r r r p

s c s s c a s a s r r r p
T T

s c r r r p

−

− −   
   
− − +
   =
   −
   
   

 (2.36) 

and the right-hand is 

 

4 5 6 4 6 6 4 4 5 6 4 5 3

6 5 5 6 5 43 3 4 5

6 4 5 6

4 6 5 6 4 4 6 5 4 6 4 5 0

0 0 0 1

c c c s s c s c c s c s a

c s s s c d
T T T T

c s c c s c c c s s s s

− − − 
 

− − −
 = =
 + −
 
 

 (2.37) 

Equating the (1,4) elements and the (2,4) elements from the two sides of Eq.(2.35), we 

get 

 23 1 23 1 23 1 23 2 3 3x x zc c p c s p s p a c a c a+ + − − =  (2.38) 

 23 1 23 1 23 1 23 2 3 4x x zs c p s s p c p a s a s d− − + + + = −  (2.39) 

23s and 23c solved as 

 3 2 3 1 1 1 4 2 3

23 2 2

1 1 1

( ) ( )( )

( )

z x y

z x y

a a c p p c p s a d a s
s

p p c p s a

+ + + − +
=

+ + −
 (2.40) 

 1 1 1 3 2 3 4 2 3

23 2 2

1 1 1

( )( ) ( )

( )

x y z

z x y

p c p s a a a c d a s p
c

p p c p s a

+ − + − +
=

+ + −
 (2.41) 

We solve for 2 3 +  as 

 
3 2 3 1 1 1 4 2 3

23

1 1 1 3 2 3 4 2 3

( ) ( )( ),
tan 2

( )( ) ( )

z x y

x y z

a a c p p c p s a d a s
A

p c p s a a a c d a s p


+ + + − + 
=   + − + − + 

 (2.42) 

then 2  is computed as 

 2 23 3  = −  (2.43) 

 To compute 4 , we consider Eq. (2.35). Equating the (1,3) elements and the (3,3) 

elements from the two sides of Eq.(2.35), we get 

 13 23 1 23 23 1 33 23 4 5r c c r c s r s c s+ + =  (2.44) 

 13 1 23 1 4 5r s r c s s− =  (2.45) 

If 5 0s  , we have 

 13 23 1 23 23 1 33 23

4

5

r c c r c s r s
c

s

+ +
=  (2.46) 
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 13 1 23 1

4

5

r s r c
s

s

−
=  (2.47) 

From Eq. (2.46) and (2.47), 4  was computed as 

 4 13 1 23 1 13 1 23 23 23 1 33 23tan 2( , )A r s r c r c c r c s r s = − + +  (2.48) 

 To compute 5 , we consider Eq. (2.35). Equating the (2,3) from two sides of Eq. 

(2.35), we get 

 13 23 1 23 23 1 33 23 5r s c r s s r c c+ − =  (2.49) 

Then, 5  was computed as 

 2

5 13 23 1 23 23 1 33 23 13 23 1 23 23 1 33 23tan2( 1 ( ) , )A r s c r s s r c r s c r s s r c =  − + − + −  (2.50) 

We consider Eq. (2.35). Equating the (2,1) and (2,2) from two sides of Eq. (2.35), we get 

 11 23 1 21 23 1 31 23 6 5r s c r s s r c c s− − + =  (2.51) 

 12 23 1 22 23 1 32 23 5 6r s c r s s r c s s+ − =  (2.52) 

If 5 0s  , we have 

 6 12 23 1 22 23 1 32 23 11 23 1 21 23 1 31 23tan 2( , )A r s c r s s r c r s c r s s r c = + − − − +  (2.53) 

           In this method, we can be seen that in case 5 0 = , the robot manipulator is in a 

singular configuration. 

2.4.2 Jacobian-based method 

 With increasing computation power, numerical approaches are a common tool to 

solve the inverse kinematics problem. From the forward kinematics, we have 

 
0 0( )X f =  at 0      (2.54) 

where f  is function of forward kinematics. Using linearization, we can have 

 
0 0 0( ) ( ) ( )( )d df f J     + −  (2.55) 

 
0 0 0( ) ( ) ( )( )d df f J    −  −  (2.56) 

 e J     (2.57) 

where J is robot Jacobian which computed as section 2.3. 
d  is vector of desired joint 

position. 
0 is vector of present joint position. e  is vector of the error of end-effector 

position and orientation in Cartesian space. The inverse kinematics problem became find 

 such that 
2

e J −   is minimized. 

 Let consider 
2

e J −   
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 ( ) ( )

2

2

T

T T T T

G e J

e J e J

e e e J J J



 

  

= − 

= −  − 

= −  +  

 (2.58) 

Derivative G with  , we get 

 
1

0

2 2 ( ) 0

( )

T T

T T

G

e J J J

J J J e

J e









−

+


=



 − +  =

  =

  =

 (2.59) 

The algorithm of inverse kinematics based on Jacobian is show as 

Algorithm 1. Jacobian-base inverse kinematics 

Loop 

         Calculate J e +   

         Update joint angles: previous   +  

         Calculate: ( )desirede X f  −  

Until e   (  is selected small enough) 

To reduce the iterate and avoid singularity, the algorithm1 was modified as 

Algorithm 2. Jacobian-base inverse kinematics 

Loop 

         Calculate ( )J e I J J + +  + −  (   is selected) 

         Update joint angles: previous    +   ( is selected) 

         Calculate: ( )desirede X f  −  

Until e   (  is selected small enough) 

 

2.4.3 Cyclic coordinate descent (CCD) method 

 The use of CCD to solve the inverse kinematics problem was first proposed in 

[28]. The purpose of the CCD is to minimize the function that relates the current position 

of the robot’s end effector and the desired position to reach under a certain precision, by 

moving the robot joints in succession. To do this, the algorithm has to find in each 

iteration which movement of the current joint minimizes this function. The main 

advantage is, that CCD is easier to implement. It starts at the end-effector which is usually 

the last shape of a model. The algorithm measures the difference between a joint’s 

position and the end-effectors position. It then calculates either a rotation or quaternion 
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to reduce this difference to zero. It does this for each joint, iterating from the end-effector 

to the immobile joint at the root of the kinematic chain. 

 

Figure 2.3. The CCD algorithm of a planar robot with rotation joint 

For general n-link joint chain Fig. where dX  is the desired end-effector position, eX is the 

current end-effector position, cX is the position of the current joint to be moved, i  is 

value of rotation joint and d  is direction of rotation. Vector 
c eX X  and 

c dX X  will be 

aligned, and the e dX X  distance will be minimized. 

 e c d c

i

e c d c

X X X X

X X X X


− −
= 

− −
 (2.60) 

 e c d c

i

e c d c

X X X X
d

X X X X

− −
= 

− −
 (2.61) 

 During the optimization process, the position and orientation can be weighted in 

different manners, so as to reach the goal requirement that includes both parameters. 

Algorithm 3. CCD algorithm inverse kinematics 

Loop 

    For ( 1i = , i n  , 1i i = + ) 

         Calculate ( , )i id  

         Solve the abruptness in movements, i ik =  

         If vector (
c dX X ,

c eX X ) are parallel then manage the singularity end if 

         If maxc   then maxi c  = −  end if 

         Rotation joint i  using ( , )i id  

     End for 

     Update distance e dX X  

Until e dX X   (  is selected small enough) 
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 To illustration the effective of inverse kinematics algorithms, the inverse 

kinematics of FARA-AT2 robot manipulator was programming on C#. In this software, 

three algorithms were used: CCD, Jacobian-base and the forward and backward reaching 

inverse kinematics (FABRIK) which based on the CCD idea. The test result was show in 

Figure 2.4 and Figure 2.5.  

 

 

Figure 2.4.Inverse kinematics using Jacobian-base 

 

Figure 2.5. Inverse kinematics using CCD 

2.5 Dynamics 

 Dynamics play an important role for model-base fault-tolerant control robot 

manipulator. The analysis of dynamic model could detect, identify and estimate the 

magnitude of the fault which occurred in robot manipulator system. Computation of the 

forces and torques required for the actuators. In this dissertation, the dynamic of robot 

manipulator was followed Lagrangian dynamic formulation. 
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 The kinetic energy of the thi  link, 
iK  can be expressed as 

 
1 1

2 2
i

i i

CT i T i

i i C C i i iK m v v I = +  (2.62) 

where im  is a point mass of thi link.
iCv is linear velocity of the point mass. iI is the moment 

of inertia and i is angle velocity of the point mass. 

The total kinetic energy of the manipulator is the sum of the kinematic energy in the 

individual links 

 
1

n

i

i

K K
=

=  (2.63) 

               The potential energy of the thi  link, iP , can be expressed as 

 0 0

i i

T

i i C refP m g h P= − +  (2.64) 

where 
iCh is the height of mass im  in a gravitational field with constant g . 

 The total potential energy stored in the manipulator is the sum of the potential 

energy in the individual links  

 
1

n

i

i

P P
=

=  (2.65) 

The Lagrangian dynamic formulation provides a means of deriving the equations of 

motion from a scalar function called the Lagrangian, which is defined as the difference 

between the kinetic and potential energy of a mechanical system. The Lagrangian of a 

manipulator is 

 ( , ) ( , ) ( )L K P    = −  (2.66) 

 The equations of motion for the manipulator are then given by 

 
d L L

dt




 
− =


 (2.67) 

where n   is vector of actuator torques. In the case of a manipulator, this Eq. becomes 

 
d K K P

dt


 

  
− + =
 

 (2.68) 

In the state-space, the dynamic of robot manipulator can be rewritten in the form 

 ( ) ( , ) ( )M V G     + + =  (2.69) 

where ( ) n nM    is the mass matrix of the manipulator, 1( , ) nV     is a vector of 

centrifugal and Coriolis terms, and 1( ) nG    is a vector of gravity term. 

 In practice, the dynamic model of robots is not known exactly, so the system in 

(2.69) can be written as 
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( ( ) ( )) ( ( , ) ( , )) ( ( ) ( ))M V G           + + + + + + =M V G   (2.70) 

where ,M C   and G  are unknown dynamic uncertainties and   is external disturbance. 

( ), ( , ), and ( )q q q qM C G are estimation values of ( ), ( , ),and ( )M q C q q G q . Thus, (2.70) can be 

simply rewritten as 

( ) ( , ) ( )q q q q q q + + + =M C G      (2.71) 

 where Mq Cq G =  + + + . 

  The detail of dynamic model was shown in Appendix A. 

2.6 Mathematical of Faults 

 In a robot manipulator, the motions of robot were generated by joint actuator 

which consisted of an electronic motor, a motor driver and the gear. In practice, the 

occurrence of faults/failure in the electric motor, the gear, the bearing and the motor driver 

can degrade the performance of a robot manipulator. For instant, in the electric motor, the 

increased friction between the stator and the rotor or fault in driver motor may decrease 

the motor torque. It can be considered at the loss-effective fault. Generally, two kinds of 

faults commonly occur in a robot manipulator are bias and loss-effective fault which can 

be described as 

 )( ( )) ( ) (t

f
I t t t t = − + f  (2.72) 

where t n   is the vector of torque at the output joint actuator. n    is the vector of 

torque at the output controller. ( ) ( ( )) ,n n

idiag t  =  0 ( ) 1,i t  ( 1,2,..., )i n=  denotes the 

loss-effective rate. ( ) nt f   is the vector of the bias fault. ft  is the time of the occurrence 

of faults. n nI   is identity matrix. 

 Substituting Eq.(2.72) into Eq. (2.69), the dynamics model of an n-degree of 

freedom robot manipulator with actuator faults can be written as 

 ( ) ( , ) ( ) ( ( )) ( )q q q q q q I t t+ + + = − +M C G f   (2.73) 

Remark 1: In this chapter, only the loss-effective and bias fault is investigated. The loss-

effective fault with ( ) 1i t =   and lock-in-place fault are not considered because the robot 

does not have the redundancy actuator so that robot cannot tolerate those kinds of faults. 
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Chapter 3: Platform Development, Robot 
Dynamic Parameters Identification 

And Controller 

3.1 Introduction 

 In this chapter, the development of the FARA-AT2 robot manipulator in torque 

control mode is presented. The hardware information is explained in detail in subsection 

2. In subsection 3, the identification of 3-DOF robot manipulator was shown by using 

least-squares technique. Finally, several controllers were applied to the FARA-AT2 such 

as point-to-point controller, and force controller to verify the ability to control the 

hardware evolution. Point-to-point controller was applied to the 6-DOF FARA-AT2 with 

a user interface in Labview. Force controller was applied to 3-DOF robot manipulator 

where joint 4,5 and 6 of FARA-AT2 were blocked. The force controller used 3-DOF force 

sensor for impedance control and sensor-less force controller for admittance control.  

3.2 Hardware setup 

 The hardware setup of FARA-AT2 robot manipulator was shown in Figure 3.1. 

The original controller was replayed by National Instruments computer (NI) where the 

controller development was established in Labview-FPGA. In Table 3.1, the specification 

of FARA-AT2 was shown.  

 

Figure 3.1. Hardware setup of FARA-AT2 robot manipulator. 
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Table 3.1. Specification FARA-AT2 

Item Specification 

Type Vertical Articulated 

Degree of Freedom 6 

Payload 3 Kgf 

Repeatability ±0.04 mm 

Length (max) 720 mm 

Operating 

Range & Max 

Speed 

Joint 1 ±160º (240º/s) 

Joint 2 ±150º -45 º (240º/s) 

Joint 3 ±80º -200 º (240º/s) 

Joint 4 ±200º (320º/s) 

Joint 5 ±120º (300º/s) 

Joint 6 ±360º (480º/s) 

Allowable 

Moment 

Joint 4 8.17 N.m 

Joint 5 8.8 N.m 

Joint 6 6.36 N.m 

Motor Type AC Servo Motor 

Position Detection Method Absolute Encoder 

Installation 

Environment 

Ambient 

Temperature 

0º +40 ºC 

Ambient 

Humidity 

20  80 %RH 

Vibration <0.5 G 

Air Pipe For User  6mm, 1ea 

User Signal Line 14 pin 

Weight Main Body 34 kg 

Controller < 25Kg 

Power  220V 2.5KVA 

 

 From Figure 3.1, we can see that the servo motors which are used to control the 

robot joints are the CSMP series motor. The common specifications are shown in Table 

3.1. Two servo motor CSMP-02BB are used in joint 1,2. One servo motor CSMP-01BB 
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is used in joint 3,4,5. The basis specification of those servo motor are shown in Table 3.2. 

In order to control those servo motor, the servo drive CSDJ series are used with the setting 

in torque control mode. The CSDJ driver wiring is shown in Figure 3.2. The torque 

command signal will be sent from the user computer to the servo drive through the 

channel 1 Pin 21,22. The joint angle is detected by a rotary encoder integrated inside each 

servo motor. The encoder is a 2048 line count incremental encoder. The output often 

coder is feedback to the computer through drive channel 1 pin 29 - 36. The torque output 

of the motor is measured through the analogue output channel 1 pin 23 - 28. The analogue 

voltage between the T-REF terminal (Channel 1 pin 21) and T-REF-SG (Channel 1 pin 

22) determines the motor torque command input. Parameter SEt-05 (External torque 

command gain) of the servo drive CSDJ is the Analog Full Scale Torque Command Input 

parameter. 

Table 3.2. CSMP Series motor basic specifications 

 CSMP 01B CSMP 02B 

Driver 01BX1 02BX1 

Rated Voltage(V) 220 

Rated Power (W) 100 200 

Rated Torque (Nm) 0.319 0.637 

Maximum Instant Torque (Nm) 0.95 1.911 

Rated Revolving speed (RPM) 3000 

Maximum Revolving Speed 

(RPM) 

5000 

Rotor Inertia (gf.cm.s2) 0.11 0.45 

Power Rate (kw/s) 9.41 9.2 

Mechanical Time Constant 0.9 1.1 

Electrical Time Constant 2.9 5.0 

Shaft Stiction Torque (Kgf.cm 

Max) 

0.4 0.7 

Space in Shaft Direction (mm) 0.04 

Revolving Direction U-V-W 

Weight 0.8 1.8 

Colour Optional 
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Figure 3.2. CSDJ driver wiring 

 The robot manipulator is using the National Embedded controller. This Embedded 

controller includes a PXI-1031 chassis with universal AC power supply, a PXI-

8110embedded controller, PXI-7842R series multifunction RIO with virtex-5 LX50 

FPGA. The entire control algorithm is written into two modules: Monitoring and control 

module and FPGA module (Encoder reading and AIO). In the FPGA module, the digital 

inputs are used to read the encoder signals. Several counters are programmed to compute 

the pulse numbers, then the joint positions and joint velocities (number of pulses per 

sampling time rate) are obtained. The digital inputs are connected to the encoder output 

signals in channel 1 pin 29-34 of the servo driver. With the onboard clock 40Mhz, the 

encoder readings are guaranteed to be obtained with high accuracy. The analogue output 

of PXI-7842R is used to send the torque command by connecting with the servo driver 

channel 1, pin 21,22. The torque feedbacks are obtained through the analogue input 

channel. In the monitoring and control module, the programming code is performed in 

PXI-8110 embedded controller. Some specifications of the PXI cards are listed in the next 

part. The overview of the Labview system is shown in Figure 3.7. The FPGA module is 

shown in Figure 3.8. The monitor control module is shown in Figure 3.9. 

NI-PXI-7842R 

- R Series Multifunction RIO With Virtex-5 LX50 FPGA 
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- 8 analog inputs, independent sampling rates up to 200 kHz, 16-bit resolution, 

±10 V 

- 8 analog outputs, independent update rates up to 1 MHz, 16-bit resolution, ±10 

V 

- 96 digital lines configurable as inputs, outputs, counters, or custom logic at rates 

up to 40MHz 

- Virtex-5 LX50 FPGA programmable with the Labview FPGA Module 

- 3 DMA channels for high-speed data streaming 

NI-PXI-8110 

- 2.26 GHz Quad-Core PXI Embedded Controller 

- 120 GB (or greater), 7200 rpm high-performance hard-drive standard 

- 2 GB (1 x 2 GB DIMM), 800 MHz DDR2 RAM standard;4 GB maximum 

- 10/100/1000BASE-TX (gigabit) Ethernet, Express Card/34 slot, and 4 Hi-Speed 

USB ports Integrated hard drive, GPIB, serial, and other peripheral I/O 

- Windows OS and drivers already installedNI-PXI-1031 

- 4-Slot 3U PXI Chassis with Universal AC 

- Ability to accept both 3U PXI and Compact PCI modules 

- HALT-tested design 

- Auto/high temperature-controlled fan speed 

- 400 W universal AC power supply 

- Quiet acoustic noise emissions as low as 40 dBA 
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Figure 3.3. Final hardware setup 

3.3 Dynamic parameter identification 

 An important property of the robot dynamic model is the linearity with respect to 

the dynamic parameters characterizing the manipulator links and rotors. Due to this 

property, the dynamic model Eq.(2.69) could be expressed as 

 ( , , )Y    =  (3.1) 

where 1p   is a vector of constant parameters and ( , , ) n pY      is a function of joint 

positions, velocities, and accelerations, usually called regressor. p is number of 

parameters. Due to the complicated of 6-DOF robot manipulator, in this dissertation, only 

3-DOF robot manipulator was identified. In identification processing, it is necessary to 

ensure that excitation is sufficient to provide accurate and fast parameter estimation in 

the presence of disturbances, and the processing of the resulting data is simple and yields 

accurate results. Several approaches exist for parameterizing robot excitation trajectory 

such as finite sequences of joint acceleration or fifth-order polynomials interpolating 

between sets of joint position and velocities separated in time. Although these trajectories 

provide adequate excitation of the robot dynamics, the resulting measurement data are 

neither periodic nor band limited. Processing periodic, band limited measurements is 

more accurate, simplifying and improving the accuracy of the parameter estimates. In this 

dissertation, the trajectory ( )iq t of each joint i  is periodic, parameterized as a finite Fourier 

series as follows 

 ,0 , ,

1

( ) ( sin( ) cos( ))
N

i i i k f i k f

k

q t q a k t b k t 
=

= + +  (3.2) 
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where t  is represent time, f  is the Fourier series frequency, , , ,0, ,i k i k ia b q  are the 

coefficients of the sine and cosine function which are randomly selected for each joint 

trajectory. 

 The equation of the recursive least square method for updating the value of   are 

presented as follows 

 1
ˆ

k k k kE Y  −= −  (3.3) 

 1

1 1 1
ˆ ˆ ( )T T

k k k k k k k kP Y I Y P Y E  −

− − −= + +  (3.4) 

 1

1 1 1 1( )T T T

k k k k k k k k kP P P Y I Y P Y Y P−

− − − −= − +  (3.5) 

where the matrix kP is called the covariance matrix. The choice of the initial value of the 

covariance matrix plays an important key when applying the recursive least square 

method. If there is no primary knowledge about the system parameters, the choice of large 

starting value of the covariance matrix P(0) is recommended. However, if the starting 

values of the system parameters are similar to the exact value of the system parameters 

can be accepted, then enough to choose the small starting value of the covariance matrix 

P(0). 

 The detail of ( , , )Y     and   were shown in Appendix B. 

3.4 Controller 

 All the controller in this dissertation was established in Labview. The entire 

control algorithm is written into two modules: Monitoring and control module and FPGA 

module (Encoder reading and AIO). In the FPGA module, the digital inputs are used to 

read the encoder signals. Several counters are programmed to compute the pulse numbers, 

then the joint positions and joint velocities (number of pulses per sampling time rate) are 

obtained. The digital inputs are connected to the encoder output signals in channel 1 pin 

29-34 of the servo driver. With the onboard clock 40Mhz, the encoder readings are 

guaranteed to be obtained with high accuracy. 
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Figure 3.4. The interface of FPGA Model: Encoder reading and AIO 

 

 

Figure 3.5. FPGA model code 

3.4.1 Point-to-point controller 

a) 6-DOF robot manipulator 

 In this subsection, to verify the hardware setup, the 6-DOF robot manipulator with 

PID control was designed with manual mode at each joint and monitoring the information 

of the system. In this programming, two modes control were designed:1) Tracking 

trajectory with desired trajectory in joint space, 2) Manually control for each joint. In 

Figure 3.6, the block diagram of position controller for 6-DOF robot manipulator. Then, 

in Figure 3.7, the interface of programming was shown. The PID parameters was selected 

as (250,280,250,300,500,250)pK diag= , (70,20,20,20,20,20)dK diag=  and 

(0.1,0.1,0.1,0.1,0.1,0.1)iK diag= . The desired trajectory at each joint is 1 sin
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Mode 1. The tracking trajectory in mode 1 results was shown in Figure 3.9. Then, the 

snapshoot of 6-DOF robot manipulator during the operation was presented in Figure 3.8. 

 

Figure 3.6. Block diagram of position control for 6-DOF robot manipulator  

 

Figure 3.7. PID joint space controller for 6-DOF FARA-AT2 

 

 

Figure 3.8. Snapshoot of 6-DOF robot manipulator moving 
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a) Joint1     b) Joint2  

 

c) Joint3      d) Joint4 

 

e) Joint5      f) Joint6 

Figure 3.9. Tracking trajectory at each joint in model 1 

b) Computed Torque control with user interface for 3-DOF robot manipulator 

In this subsection, the Cartesian input of the user interface for 3-DOF robot 

manipulator with computed torque control was designed which used to verify the 

identification processing. The block diagram was shown in Figure 3.10. Invers kinematic 

block used the Piepe method. The block of trajectory generation utilized the cubic 

polynomial with 4 constraints showed as 

 2 3

0 1 2 3( )i t a a t a t a t = + + +  (3.6) 

where 0 1 2, ,a a a  and 3a were computed based on a desired velocity constant 0.002i =  

(rad/s). The computed torque controller given as 

 ( )( ) ( , ) ) ( , )d p vM K e K e V G F       + + + + ( + =  (3.7) 

where (130,120,140)pK diag= , (20,18,18)vK diag= , de  = − , 
de  = − . 
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Figure 3.10. Block diagram of Computed Torque control with Cartesian input user 

interface for 3-DOF robot manipulator 

In the Figure 3.11, 3 modes of Cartesian input were shown. In Figure 3.11-a, Auto 

step mode means that the distance of each axis was pre-defined with a contain. The second 

mode is Manual step which means that user can input any value of each axis. Final mode 

is Command mode. This mode can read G-code command from operator or from G-code 

file. This mode can work with 3D printer. The Computed Torque control code was shown 

in Figure 3.12. 

 

 

a) Mode1: Auto step   b) Mode 2: Manual step     c) Mode 3: Send command 

Figure 3.11. User interface of point-to-point control of 3-DOF robot manipulator 
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Figure 3.12. Computed Torque Control in Labview. 

3.4.2 Force controller 

a) Impedance control with force sensor at the end-effector 

 In this subsection, the impedance control with 3-DOF force sensor was 

implemented. The hardware setup was shown in Figure 3.13.The force sensor is 3-DOF 

9317B Kistler which technical data showed in Table 3.3.The impedance control was 

given as 

 ( )( ) ( , ) ( )T

a x x x envJ M V G      = + + −  (3.8) 

where 1( ) ( ) ( ) ( )T

x a aM J M J   − −= , 1 1( , ) ( ) ( , ) ( ) ( ) ( ) ( )T

x a a x a aV J V J M J J        − − −= − , 

( ) ( ) ( )T

x aG J G  −=  which aJ is Jacobian matrix. env is forces from sensor, and 

 ( )1 ( ) ( )d m m d m d envx M D x x K x x −= + − + − +  (3.9) 

 ( ) ( ) ( )m d m d m d envM x x D x x K x x − + − + − =  (3.10) 

where (1,1,1)mM diag= , (0.2,0.2,0.2)mD diag= , (2,2,2)mK diag= are desired inertia, damping 

and stiffness, respectively.  
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Figure 3.13. The 3-DOF robot manipulator with force sensor 

Table 3.3. Technical Data of 9317B Kistler 

Range (without moments if e.g four 

force links are mounted into one force 

place) 

xF , yF  N -1000 … 1000 

Range (Example with point of force 

application ,x yF  12mm above top plate) 

xF , yF  N -200 … 200 

Range (Point of force application zF  

centric) 

zF  N -2000 … 2000 

Overload  % 10 

Calibrated range (Point of force 

application ,x yF 7.5 mm below top plate 

surface) 

xF , yF  N 0 … 600; 0 … 

60 

Calibrated range (Point of force 

application zF  centric) 

zF  N 0 … 2000; 0 … 

200 

Max moments  

0zM = ; 0zF =  

, 0x yM = ; 0zF =  

 

,x yM  

zM  

 

N.m 

N.m 

 

-5/5 

-4/4 

Threshold  N <0.01 

Sensitivity 
xF , yF  

zF  

pC/N 

pC/N 

 -26 

 -11 
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Nature frequency f ( )n x  

f ( )n y  

f ( )n z  

kHz 

kHz 

kHz 

 5 

 5 

 21 

weight  g 85 

 

Experiment 1: 

 In this experiment, the control of robot manipulator contacts with unknown 

environment was presented. The obstacle occurs during the tracking trajectory is setup as 

in Figure 3.14. The joint tracking trajectory with contact environment of controller is 

shown in Figure 3.15. In Figure 3.16, value of force at each axis was presented. The 

desired tracking trajectory given as 

 

0                               

0.15sin( / 8)          

0.15cos( / 8) 0.15

x

y t

z t





=


=
 = −

 (3.11) 

 

Figure 3.14. Experiment setup in contact with obstacle 

 

a) Joint 1   b) Joint 2  

   

c) Joint 3 

Figure 3.15. Tracking trajectory at joint space 
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a)X axis    b)Y axis 

 

c)Z axis 

Figure 3.16. Force measurement 

Experiment 2: 

 In this experiment, human can directly contact with robot to push and pull at end-

effector. This experiment to show that the robot can interact and share the workspace with 

human. The video of this demonstration can be see as 

https://www.youtube.com/watch?v=KV0D5S-DvTo and the snapshoot was shown in 

Figure 3.17. 

 

Figure 3.17. Snapshoot human-robot interaction 

b) Admittance control without force sensor 

 In this subsection, an admittance control without force sensor was present to show 

the effectiveness of dynamic model of robot in controller. To estimate the torque 

interaction, an adaptive third order sliding mode observer was used as  
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 (3.12) 

 Adaptive law defined as 

 1 1| | (| | )

0                           

L e sign e if L
L

if L

 



 − 
= 


 (3.13) 

where 1x̂ , 2x̂ and 3x̂ are estimated of 1x = ,
2x = , 1

3 int( )( )x M  −= − which int is torque 

interaction. 1 1 1̂e x x= − , 
2 1

3 3
3 2 1, 5.3 and 3.34L L L  = = = .Then, 1.5L = , 0.002 = , max [8,20,22] =

, min [ 8, 5, 10] = − − −  were selected. In this experiment, the PD control was used for position 

control which [1950,2550,2550]pK = and [100,100,100]vK =  were selected. The block 

diagram of admittance control without force sensor was shown in Figure 3.18. In Figure 

3.19, torque at each joint was shown with constant boundary. The snapshoot of human-

robot interaction was presented in Figure 3.20. The video had been shared at link 

https://www.youtube.com/watch?v=fNYOB5mzc_o . 

 

Figure 3.18. Block diagram of admittance control without force sensor 

 

a)Joint 1 

https://www.youtube.com/watch?v=fNYOB5mzc_o%20


Chapter 3:Platform Development, Robot Dynamic Parameters Identification And 

Controller 

 

41 

 

 

b)Joint 2 

 

c)Joint 3 

Figure 3.19. Torque estimated at each joint 

 

 

 

 

Figure 3.20. Snapshoot of human push/pull robot manipulator 

 

3.5 Conclusion 

 In this chapter, the controller for the hardware platform of robot manipulator was 

developed based on Labview. The position controller for 6-DOF in the joint space was 

established and verified using PID controller. In addition, the dynamic model of 3-DOF 

robot manipulator was presented, which is used for torque control of position controller 

and force controller. The identification processing increased the accuracy of position 

controller and was also useful for the force controller. With the complete parameters of 

the dynamic model of robot manipulator, the robot is able to apply fault -tolerant control 

based on model.  
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Chapter 4: Active Fault-tolerant Control 
Based on Supper Twisting Sliding 

Mode Controller 

 In this chapter, real implementation of an active fault-tolerant control for a robot 

manipulator based on the combination of an extended state observer and the super-

twisting algorithm is proposed. This active fault-tolerant scheme uses an extended state 

observer to identify faults. Then, the fault information is used to compensate the 

uncertainties/disturbance and faults with the super twisting controller. Finally, the 

effectiveness of proposed control is verified by simulation and implementation for a 3-

DOF robot manipulator. The results were illustrated that the proposed control can tolerate 

the relatively bigger faults due to the design of the observer and then show the better 

performances than the conventional super-twisting controller does. 

4.1 Introduction 

 In these days, fault-tolerant control has paid a lot of attention to many researchers. 

There are wide industrial demands [29–31]. Generally, the fault-tolerant control can be 

categorized into two kinds 1) Passive fault-tolerant control (PFTC) [5, 6, 32] and 2) 

Active fault-tolerant control (AFTC) [33–35]. PFTC is based on the tolerant ability 

dealing with uncertainties/disturbances of control when faults occur. This method cannot 

handle the faults with high magnitude. Unlike the PFTC, the AFTC uses the fault 

estimation process to estimate faults, after that, by using the faults information, the control 

system was changed into the controller with a fault observer. Then the AFTC can cope 

with the fault with high magnitude occurred during operation of the system. In addition, 

the operator system can monitor and identify faults in the system. 

 In the field of robot manipulator control, to tolerate the faults, it can be solved by 

the hardware or the software. Due to the additional hardware, the price of robot has been 

increased and more space to install is necessary. Therefore, the algorithm based solution 

has been paid more attention to many researchers. Due to the ability of dealing with 

uncertainties/disturbances, sliding mode controller has been investigated as the PFTC[13, 

36, 37]. This control technique is based on a discontinuous control action and sliding 
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surface. The most disadvantage of this technique is chattering behavior which comes from 

the high switching frequency of control signal. However, in fact, this controller is robust, 

easily implemented in practical system, easily stabilized with a proper choice of the 

sliding surface. To reduce the chattering in [38], Levant (1993) introduced the high order 

sliding mode concept. Then, the terminal sliding mode [39, 40], twisting controller [41, 

42] and the supper-twisting controller [36, 43] are kind of second-order sliding mode 

algorithm. Among of them, the super-twisting algorithm is preferable over the 

conventional sliding mode due to the ability of reducing the chattering. 

 In AFTC scheme, the performance depends on the accuracy of both fault 

estimation and the quality of controller. By using the faults estimation process, the 

operator can easily monitor, identify faults and the system can deal with the high 

magnitude faults. It can guarantee that a robot manipulator has acceptable performance 

when faults occur. To estimate faults, several methods have been proposed such as 

parameter estimation [12], parity relations [44], and state observers [45]. Similarly to the 

sliding mode controller, high order sliding model observer (HSMO) has been paid a lot 

of attention to many researchers [35, 46, 47]. However, the most disadvantage of this 

technique is a proof of stability and the knowledge about bound of 

uncertainties/disturbances to choose the parameters of observer. To solve the proof of 

stability problem, Moreno J.A and co-authors had discussed about this issue [48–50]. 

Second issue of this method is how to choose the parameters of HSMO [51]. However, 

this technique requires the knowledge about bound of uncertainties/disturbances. 

Therefore, in [18, 28], the authors used the adaptive technique to solve this problem. As 

a practical substitute of HSMO, the extended state observer (ESO) is commonly used in 

real system. By using ESO [53], we no need to exactly know about the bound of 

uncertainties/disturbances. Therefore, in this chapter, the ESO is used to compensate 

faults and uncertainties/disturbances with the supper-twisting controller. By using this 

combination, the fault-tolerant control can reduce the chattering and achieve the 

acceptable performance when faults occur during operation the system.  

 In this chapter, the fault-tolerant control for robot manipulator based on the 

combination of the extended state observer and supper-twisting method is proposed. By 

using the ESO we can easily monitor the faults and no need the knowledge about bound 

of uncertainties/disturbances and faults. The faults were compensated in the supper-

twisting controller. By using this combination, the accuracy of robot is increased and is 
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shown acceptable performance when faults occur. The simulation and experimental 

results are shown for a 3-DOF robot manipulator to illustrate the effectiveness of the 

proposed fault-tolerant control. 

 The rest of this chapter is as follows. Section 2, the dynamics of robot manipulator 

is described. In section 3, the proposed fault-tolerant control algorithm is explained. The 

simulation results of the proposed control algorithm are shown for a 3-DOF robot 

manipulator in section 4. In section 5, experimental results for a3-DOF FARA-AT2 robot 

manipulator are presented. Finally, some concluding remarks are given in section 6. 

4.2 Dynamics model of robot manipulator 

 Dynamics of a n-degree of freedom robot manipulator was defined as 

 ( ) ( , ) ( ) (t T )f fM q q C q q G q F  + + + + − =  (4.1) 

where , ,
n

q q q are the vectors of joint acceleration, velocity and position, respectively.

( )
n n

M q


 , ( , )
n

q q C  and ( ) nG q   represent the inertia matrix, the centripetal and 

Coriolis matrix, and the gravitation force, respectively. n

fF  is friction term. nτ is 

the torque at joints. nξ  is a vector composed of actuator faults and component faults.

(t T ) n

f −  presents the time profile of the faults. fT is the time of occurrence of the faults. 

 In practical, we do not exactly know about the dynamic model of robot so that 

Eq.(4.1) can be written as 

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

( ( ) ( )) ( ( ) ( )) (t T )f f f

M q M q q C q q C q q q

G q G q F q F q    

+ + +

+ + + + + + − =
 (4.2) 

where , ,M C G    and F  are dynamic uncertainties and  is extended disturbance. Eq. 

(4.2) can be simply rewritten as 

 ( ) ( , ) ( ) ( )fM q q C q q q G q F q  + + + + =  (4.3) 

where (t T )fM C G F   =  +  +  +  + + −  which includes uncertainties, extended 

disturbances and actuator faults. 

 To estimate the faults and uncertainties/disturbances, the extended state observer 

is used in this chapter. An active fault-tolerant control based on the combination of an 

extended state observer and supper-twitting is proposed. 
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4.3 Proposed fault-tolerant control 

4.3.1 Faults estimation based on an extended state observer 

 In this section, the faults estimation based on an extend(4.4)ed state observer is 

designed. In the position control, (4.3) can be rewritten as 

 1 1( )( ( , )) ( )q M q H q q M q − −= − −  (4.5) 

where ( , ) ( , ) ( ) ( )fH q q C q q G q F q= + + . 

 The dynamic model in Eq.(4.5) can be rewritten in state space as 

 
                                         

1 2

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

x x

x f x x u x x t

=


= +
 (4.6) 

where 1

nx q=  , 2

nx q=  , u = , 1

1 2( , , ) ( )( ( , ))f x x u M q H q q−= − ,  1( )M q −= −  

 An extended state observer [53] was given as 

 

1

1 2 1 1

2

2 1 2 1 1

3

1 1

ˆ ˆ ˆ( )                   

ˆˆ ˆ ˆ( , , ) ( )

ˆ ˆ( )                            

x x x x

x f x x u x x

x x
















= + −




= + − +



= −


 (4.7) 

where 1 2
ˆ ˆ,x x and ̂ are estimate of 1 2,x x and  , respectively. 1 2,  and 3  are positive 

constant. 0 1  , f L .  

Theorem 1: Considering the system (4.6) with observer (4.7) and satisfy 0 1  and 

f L then 1 1
ˆ ( ) ( )x t x t→ , 2 2

ˆ ( ) ( )x t x t→ and ˆ( , , ) ( , , )q q t q q t →  as t → . 

Proof: We define observer error as 1 2 3[ , , ]Te e e e= where 2

1 1 1( ) /e x x = − , 2 2 2
ˆ( ) /e x x = −  and 

3
ˆe f = − . 

 We define the Lyapunov function as 

 TV e Pe=  (4.8) 

where matrix P satisfying the Lyapunov Eq. as 

 TA P PA Q+ = −  (4.9) 

in which A and Q are positive matrix.  

 The time derivative V in Eq.(4.8), we have 

  ( ) ( )

  ( )

  ( ) 2 2

T T

T T

T T T T T

T T T T

V e Pe e Pe

Ae Bf Pe e P Ae Bf

e A Pe Bf Pe e PAe e PBf

e A P PA e e PBf e Qe PB e f

 

 

 

 

= +

= + + +

= + + +

= + +  − +  

(4.10) 

where B is positive matrix. 
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 From Eq. (4.10), we have 

 
2

min ( ) 2V Q e L PB e  − +  (4.11) 

where min ( )Q is the minimum eigenvalue of Q. L is positive constant satisfy f L . 

 To guaranties stable of the system, 0V  we get observer error convergence 

conclusion as: 

 
min

2

( )

L PB
e

Q




       (4.12) 

4.3.2 The proposed fault-tolerant controller 

 In this section, the fault-tolerant controller based on the combination of an 

extended state observer and super-twitting is proposed. Sliding surface is designed as 

 s e ce= +  (4.13) 

where de q q= − and n

de q q= −  are position error and velocity error. (c) n nc diag =  is 

constant. 

 The fault-tolerant controller is proposed as  

 0 +smc ob   = +  (4.14) 

where 0 ( )( ) ( , )dM q q ce H q q = + + , 
1

2
1(q) | | sgn( )smc M K s s 

 
= − 

 
, 2 (s)K sign = − , ˆ( )ob M q = −   

which 1 2and n nK K   is diagonal positive matrices.  

Theorem 2: Consider the system (4.3) with the proposed controller (4.14), then the 

position error approach to zero at t → . 

Proof: 

 From Eq.(4.5) and Eq.(4.14) the system closed as 

 

1
-1

2
1

1

2
1

1

2
1

ˆ( ) - - ( )

ˆ   ( ) - -

 ( ) -

d

d

d

q q ce K s sign s M q

q ce K s sign s

q ce K s sign s

  

  



= + + −

= + + +

= + +

 (4.15) 

where 2 (s)K sign = −  

 Differencing Eq.(4.13) with time given as 

 s e ce= +  (4.16) 

Substituting Eq.(4.16) into Eq.(4.15) we have 

 

1

2
1

2

(s)

(s)          

s K s sign

K sign





 = − +


= −

 (4.17) 

Lyapunov function 
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 TV P =  (4.18) 

where 
1

2| | ( ),

T

s sign s 
 

=  
 

 , P is symmetric and positive matrix and 

 

1

21

1/2 1/2

2

11 1 1 1| | ( )
2 02 2| | | |

k s sign s A
ks s

 


 − 
 = = 

−     

 (4.19) 

Differencing Eq.(4.18) with time given as 

 T TV P P   = +  (4.20) 

Substituting Eq.(4.19) into Eq.(4.20) we have 

( )

1/2 1/2

1/2

1/2

1 1 1 1

2 2| | | |

1 1
  

2 | |

1 1
  0

2 | |

T

T

T T

T

V A P P A
s s

A P AP
s

Q
s

   

 

 

   
= +   
   

= +

= − 

    (4.21) 

where Q is symmetric and positive-definite matrix  

 TA P AP Q+ = −  (4.22) 

Therefore, the position error converges to zero at time infinity guaranties stable. 

 

Figure 4.1. Block diagram of the proposed fault-tolerant control for robot manipulators 

4.4 Simulation results 

 In this section, simulation results of a 3-DOF robot manipulator were shown. The 

robot manipulator was built on Solidwork and then imported to Mathlab SimMechainics 

shown in Figure 4.2. The proposed AFTC with super-twisting method are compared with 

conventional supper-twisting controller for the effectiveness. In this simulation, it is 

assumed that fault only occurs at joint 2 at 5th second. 
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Figure 4.2.3-DOF robot manipulator in SimMechanics 

 The parameters of ESO are suitably chosen to be 1 2 36, 25, 3  = = = and 0.01 = . 

The parameters of proposed AFTC were suitably chosen as: (1.5;1.8;2.0)c diag= ,

1 (1.5;1.7;1.7)K diag= and 2 (0.02;0.07;0.07)K diag= . Then, the conventional Super-Twisting 

controller (STC) gives as 

 

1

2
1

2

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

( )

dM q q ce H q q M q K s sign s

K sign s

 



= + + + −

=
 (4.23)  

where 1 2,K K and c   are the positive diagonal matrix 3 3 . 

 The parameters of the STC can be selected as: (1.5;1.8;2.0)c diag= , 

1 (1.5;1.7;1.7)K diag=  and 2 (0.02;0.07;0.07)K diag= . 

 The desired tracking trajectory is given as 

1

2

3

( ) 0.5sin( / 2)

( ) 0.3sin( )   

( ) 0.2sin( )  

q t t

q t t

q t t

=


=
 =

    (4.24) 

 The faults function are assumed that occur at 5th second with attitude as 

1

2

3

0                                             

70cos(t 5)                            

0                                             







=


= − −
 =

  (4.25) 

 In Figure 4.3, the fault estimation results were shown. It can be seen that the 

estimator has suitable capability to estimate the fault. In Figure 4.4, the trajectory tracking 

errors are presented. Before fault occurs, the conventional super-twisting controller and 

the proposed AFTC have similar control performances. However, after fault occurs, the 

conventional STC has a large error profile because the ability to deal with the fault of  

high magnitude is limited. In Figure 4.4.b and c, the STC needs more time to recover the 

similar level of accuracy than the proposed AFTC does. From above results, it can be 
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seen that for small faults, the conventional STC (or PFTC with STC) has good 

performance as the proposed AFTC has. However, For the fault of high magnitude, the 

proposed AFTC show the better control performances that the conventional STC. 

 

c) Joint 1  b) Joint 2  c)Joint 3 

Figure 4.3.Fault estimation results 

 

a) Joint 1    b) Joint 2                                 c)Joint 3 

Figure 4.4. The trajectory tracking errors 

4.5 Experimental results 

4.5.1 Hardware setup 

 In this part, an experimental setup of hardware is presented. The first 3 joints of  

FARA-AT2 robot manipulator shown in Figure 4.5  is used for this experiment with the 

joints 4, 5 and 6 blocked. The robot has CSMP series motors to drive the actuated joints. 

The gear ratios at joints are 120:1, 120:1, 100:1, respectively. The encoder at each joint 

produce 8192 pulses per revolution in quadratic mode. The controller runs on Labview 

FPGA NI-PXI-8110 and NI-PXI-7842R PXI card. The frequency of control loop is set 

up at 500Hz. The controller NI-PXI-8110 runs window operating system. The desired 

tracking trajectory is given as 

( ) sin( )    ( 1,2,3)
6

iq t t i


= =     (4.26) 
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Figure 4.5. Real-system 3-DOF robot manipulator 

4.5.2 Experimental results 

 In this section, the proposed control algorithm will be implemented with 

conventional super-twisting control for the comparison as done in the simulation study.  

    The parameters of conventional super twisting control (STC) in(4.23) are chosen as 

1(4;5;5), (1.60;2.70;2.60)c diag K diag= = and 2 (2.5;2.5;2.5)K diag= .The parameters of an 

observer can be selected as 1 2 30.2, 6, 0.3 0.01and   = = = = .The parameters of the 

proposed algorithm are suitably chosen as (4;5;5)c diag= , 1 (1.60,2.70,1.60)K diag= , 

2 (2.5,2.5,2.5)K diag= .  

The fault functions are assumed that occur at 10th second with attitude as 

1

2

3

2
8sin( ( 10)) 50( 10)         

3

2
30sin( ( 10))                            

3

40( 10)                                          

t t

t

t










= − + −




= −



= −

  (4.27) 

 

 

c) Joint 1   b) Joint 2  c)Joint 3  

Figure 4.6.The results of fault estimation 

 The fault estimation results were shown in Figure 4.6. The error at each joint from 

this experiment was presented in Figure 4.7. It can be seen that before and after faults 

occur, the tracking accuracy of the proposed AFTC is better than the conventional super-
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twisting controller because the extended state observer works well to compensate the 

uncertainties/disturbances and faults with STC. 

 

a) Joint 1  b) Joint 2  c) Joint 3 

Figure 4.7. The error at joints 

4.6 Conclusion 

 In this chapter, the real implementation of active fault-tolerant control based on 

the combination of an extended state observer and super-twisting controller for a robot 

manipulator was proposed. The proposed controller improves the ability to deal with the 

uncertainties/disturbances and the big faults. From the simulation study, it can be seen 

that the conventional super twisting controller has similar level of accuracy as the 

proposed AFTC does, when no faults. However, in the real experiment with no faults, the 

proposed AFTC has better control accuracy than the conventional STC does. It means 

that the experimental system has a certain amount of uncertainties/disturbances, even in 

case of no fault. Here, the observer is still effective in this stage. Then, in case of big 

faults, the effectiveness of the observer becomes more obvious. Therefore, the proposed 

AFTC has shown better control performances in case of large faults than the conventional 

STC. As demonstrated in real implementation, the proposed AFTC can be useful in real 

control system and be expected to have acceptable performances even when large faults 

occur. 
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Chapter 5: Implementation of Fault-
tolerant Control Based on Synchronous 

Sliding Mode Control 

 In this chapter, an active fault-tolerant control for a robot manipulator based on 

synchronous sliding mode is proposed. As the synchronization errors approach zero, the 

joint errors tend to become equal and also approach zero. Therefore, the synchronization 

technique is inherently effective for a fault-tolerant controller. To demonstrate such a 

system, the following implementation is presented. First, an estimator was designed with 

an extended state observer to estimate uncertainties/disturbances along with 

faults/failures. The estimator signal was used for an online compensator in the controller. 

A fault-tolerant controller with a combination of synchronous sliding mode technique and 

estimator was proposed. The stability of the system was established using Lyapunov 

theory. Finally, fault-tolerant control was implemented in a three degree-of-freedom robot 

manipulator and compared to the conventional sliding mode control. This comparison 

shows the effectiveness of the proposed active fault-tolerant control with synchronous 

sliding mode technique. 

5.1 Introduction 

 During the past two decades, fault detection and fault-tolerant control (FTC) have 

become attractive research subjects that can be used to improve system reliability and 

guarantee system stability in all situations. Implementation of fault-tolerant control in 

robot manipulators has encountered a number of challenges due to high nonlinearities, 

dynamic uncertainties, and external disturbances. In addition, the time delay inherent to 

mechanical systems also affects the performance of FTC. FTC strategies can be divided 

into two categories: passive FTC (PFTC) [5, 6] and active FTC (AFTC) [2, 34]. In PFTC, 

the control performances mainly depend on the robust capability dealing with 

uncertainties/disturbances of the controller such as sliding mode control [7] or adaptive 

control [40, 54]. In this strategy, the controller does not have a faults estimation process. 

The advantage of PFTC is the fast response when faults occur, because it does not need 

time to estimate faults. However, the ability to deal with high magnitude faults is limited. 
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Unlike PFTC, AFTC reconfigures the control system based on the estimation process. 

The fault information from the estimation process is used to compensate the conventional 

controller. The disadvantage of this strategy is slow response after faults occur, which 

leads to the occurrence of a picking phenomenon, because the controller needs the time 

to estimate the faults. Most studies in active fault-tolerant control [1, 3, 34]have focused 

on increasing the ability to deal with uncertainties/disturbances of the controller. 

Therefore, the performance degradation of the system with the AFTC strategy due to the 

slow response still remains an open problem. However, AFTC has better ability when 

dealing with high magnitude faults than PFTC. As above-mentioned, using PFTC or 

AFTC depends on the characteristics of the system and type of faults. In robot 

manipulator control, AFTC generally outperforms PFTC because AFTC includes a fault 

estimation (FE) step. The estimated faults can be compensated for by online controller 

reconfiguration. In this way, the stability and acceptable performance of the robot can be 

maintained. 

 In AFTC, the quality of the fault-tolerant control depends on the accuracy of both 

FE and the system reconfiguration after faults occur. In fault estimation processing, 

several techniques [12, 13, 44, 55–57] have been used. The parameter estimation method 

[12] is used to early detect faults applied for dynamic linear and nonlinear systems. The 

parity relations [44] used the parity Eq.s to be combined with the least-square method to 

estimate faults. The sliding mode observers [13] have been given lot of attention by 

researchers. However, this method is limited in real applications due to the disadvantages 

such as the chattering phenomenon, the requirement of the knowledge of the fault’s bound 

to choose the observer parameters, and the stability issue. In addition, other techniques 

such as the Kalman Filter [55], zonotope [56], and nonlinear observer [57] were 

developed to estimate the faults as well as uncertainties/disturbances. After faults are 

estimated, they are compensated for by using various control strategies [19, 58, 59]. In 

this study, an extended state observer  [60] was adopted for on-line observation of the 

dynamic uncertainties, disturbances, and faults. An extended state observer (ESO) is a 

simple technique for estimating faults in which simply adjusting the observer parameters 

leads to simple application in real systems, and the observer can detect and isolate faults 

without a fault diagnosis process. In addition, the upper bound of faults does not have to 

be exactly known in the design of ESO. 
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 A synchronization technique based on cross-error was first introduced by Y. 

Koren[61] in the 1980s for a computerized numerical control (CNC) machine. In his idea, 

a CNC with independent axes control is extended to enable the control of each access to 

consider the effects of the other axes through cross-errors. L. Feng et al. [62] proposed 

cross-coupling control for mobile robots. He suggested that minimization of the most 

significant error leads to coordination of the motion of the two wheels. Lu Ren et al. [63] 

introduced synchronization errors, a new type of cross-coupling error, in controlling a 

parallel robot manipulator. Synchronization control has also been applied in multi-robot 

cooperation [24, 64]. Synchronization techniques combined with the sliding mode 

method have attracted the interest of many researchers. The position and velocity 

synchronization error have been used instead of position and velocity error, respectively, 

in sliding mode control structures [65]. Zhang et al. [66] also proposed a robust 

synchronous control based on a sliding mode variable structure for multi-motors. These 

studies [24, 64–66] have applied synchronization control techniques to a parallel robot, 

multi-robot cooperation, and multi-motors to improve trajectory tracking performance. 

This work is interested in addressing a slow response issue by using the synchronization 

control technique, which can make the position error at each joint equal. Therefore, the 

system can quickly respond to a fault due to the constraint of synchronization control 

before the controller has the feedback information from the fault estimation process. 

Considering the dynamic coupling effects between actuators and the upper bound of the 

uncertainties, the effectiveness of synchronization techniques might be somewhat limited 

to improvements of the trajectory tracking control. However, synchronization techniques 

become more effective in critical conditions, which lead to applying synchronization 

techniques to the fault-tolerant control. The contributions of this chapter are summarized 

as follows: 

1) Synchronization techniques are applied to fault-tolerant control for robot 

manipulators for the first time. Compared to active fault-tolerant control using 

conventional sliding mode control, the proposed system has achieved higher 

accuracy, robustness, and faster system reconfiguration when faults occur. 

These results confirm that synchronization techniques are very effective in 

fault-tolerant control. 

2) The stability of the proposed AFTC with the synchronous sliding mode 

technique is demonstrated using analysis via Lyapunov theory.  
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3) Based on the extended state observer, the proposed controller can easily monitor 

faults without detection and isolation processes. This feature is helpful in 

maintenance systems as well as maintenance planning systems. 

4) The experimental results show that the proposed control can be easily applied 

to a real system with robust performance. 

 In this chapter, we present a fault-tolerant control for robot manipulators based on 

synchronous sliding mode control. Section 2 describes the robot dynamic models. 

Section3 explains the process of fault estimation with the extended state observer for 

robot manipulators. In Section 4, a fault-tolerant control based on synchronous sliding 

mode control is presented and its stability is demonstrated. In Section 5, a simulation 

study of the proposed fault-tolerant control for a 3-DOF manipulator was conducted to 

show the method’s effectiveness. In Section 6, real implementation of the FTC for a 3-

DOF FARA AT2 robot was carried out in two cases: a single fault and multiple faults. 

Finally, conclusions are discussed in Section 7. 

5.2 Dynamics Model of Robot Manipulators 

 The dynamics of an n-degree of freedom robot manipulator was defined [27] as 

 ( ) ( , ) ( ) ( )fM q q C q q q G q F q + + + =  (5.1) 

where , ,
n

q q q  are the vectors of joint acceleration, velocity, and position, respectively.

( )
n n

M q


 , ( , )
n

C q q  , and ( ) nG q   represent the inertia matrix, the centripetal and 

Coriolis matrix, and the gravitation force, respectively. n

fF  is the friction term and

n  is the torque at the joints. 

 In practice, the dynamics model of a robot is not exactly known, so Eq. (5.1)can 

be written as 

 ( ( ) ( )) ( ( , ) ( , )) ( ( ) ( )) ( ( ) ( ))f fq M q q q q C q q q q G q q F q  +  + +  + +  + +  + =M C G F  (5.2) 

where , ,M C G    and F  are unknown dynamic uncertainties and  is the unknown 

external disturbances. ( ), ( , ), ( ) and ( )q q q q qM C G F are estimated of ( ), ( , ), ( )M q C q q G q and 

( )F q . Thus, Eq. (5.2) can be simply rewritten as 

 ( ) ( , ) ( ) ( )fq q q q q q q + + + + =M C G F   (5.3) 

where Mq Cq G F =  + + + + . 

Properties: 
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1 2

1

1 2

    ( )

1 1
( )

n n

n n

I q I

I q I

 

 

−

 

 

M

M
 

 In general, actuator faults can be divided into two types: bias faults and gain faults. 

In a robot manipulator, these are known as loss of effectiveness and lock-in-place faults. 

In practice, both kinds of actuator faults commonly occur. Actuator bias faults can be 

generally described as 

 ( )b t = + f  (5.4) 

where
1 2 ( 1, 2, ..., )( ) [ , ,... ]T

n i n
nt f f f == f  denotes a bounded signal. b is the torque at the joint 

when faults occur. Due to loss of effectiveness, actuator gain fault can be described as 

 ( ( ))g I t = −  (5.5) 

where ( ) ( ( )) n nt diag ti
=  , 0 ( ) 1

i
t  ( 1,2,..., )i n= , which is unknown, denotes the 

remaining control rate. n nI  is the identity matrix. Therefore, the total torque 

including two kinds of actuator faults can be comprehensively described as 

 ( ( )) ( ) ( )t

f
I t t t t = − + f  (5.6) 

where
f

t  is the time of occurrence of each fault. 

 Substituting Eq. (5.6) into Eq. (5.3), the dynamics model of an n-degree of 

freedom robot manipulator with actuator faults can be written as 

 ( ) ( , ) ( ) ( ) ( ( )) ( )
f

q q q q q q q I t t+ + + + = − +M C G F f   (5.7) 

Assumption1: There exist known positive constants , , ,i i  f f such that ( )i it  ,

( )i it  , f f , and f f . 

5.3 Fault Estimation Using an Extended State Observer 

         In this section, an extended state observer of uncertainties or disturbances and faults 

or failures is presented.  

 The dynamic model of the robot manipulator of Eq. (5.7) can be rewritten in state 

space as 

 1 1( )( ( , )) ( ) ( , , , , )q q q q q q q q t − −= − −M H M   (5.8) 

where ( , ) ( , ) ( ) ( )fq q q q q q q= + +H C G F . ( , , , , ) ( ) ( , , , ) ( )q q q t t q q q t t = + − f   represents the 

uncertaintiesor disturbances and faults/failures. 

 In state space, the dynamic model of Eq. (8) becomes 
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1 2

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

x x

x f x x x x t  

=


= +
 (5.9) 

where 1

nx q=  , 2

nx q=  , 1

1 2( , , ) ( )( ( , ))f x x q q q −= −M H , and

1

1 2( , , , ) ( ) ( , , , , )x x t q q q q t  −= −M  . 

 An extended state observer [60] is given as 

 

1

1 2 1 1

2

2 1 2 1 12

3

1 13

( )                   

( , , ) ( )

( )                            

x x x x

x f x x x x

x x






 









= + −




= + − +



= −


 (5.10) 

where
1 2, ,x x f  and  are estimates of 1 2, ,x x f and  , respectively; 1 2,  , and 3  are positive 

constants; polynomial 3 2

1 2 3s s s  + + +  is Hurwitz; and 0 1  .  

Theorem 1:Considering the system (9) with observer (10) and satisfying 0 1  and 

L  , then 1 1( ) ( )x t x t→ , 2 2( ) ( )x t x t→ and ( , , ) ( , , )q q t q q t →  as t →  

Proof: We define the observer error as 1 2 3[ , , ]Te e e e= where 2

1 1 1( ) /e x x = − , 2 2 2( ) /e x x = −  

and 
3e  = − . From assumption 1and Eq. (9), it can be seen that there will exist a value 

L  satisfying L  . The value of L  does not need to be exactly known. The function f

is a known function of 1 2( , , )x x  , and we can take f f= as [60]. 

 We define the Lyapunov function as 

 TV e Pe=  (5.11) 

where the matrix P is unique, symmetric, and positive.  

 The time derivative of V in Eq. (5.11) is 

 T TV e Pe e Pe = +  (5.12) 

where 

 

1 1 1
1 1 2 22

1

2 2 2
2 1 12

3
3

1 12

1 1 2

2 1 3

3 1

1
( ) ( )

( ) ( )

( ) ( )

   

x x
x x x x

e
x x

e e x x

e

x x

e e

e e

e



 


    
 


   






 

+

 −  
− − + −   

    
 −   = = = − − + −    
       −  − −     

− 
 = − +
 
 − + 

Ae B = +

 (5.13) 

where 
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1

2

3

1 0 0

0 1 and 0

0 0 1

A B







−   
   

= − =
   
   −   

. 

It is easy to see that A is Hurwitz, so there is a symmetric positive definite matrix Q 

satisfying the Lyapunov Eq. 

 TA P PA Q+ = −  (5.14) 

Substituting Eq.s (5.13) and (5.14) into Eq. (5.12), we have 

 

  ( ) ( )

  ( )

  ( ) 2

   2

T T

T T

T T T T T

T T T

T

V e Pe e Pe

Ae B Pe e P Ae B

e A Pe B Pe e PAe e PB

e A P PA e e PB

e Qe PB e

 

   

   

 

 

= +

= + + +

= + + +

= + +

 − +  

 (5.15) 

where L is the positive constant that satisfies L  . Therefore, 

 
2

min ( ) 2V Q e L PB e  − +  (5.16) 

To guaranty stability of the system, we impose 0V  , so the observer error convergence 

is given as 

 
min

2

( )

L PB
e

Q




  (5.17) 

5.4 Fault-tolerant Control with Synchronous Sliding Mode Control 

 In this section, the fault-tolerant control based on synchronous sliding mode 

control is proposed. Some definitions are necessary to propose the fault-tolerant control 

law. Synchronization error [67] is given as 

 

1 1 1 2 2

2 2 2 3 3

1 1 1

1 1

       

      

n n n n n

n n n

e e

e e

e e

e e

  

  

  

  

− − −

= −

= −

= −

= −

 (5.18) 

where ( 1,2,..., )ie i n= is the error at each joint and ( 1,2,..., )i i n = is the corresponding positive 

gain. The synchronization control goal [67] is stated as 1 2 3 ... ne e e e= = = =  and 0ie → at

t → . In a traditional controller, only the position error converges to zero, but in the 

synchronization control, the kinematic relationship among the errors as well as the 

position error converges to zero. For ease of practical implementation, 1i =  is chosen. 

 Then, Eq. (5.18) can be written as 
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1 1 2

2 2 3

1n n

e e

e e





  

= −

= −

= −

 (5.19) 

 Cross-coupling error [67] is given as 

 

1 1 1

2 2 2 1 1

1 1

      

      

n n

n n n n n

    

    

    − −

= −

= −

= −

 (5.20) 

where ( 1,2,..., )i i n = is the positive gain. In this chapter, 1i =  was chosen. Then, Eq. (5.20) 

can be written as 

 

1 1

2 2 1

1

      

      

   

n

n n n

  

  

   −

= −

= −

= −

 (5.21) 

The coupling position error [67], which includes the position and synchronization errors, 

is defined as 

 μi i i i iE e dt = +   (5.22) 

where i and μ i are positive gains. The synchronous sliding surface [66] is defined as  

 S E cE= +  (5.23) 

where 1 2[ , ,..., ]T n

nS S S S=  ; n nc   is the diagonal positive matrix; and

1 2[ , ,..., ]T n

nE E E E=  with iE  defined in Eq. (5.22). For ease of implementation, the 

synchronous sliding surface is rewritten as 

 s e ce dt  = + + +   (5.24) 

where 1 1 2 2[ / μ , / μ ,..., / μ ]T n

n ns S S S=   , ( / μ ) n n

i idiag  =  and ( / μ ) n n

i i idiag c  = 

( 1,2,..., )i n= are positive gain matrices. 

 Here, the fault-tolerant control law is proposed as 

 0 SSMC ob   = + +  (5.25) 

where 0 ( ) ( , )dq q q q = +M H , 
1 2 3( )( ) ( )ssmc q ce k sgn s k s k  = + + + +M , and ( )ob q = −M . 

Theorem 2: The system described in(5.7), using controller specified in (5.25) guarantees 

that 0and 0e → → as time t →  under the condition 3k  . 

Proof: 

 Following [22], the Lyapunov function can be selected as 
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 ( )
2

2

1

1 1

1 1 1
0

2 2 2

n n
T

i i i

i i

V s s dt      −

= =

= +  +  −     (5.26) 

 The time derivative of V is therefore 

 

1

1 1

1 1

1 1

1 1

( ) ( )

  ( ) ( )

n n
T

i i i i i

i i

n n

i i i i i

i i

V s s dt

A dt

  

  

      

      

− −

= =

− −

= =

= +  +  − −

= +  +  − −

  

  

 (5.27) 

where 
1

TA s s= .  and  are positive gain. 

 Differentiation of Eq. (5.24) gives 

 = ds e ce q q ce   = + + + − + + +  (5.28) 

Substituting Eq. (5.8) into Eq. (5.28) yields 

 1 1( )( ( , )) ( ) ( , , , )ds q ce q q q q q q t   − −= + + + − − −M H M   (5.29) 

Substituting Eq. (5.25) into Eq. (5.29), we have 

1

1 2 3

1

1 1 1 1

1 2 3

( ){ ( ) ( , )+ ( )( ) ( )

    ( ) ( , )} ( ) ( , , , , )

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

d ds q ce q q q q q q ce k sgn s k s k

q q q q q q q t

q k sgn s q k s q k q q q q t

   

 

   

−

−

− − − −

= + + + − + + + + +

− − +

= − − − + + +

M M H M

M H M

M M M M





 (5.30) 

It can be seen that when  →  at t →
1( ) ( , , , )q q q t −= −M   then Eq. (5.30) becomes 

 1

1 2 3( )( ( ) ( )s q k sgn s k s k  −= − − − −M  (5.31) 

From Properties, we have 

 1 2 3

2

1
( ( ) ( ) )s I k sgn s k s k  


 − − − −  (5.32) 

and 

 

1 1 2 3

2

2

1 2 3

2 2 2

2

1 2 2

2 2

1
( ( ) ( ) )

1 1 1
             ( )

1 1
              =

T T

T

A s s s I k sgn s k s k

Ik s Ik s s I k

Ik s Ik s A

 


 
  

 

=  − − − −

= − − − −

− − −

 (5.33) 

In Eq. (5.33), we have 

2

TA s =  , 

where 3

2

1
( )I k 


 = − . Then, 
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2 1

1 1

1 1 2 2 1 3 3 2 1

1 2 1 2 3 2 3 3 3 1

1

1

( )

  ( ) ( ) ( ) ... ( )

  ( ) ( ) ( ) ... ( )

  = ( )

n n
T

i i i i i i

i i

n n n

n n

n

i i i

i

A s s s

s s s s

s s s s s s s s

s s



   

   



   

       

   



−

= =

+

=

=  =  =  −

=  − +  − +  − + +  −

= −  + −  + −  + + − 

− 

 



 (5.34) 

where 1  ( 1,2,.., ; 1 1)i i i n n + =  =  = + = . 

 Using Eq.s (5.21) and (5.24), we have 

 

1 1 1 1 1 1 1 1 1 1

1 1 1 1 1 1 1 1 1

( ) ( ) ( ) ( )

           ( ) ( )( ) ( )(2 ) ( ) (2 )

           

i i i i i i i i i i i i i i i i i i i i

i i i i i i i i i i i i i i i i

i

s s e c e dt e c e dt

e e c c e e dt

           

         



+ − − + + + + + + +

+ + + + − + + − +

− = + + − + − − − − − − −

= − + + − + + − − + + − −

= +

 



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

i i i i i i i i i ic dt        + + − + + − ++ − − + − −

(5.35) 

where 1 1

i

i i ic c c+ += + , 1 1

i

i i i  + += + and 1 1

i

i i i  + += + ( 1,2,..., 1 1)i n and n= + = . 

 Substituting Eq. (5.35) into Eq. (5.34) gives 

2 1

1

1 1 1 1

1 1 1 1

1 1 1 1 1 1 1

1 1 1 1

( )

(2 )
   

(2 )

   (2 ) + (2 )

   =

n

i i i

i

i i
n

i i i i i i i

ii
i i i i i

n n n n
i i i

i i i i i i i i i i i i i i i

i i i i

A s s

c

dt

c dt





   



     


   

             



+

=

+ + − +

= + − +

+ − + + + − +

= = = =

= − 

 + + − −
 = 
 + − −
 

=  +  + − −   − −






    

1 1 1 1 1

1 1 1 1

(2 ) + (2 )
n n n n

i

i i i i i i i i i i i i i

i i i i

c dt                 + − + − +

= = = =

 +  + − −   − −    

 (5.36) 

where 1/ 2 / 2i i   += = , 1/ 2 / 2i i   += = ( 1,2,..., 1 1)i n and n= + = . 

 In Eq. (5.36), we can simplify the expression with  

1 1 1 2 1 2 1 3 2 1 1

1

2 2 2 2 2 2

1 2 1 2 2 3 2 3 1 1

(2 ) (2 ) (2 ) ... (2 )

                                        ( 2 ) ( 2 ) ... ( 2 )

        

n

i i i i n n n n

i

n n n

       

     

                   

               

− + −

=

− −  =  − − +  − − + +  − −

=  + − +  + − + +  + −



2

1

1

                                 = ( )
n

i i

i

    +

=

 −

(5.37) 

and 

1 1 1 1 2 2 2 1 3

1

1 1

1

(2 )  = (2 ) (2 )

                                                 ... (2 )

                                            (

n

i i i i n

i

n n n

dt dt dt

dt

     

 

 

              

    

 

− +

=

−

 − −  − − +  − −

+ +  − −

= 

   



1 2 1 2 1

1 1

1 1

1

) ( ) ( ) ( )

                                                 ... ( ) ( )

                                            ( ) ( )

n n

n n

n

i i i i

i

dt dt

dt

dt

 

 

 

       

    

    − −

=

− − +  − −

+ +  − −

=  − −

 



 

 (5.38) 
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Substituting Eq.s (5.37) and (5.38) into Eq. (5.36) yields 

2 1 1 1 1 1

1 1 1 1

2 2

1 1 1 1

1 1 1 1

(2 ) (2 )

   ( ) ( ) ( )

n n n n
i

i i i i i i i i i i i i i

i i i i

n n n n
i

i i i i i i i i i i

i i i i

A c dt

c dt

     

     

             

          

+ − + − +

= = = =

+ + − −

= = = =

=  +  + − −  +  − −

=  +  +  − +  − −

    

    

 (5.39) 

Substituting Eq. (5.39) into Eq. (5.33) and then substituting Eq. (5.33)into Eq. (5.27) 

gives 

 
2 2 2

1 2 1 1

1 12 2

1 1
( ) 0

n n
i

i i i i

i i

V Ik s Ik s c      
 

+ +

= =

 − − −  −  −    (5.40) 

 Assume that , , andi i i is s   are bounded. Therefore, andi is   are uniformly 

continuous. Then, from Barbalat’s lemma, it is concluded that 0 and 0i is → →  as time 

t → .  

Now, we prove 0ie =  when 0is → and 0i → . From Eq.s (5.23) and (5.24), 0is →  implies

0iE → . Combining all Eq.s in Eq. (5.22) with indices 1 to n, one obtains 

 1 2

1

... 0
n

n i

i

e e e E
=

+ + + = =  (5.41) 

We also have 0i = when t → , which means 1 2 3 ... ne e e e= = = = . Substituting this part into 

Eq. (5.41) we have 

 1 2 3 ... 0ne e e e= = = = =  (5.42) 

Therefore, Theorem 2 is proven. 

5.5 Simulation Results 

 In this section, a simulation of the proposed fault-tolerant control algorithm for 

the 3-DOF manipulator shown in Figure 5.1 is described.  

 

Figure 5.1.3-DOF Robot Manipulator in MATLAB/Simulink. 

For this trajectory tracking simulation, the desired trajectories at each joint are given as 
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1

2

3

0.5sin( / 2)

0.3sin( )   

0.2sin( )   

d

d

d

q t

q t

q t

=


=
 =

 (5.43) 

The friction at each joint is assumed to be 

 
1 1 1

2 2 2

3 3 3

0.2 ( ) 0.3

0.2 ( ) 0.3

0.2 ( ) 0.3

f

f

f

F sgn q q

F sgn q q

F sgn q q

 = +


= +
 = +

 (5.44) 

5.5.1 Simulation 1 

 In this part, the parameter selection of the extended state observer as seen in Eq. 

(5.10) is explained. The total torque function at each joint is assumed to be 

 
1 1

2 2 2 2

3 3

                                            

(1 ( )) ( ) 5        

                                            

t

t

t

t f t t

 

  

 

 =


= − + 
 =

 (5.45) 

where for loss of effectiveness, 2 ( ) 0.4sin( )t t = , and a fault function 2 ( ) 60sin( / 2)f t t= . 

For the extended state observer of Eq. (5.10), the four parameters such as 1 2 3, ,   and 

should be suitably selected. The turning parameters in the set of 1 2 3, ,    that should 

satisfy the Hurwitz condition are quite related to the qualities of the observer such as the 

accuracy and peaking values. From this consideration, the turning parameters were set as

1 2 38, 28, 7  = = = . For  , Eq. (5.17) shows that the value of  highly affects the 

behaviour of the observer convergence. Therefore, three different values of 0.1, 0.01 = , 

and 0.001 were considered in this simulation. In Figure 5.2-b, it can be seen that the 

peaking value highly defends the selection of  . The smaller value of   causes faster 

convergence, but the high magnitude peaking value in the fault estimation. As a trade-off 

between the convergence and the peaking value, 0.01 = was selected.  

 

               a) Joint 1                                   b) Joint 2                                c) Joint 3 

Figure 5.2. Fault estimation results with a single fault at Joint 2 with the different values 

of  . 
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5.5.2 Simulation 2 

 For comparison, a passive fault-tolerant control with conventional sliding mode 

control (PFTC-SMC) and active fault-tolerant control with conventional sliding mode 

control (AFTC-SMC) were considered, in addition to the proposed active fault-tolerant 

control with synchronous sliding mode control (AFTC-SSMC).  

 The parameters of the observer were chosen as in Section 5.5.1. The AFTC-SMC 

is given as 

 0AFTC SMC smc ob   − = + +  (5.46) 

where 0 ( )( ) ( , )dq q ce q q = + +M H , 1 2sgn( )smc k s k s = + and ( )ob q = −M , in which the sliding 

mode surface is selected as 

 s e ce= +  (5.47) 

The parameters in AFTC-SMC were suitably chosen as

1(7;7;7), (220;220;220)c diag k diag= = , and 2 (250;250;250)k diag= . The PFTC-SMC is given as 

 1 2( )( ) ( , ) sgn( )PFTC SMC dq q ce q q k s k s − = + + + +M H  (5.48) 

The parameters in PFTC-SMC were suitably chosen as (7;7;7)c diag= , 

1 (220;220;220)k diag=  and 2 (250;250;250)k diag= . The parameters of AFTC-SSMC were 

suitably chosen as (7;7;7),c diag=  (20;20;20)diag = , (0.5;0.5;0.5)diag = , 

1 (220;220;220)k diag= , 2 (250;250;250)k diag=  and 3 (30,30,30)k diag= . 

 To avoid chattering, the signum function in Eq.s (5.25), (5.46), and (5.48) are 

replaced with the saturation function, 

 
( )    

( )
          

sgn s if s

sat s s
if s






 


= 




 (5.49) 

where 1.7 = . 

 In this case, a failure occurs only at a single joint. The total torque function at each 

joint is assumed to be 

 
1 1

2 2 2 2

3 3

                                            

(1 ( )) ( ) 5        

                                            

t

t

t

t f t t

 

  

 

 =


= − + 
 =

 (5.50) 

where 2 ( ) 0.4sin( )t t = and 2 ( ) 60sin( / 2)f t t= . 

 In Figure 5.3-b, the single fault occurs at Joint 2 after five seconds. Figure 5.3 

shows the fault estimation algorithm given in Eq. (5.10) seems to be working well even 

though its estimation error still exists on the order of 1/100 of the fault magnitude. In 
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Figure 5.4, without fault estimation, PFTC-SMC cannot guarantee the performance after 

the fault occurs. Unlike PFTC, the joint position errors of AFTC-SMC and proposed 

AFTC-SSMC look very different, but they were all on the order of 10-3, so that the overall 

trajectory tracking performance of the two control algorithms can be said to be acceptable 

in this simulation. However, it can be seen that the proposed AFTC-SSMC has very high 

accuracy after a fault occurs. This fault-tolerant capability can be said to come from the 

synchronous SMC. Each joint error is coupled and constrained due to the synchronization 

errors and the newly defined synchronous sliding surface. 

   

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.3.Fault estimation results with a single fault at Joint 2. 

   

               a) Joint 1                b) Joint 2                   c) Joint 3 

Figure 5.4.Tracking error at each joint in the simulation with a single fault at Joint 2. 

5.5.3 Simulation 3 

 In this part, the effect of the actuator loss effectiveness factor to the proposed 

fault-tolerant control is discussed. The assumed fault is given as 

 
1 1

2 2 2 2

3 3

                                            

(1 ( )) ( ) 5        

                                            

t

t

t

t f t t

 

  

 

 =


= − + 
 =

 (5.51) 

where the fault function of 2 ( ) 60sin( / 2)f t t= and 2 ( )t  with the different values such as 

C1: 2 ( ) 0.1t = , C2: 2 ( ) 0.5t = , C3: 2 ( ) 0.9t = . The selected parameters of the observer are 

in Section 5.5.2 
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a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.5.Estimated fault with the different values of 2 ( )t . 

   

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.6.Tracking error at each joint with different values of 
2 ( )t . 

Even though the total fault function has a large magnitude with 
2 ( )t of 0.9 as seen in 

Figure 5.5-b, each joint error was still less than the value of 310− in Figure 5.6. Therefore, 

it can be said that the proposed fault-tolerant control can have the capability to show 

acceptable performances, even in the case of a high value of
2 ( )t . 

5.5.4 Simulation 4 

 To test the robustness of the fault-tolerant characteristics of the proposed 

algorithm, simulations with multiple faults were performed with the three control 

algorithms Eq.s (5.25), (5.46), and (5.48), for which the parameters were selected in 

Section 5.5.2. Multiple faults/failure functions were assumed to be 

 
1 1 1

2 2 2 2

3 3 3

( )    5                            

(1 ( )) + ( )    5               

=(1- ( ))        5                       

t

t

t

f t t

t f t t

t t

 

  

  

 = + 


= − 
 

 (5.52) 

where 
1( ) 60f t = , 

2 ( ) 0.4sin( )t t = , 
2 ( ) 60sin( / 2)f t t= , and 

3
( ) 0.7 sin( )t t = . 

 Multiple faults simultaneously occurring at each joint seemed to burden the 

control system more than a single fault did. However, the proposed algorithm still resulted 

in smaller position-tracking errors than the conventional algorithm, demonstrating fault-

tolerant characteristics, as seen in Figure 5.8. 
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a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.7.Fault estimation results in the simulation with multiple joint faults. 

   

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.8.Tracking error at each joint in the simulation with multiple joint faults. 

Remark 1: As mentioned in Section 1, the accuracy of fault estimation highly affects the 

performance of AFTCs, so Simulation 1 discussed the design of ESO. As a trade-off 

between the convergence and the peaking value of estimation results, the parameters of 

the observer were selected by using a trial–error technique, as shown in the Simulation 1 

results. In Simulations 2,3, and 4, the outperformance of the proposed controller was 

presented by the tracking trajectory error results. In Simulation 3, the robustness of the 

proposed controller was described with a high magnitude of fault. In this case, PFTC-

SMC and AFTC-SMC could not guarantee stability of the system. However, the proposed 

AFTC-SSMC could keep the system stable and showed acceptable performance results 

with the tracking trajectory error inside 310− rad. In Simulations 2 and 4, single and 

multiple faults were presented. Compared with the two fault-tolerant controllers without 

the consideration of the synchronization error, the proposed controller can reduce the 

picking phenomenon due to the simultaneous approach to zero at each joint of the 

synchronization technique. This characteristic of synchronization control can act to 

prevent the slow response of AFTCs. 
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5.6 Experimental Results 

 In this section, the real implementation of fault-tolerant control with AFTC-SMC 

and the proposed AFTC-SSMC is described, and the experimental results were compared 

and discussed in the case of both single and the multiple joint faults.  

 

Figure 5.9.The experimental setup with FARA-AT2 Robot 

5.6.1 Experimental Setup 

 The experimental setup is shown in Figure 5.9 with a 3-DOF FARA-AT2 robot 

manipulator. This robot manipulator has 6-DOF, but for these experiment joints 4, 5, and 

6 were blocked. The 3-DOF FARA-AT2 robot had a CSMP series motor at each joint, 

and aCSMP-02BB driver was used for Joints 1 and 2 while the CSMP-01BB driver was 

used for Joint 3. The gear box at each joint is 120:1,120:1, 100:1 at Joints 1, 2, and 3, 

respectively. The encoder at each joint was a 2048 line count incremental encoder. The 

controller ran on Labview-FPGA NI-PXI-8110 and NI-PXI-7842R PXI cards with the 

frequency control set at 500Hz. NI-PXI-8110 was run on a Windows operating system.  

 The desired trajectory at each joint is given as 

 ( ) sin( )    ( 1,2,3)
6 1600

i

t
q t i

 
= =    (5.53) 

5.6.2 Experimental Design 

 To reduce the high-frequency chattering of fault estimation of  in Eq. (5.10) 

before it is used in the AFTC scheme, a simple low-pass filter was designed as  

 
1(1 )filted filted

k k k   −= − +  (5.54) 

where filted

k and 
k are the output and input, respectively, of the low-pass filter at the thk  

step. The low-pass filter as seen in Figure 5.10 and Figure 5.13 allows the signal from the 

fault estimation (FE) to become smoother and is suitably applied to the AFTC schemes. 

However, the FE also increases the time delay of the feedback to the controller. To ensure 

that the smoothness and time delay are acceptable, 0.05 =  was selected. 
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 The related parameters of the FE in Eq. (5.10)can be suitably selected as  

1 2 32, 3, 0.3  = = = , and 0.01 = . 

 The parameters of AFTC-SMC were suitably selected as 

1(3;3;3), (50;110;90)c diag k diag= = , and
2 (50;100;90)k diag= . 

 The parameters of the proposed AFTC-SSMC were suitably chosen as 

(3;3;3),c diag= (3;3;3)diag = , (1.5;1.5;1.5)diag = , 
1 (50;110;90)k diag= , 

2 (50;100;90)k diag= ,

3
(30, 30, 30)k diag= , and the sign  function in the control law in Eq. (5.46) and the AFTC-

SSMC was replaced by the saturation function  

( )  

/      

sgn s if s
sat

s if s



 


= 


, 

where 1.6 = . 

5.6.3 Experimental Results 

a)  Single Fault 

 In this experiment, the fault occurred only at a single joint after 10 s. The desired 

fault function includes bias, and the fault is assumed to be 

 
1 1

2 2 2 2

3 3

                                            

(1 ( )) ( ) 5000

                                            

t

t

t

t f t t

 

  

 

 =


= − + 
 =

 (5.55) 

where 
2 ( ) 0.4sin( / 2400)t t = and 

2 ( ) 60sin( / 2400)f t t= − . 

 The results are shown in Figure 5.10, Figure 5.11,and Figure 5.12. First, in Figure 

5.10, the fault estimation is presented where the dashed aqua and pink lines are the upper 

and lower thresholds, respectively. The estimation results of the uncertainties and 

disturbance were within the thresholds for Joints 1 and 3, and for Joint 2 before the fault 

occurred. In contrast to the simulation results, the fault estimation results were not close 

to 0 before the fault occurred because in practice, relatively high value for the 

uncertainties and disturbances always exist. Therefore, using such thresholds is a good 

method for monitoring when faults occur in real applications. As shown in Figure 5.10, 

the extended state observer estimated the fault well. In Figure 5.11, the tracking error 

performance at each joint is shown. Before the fault occurred, the tracking trajectory of 

the proposed AFTC had no advantage over the AFTC with conventional sliding mode 

control. However, after the fault occurred, the advantages of the proposed AFTC were 

observed; the error at Joint 2 with AFTC-SSMC was smaller than that of AFTC-SMC, 

and the joint error was approximately 0.005rad when the fault occurred. This means that 
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the proposed controller has the ability to prevent tracking errors from getting larger due 

to a fault, and thus averting a critical condition (Figure 5.11-b); the Joint 2 error of the 

AFTC-SSMC was reduced when compared to that of the AFTC-SMC after faults. 

However, the Joints 1 and 3 errors of AFTC-SSMC were slightly increased compared 

with those of AFTC-SMC after faults (Figure 5.11-a, and c). This is probably due to the 

synchronization techniques, which tend to drive all joint errors to be comparable. The 

proposed synchronous control seems well-suited for fault-tolerant control. In addition, 

the synchronization joint errors theoretically approached zero, and as shown in Figure 

5.12, they remained less than ~0.0025rad in this experiment. 

   

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.10.Fault estimation results with a single joint fault occurring at Joint 2. The 

aqua and pink dashed lines are the upper and lower thresholds, respectively. 

   

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.11.Tracking error at each joint with a single joint fault occurring at Joint 2. 
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a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.12.The synchronization error with a single joint fault occurring at Joint 2. 

b)  Multiple Faults 

 The effectiveness of the proposed fault-tolerant control in the case of multiple 

faults was also investigated. The desired faults occurred after 10 second are assumed to 

be  

 
1 1 1

2 2 2 2

3 3 3

( )    5000                            

(1 ρ ( )) + ( )    5000               

=(1-ρ ( ))        5000                       

t
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f t t

t f t t

t t

 

 

 

 = + 


= − 
 

 (5.56) 

where 
1( ) 30f t = , 

2 ( ) 0.4sin( / 2400)t t = , 
2
( ) 60sin( / 2400)f t t= − , and

3 ( ) 0.7t = − . 

 The overall results of this experiment are similar to the previous results from the 

simulations and the single fault experiments. The fault estimation capability is still at the 

same level as that of the single fault case, as seen in Figure 5.13. The trajectory tracking 

performances of the two algorithms can be said to have behaviours similar to those seen 

in Figure 5.14. AFTC-SSMC showed the smaller trajectory tracking errors, especially 

after the faults occurred at 10 s, demonstrating the fault-tolerant characteristics, even in 

this multiple fault case. In Figure 5.14-a, and b, it can be seen that the picking 

phenomenon due to the slow response of the AFTC strategy was reduced by using the 

synchronization technique. And the synchronization joint errors were shown in Figure 

5.15. 
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                 a) Joint 1                                     b) Joint 2                               c) Joint3 

Figure 5.13.Fault estimation results with multiple faults. The aqua and pink dashed lines 

are upper and lower thresholds, respectively. 

 

   

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.14.The error at joints with multiple faults. 

   

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 5.15.The synchronization error with multiple faults. 

Remark 2: In this section, the experimental results were discussed. The resulting tracking 

trajectory errors were shown with single and multiple faults. In a real system, the 

uncertainties and disturbances have a higher magnitude than that of the simulation 

environment. Due to the limitation of selection parameters in a real system, the robot 

system with PFTC-SMC failed when multiple faults occurred. Therefore, in these 

experimental results, only the results of AFTC-SMC and the proposed AFTC-SSMC were 

presented. As mentioned in Section 1, the synchronization technique does not show 

effectiveness in an open-chain system such as a serial robot manipulator. Therefore, 

before a fault occurs, both controllers have a similar accuracy level. After a fault occurs, 
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due to the slow response of AFTCs, the controller without the consideration of the 

synchronization error showed a high picking value at the joint fault. The proposed 

controller with a constraint within the synchronization technique quickly responded to 

the occurrence of faults before the system had the feed-back information from fault 

estimation. Hence, AFTC-SSMC showed better performance than AFTC-SMC. 

However, in a real system, due to the limitation of adjustment controller parameters, the 

error at joints without faults were slightly increased when compared with those of AFTC-

SMC by the synchronization technique. This characteristic may be a disadvantage of this 

proposed controller. However, the AFTC-SSMC still showed an acceptable performance 

at these actuators. 

5.7 Conclusions 

 In this chapter, an active fault-tolerant control for a robot manipulator based on 

synchronous sliding mode was proposed. To verify its effectiveness, experimental 

implementation of the proposed control algorithm for a three degree-of-freedom FARA-

AT2 robot were carried out and compared with the active fault-tolerant control with 

conventional sliding mode control in the both single and multiple fault cases. The results 

indicate that the active fault-tolerant control with synchronous sliding mode control has 

better fault-tolerant capability and results in better trajectory tracking performance when 

compared to the active fault-tolerant control with conventional sliding mode control 

algorithms. This fault-tolerant capability comes from synchronous sliding mode control, 

because each joint error is coupled and constrained due to the synchronization errors and 

newly defined synchronous sliding surface. Future work includes the optimal tuning of 

synchronization parameters by following some methods (e.g., the genetic algorithm, 

neural network technique, etc.) In addition, the synchronization technique will be applied 

to finite-time control such as terminal sliding mode control, non-singular terminal sliding 

mode control, and so on, in fault-tolerant control for a serial robot manipulator. 



Chapter 6:Finite-Time Fault-tolerant Control Based on Synchronous Terminal Sliding 

Mode Control 

 

74 

 

Chapter 6: Finite-Time Fault-tolerant 
Control Based on Synchronous 
Terminal Sliding Mode Control 

 In this chapter, two finite-time active fault-tolerant controllers for a robot 

manipulator, which combine a synchronous terminal sliding mode control with an 

extended state observer, are proposed. First, an extended state observer is adopted to 

estimate the lumped uncertainties, disturbances, and faults. The estimation information is 

used to compensate the controller designed in the following step. We present an active 

fault-tolerant control with finite-time synchronous terminal sliding mode control, largely 

based on a novel finite-time synchronization error and coupling position error. We also 

present an active fault-tolerant control that does not use a coupling position error. By 

using synchronization control, the position error at each joint can simultaneously 

approach toward zero and toward equality, which may reduce the picking phenomenon 

associated with the active fault-tolerant controller strategy. Finally, simulation and 

experimental results for a three degree-of-freedom robot manipulator verify the 

effectiveness of the two proposed active fault-tolerant controllers. 

6.1 Introduction 

 In robot manipulator systems, the occurrence of faults or failures in the actuators 

or sensors may lead to degraded robot system performance, system breakdown, and 

economic loss. In response to the requirements of enhanced reliability and safety, fault-

tolerant control (FTC) has attracted the attention of researchers over the past few decades. 

FTC strategies can be divided into two main types [68]: passive FTC (PFTC) [2,3], and 

active FTC (AFTC) [1, 19, 69]. 

 In PFTC, the ability to tolerate abnormal operation in the presence of 

faults/failures in components mainly depends on the robustness of the controller, which 

can use sliding mode control (SMC) [7,8] or adaptive control [9, 58]. For example, in 

SMC, faults are considered to be external disturbances. To guarantee the stability of a 

system, knowledge of the bounded values of the faults is required in the SMC design. 

However, when the bounded value of a fault has a high magnitude, oscillation can occur 
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during normal operation of a system due to the problem of high gain control. Therefore, 

the ability of PFTC to deal with high magnitude faults is limited. Unlike PFTC, AFTC 

uses the fault information from the fault estimation process to compensate the 

conventional controller. Fault estimation (FE) is a powerful technique that includes fault 

detection, fault isolation, and fault identification within a step. The accuracy of the FE 

highly affects the performance of AFTC, so many estimation techniques have been 

developed to improve FE accuracy, such as sliding mode fault estimation [11,12], the 

extended state observer technique [6,13], and the learning observer technique [69]. The 

combination of FE and a conventional controller not only helps AFTC handle faults with 

a high magnitude, but also overcomes the high gain control issue associated with PFTC. 

Most work on developing AFTC focuses on improving the FE accuracy [14,15] or 

increasing performance of the controller [5,16]. Those AFTC approaches have led to 

acceptable performance, but the slow response issue still exists, causing the picking 

phenomenon after a fault occurs. This strongly affects the performance of AFTC. 

Therefore, in this chapter, using the concept of synchronization control, reduction of the 

picking phenomenon is addressed to increase the performance of AFTC. 

 Synchronization control is known as an effective controller for close-loop chain 

mechanism systems, such as parallel robot manipulators[73], cable-driver parallel 

manipulators[18,19], dual-drive gantry mechanisms [21], and cooperation robot 

manipulators[64]. Due to the constraints of the close-loop chain and the existence of 

position errors at the actuators during motion of the system, tensor internal forces may 

occur. This type of force is considered to be an internal uncertainty that can degrade the 

performance of a conventional controller. Using a synchronization controller, the position 

errors can simultaneously be equal and tend to zero, reducing the effect of the internal 

force. Therefore, the synchronization control technique can improve performance of a 

close-loop chain system. In an open-chain system, such as a serial robot manipulator, this 

kind of internal force may not exist, so the synchronization technique is not effective. 

However, the position errors at each joint still simultaneously approach zero when using 

synchronization control. In this chapter, we use the synchronization technique in a fault-

tolerant controller to reduce the effect of the picking phenomenon associated with the 

AFTC strategy (AFTCs). When a fault occurs at an actuator, a controller using the 

synchronization technique can make the position error at each joint equal, so the 

controller can quickly respond to a fault before the controller has the feedback 
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information from the fault estimation process. Therefore, the picking phenomenon can be 

reduced. 

 In this chapter, two finite-time active fault-tolerant controls for robot manipulators 

are proposed. Both use a synchronization technique based on the synchronous terminal 

sliding mode control (S-TSMC) and the extended state observer. First, to estimate lumped 

uncertainties, disturbances, and faults, an extended state observer (ESO) [60] is adopted. 

An ESO is a simple technique for estimating faults in which simply adjusting the observer 

parameters leads to simple application in real systems. Next, an AFTC using the 

synchronization technique based on terminal sliding mode control (TSMC)[75] with a 

novel synchronization error and coupling position error (AFTC IS-TSMC) is proposed. 

The novel synchronization error can approach zero in a finite time compared to the 

conventional coupling position error in [76]. In addition, the novel synchronization error 

has an advantage over the conventional error [77], because it is more closely related to 

other joints. Compared with existing finite-time synchronization controls, such as [78], 

the novel synchronization error does not lead to a singularity when the desired trajectory 

crosses zero. This improves the range of the robot manipulator over that in[78]. Some 

authors (such as in [27,28]) use graphic theory and prescribe performance control in the 

synchronization control. However, the conventional prescribed performance term can 

become a singularity during operation, and graphic theory may not be suitable for a single 

robot manipulator controller. The second proposed AFTC based on the synchronization 

technique (AFTC S-TSMC), but without the coupling position error, is designed to 

improve the synchronization of the synchronous terminal sliding mode control. With the 

combination of ESO and the synchronization technique, the two proposed AFTC S-

TSMCs can avoid the drawbacks of the PFTC strategy, and their fast response leads to a 

robot system that can deal with high-magnitude faults while reducing the picking 

phenomenon. Finally, both simulated and experimental results from the two proposed 

AFTCs verify the effectiveness of the two novel synchronous terminal sliding mode 

controllers. The contributions of this chapter are summarized as follows: 

 (1) Two active fault-tolerant control algorithms for robot manipulators, based on 

novel finite-time synchronous terminal sliding mode controllers and an extended 

state observer, are proposed. The novel finite-time synchronization technique has 

the ability to make both the joint position error and the synchronization error 

simultaneously approach to zero. Due to these internal constraints of the 
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synchronization control, the proposed controller can make the system quickly 

respond to the faults in a forward way before its feedback response after a fault 

estimation. Therefore, the proposed controller can reduce the occurrence of the 

picking phenomenon due to the slow feedback response of AFTC strategy. 

 (2) The novel synchronization error leads to better synchronization because it uses 

more information from other joints than the conventional synchronization error in 

[77],which has the information from only one neighbor joint. 

 (3) The novel coupling error can make the position error approach zero in a finite-

time while the conventional coupling error in [76] cannot guarantee the finite-time 

convergence. 

 (4) Two proposed AFTCs can avoid the singularity in both the desired trajectory 

and the control action, while the control algorithms in [26–28] cannot guarantee 

avoiding the singularity. This ability allows increase in the workspace of the robot. 

 (5) Experimental results show the effectiveness of the proposed AFTC in reducing 

both the picking phenomenon and in handling faults of high magnitude. 

 The rest of this chapter is organized as follows. In Section 2, the dynamic model 

of a robot manipulator and associated faults are presented. Fault estimation based on the 

extended state observer is discussed in Section 3. In Section 4, a novel synchronization 

error, coupling position error, and the finite-time active fault-tolerant control using a 

synchronous fast terminal sliding mode control are proposed. Simulation results and 

discussion about the effect of synchronization parameters are given in Section 5. In 

Section 6, the experimental results are shown to verify the effectiveness of the proposed 

AFTC. Finally, conclusions are given in Section 7. 

6.2 Dynamic Model of a Robot Manipulator and Faults 

 The dynamics of an n-degree-of-freedom (DOF) robot manipulator are defined 

as: 

( ) ( , ) ( ) ( )fM q q C q q q G q F q + + + =     (6.1) 

where , , nq q q are the vectors for joint acceleration, velocity, and position, 

respectively. ( ) n nM q  , ( , ) n nC q q  , and ( ) nG q   represent the inertia matrix, the 

centripetal and Coriolis matrix, and the vector of gravitation force, respectively. 

( ) n

fF q  is the vector of friction term which includes a viscous friction and a dynamic 

friction, and n  is the vector of torque at the joints. 
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 In practice, the dynamic model of a robot is not known exactly, so Eq. (6.1) can be 

written as: 

( ( ) ( )) ( ( , ) ( , )) ( ( ) ( )) ( ( ) ( ))
f f

q M q q q q C q q q q G q q F q  +  + +  + +  + +  + =M C G F   (6.2) 

where , ,M C G   , and F  are unknown dynamic uncertainties, and   is an unknown 

external disturbance. ( ), ( , ), ( ) and ( )q q q q qM C G F are estimates of ( ), ( , ), ( ) and ( )M q C q q G q F q . 

 Thus, Eq. (6.2) can be rewritten as: 

 ( ) ( , ) ( ) ( )fq q q q q q q + + + + =M C G F   (6.3) 

where Mq Cq G F =  + + + + . 

 In general, actuator faults can be divided into two types: bias faults and gain faults. 

In a robot manipulator, these are known as loss-of-effectiveness and lock-in-place faults. 

In practice, both kinds of actuator faults commonly occur. Therefore, the total torque 

including both kinds of actuator faults can be comprehensively described as: 

( ( )) ( ) ( )t

f
I t t t t = − + f  (6.4) 

where ( ) ( )
i

nt diag f= f  denotes a bounded signal. ( ) ( ( )) n nt diag ti
=  , 0 ( ) 1

i
t 

( 1,2,..., )i n= , which is unknown, denotes the remaining control rate. n nI  is the 

identity matrix, and
ft  is the time of occurrence of each fault. 

 Substituting Eq. (6.4) into Eq. (6.3), the dynamics model of an n-degree-of-

freedom robot manipulator with actuator faults can be written as: 

 ( ) ( , ) ( ) ( ) ( ( )) ( )
f

q q q q q q q I t t+ + + + = − +M C G F f   (6.5) 

6.3 Fault Estimation Using an Extended State Observer 

 In this section, an extended state observer of uncertainties/disturbances and 

faults/failures is presented. 

 The dynamic model of the robot manipulator of Eq.  (6.5) can be rewritten in state 

space as: 

 1 1( )( ( , )) ( )q q q q q− −= − −M H M   (6.6) 

where ( , ) ( , ) ( ) ( )fq q q q q q q= + +H C G F . ( , , , , ) ( ) ( )q q q t t t = + − f   represents uncertainties or 

disturbances and faults/failures. 

 In the state space, the dynamic model of Eq. (6.6) becomes: 

 1 2

2 1 2 2 2

                                              

( , , ) ( , , , )

x x

x f x x x x t  

=


= +
 (6.7) 

where 
1

nx q=  ,
2

nx q=  , 1

1 2( , , ) ( )( ( , ))f x x q q q −= −M H , and 1

1 2( , , , ) ( )x x t q  −= −M  . 
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 An extended state observer [60] is given as: 

 

1

1 2 1 1

2

2 1 2 1 12

3

1 13

ˆ ˆ ˆ( )                   

ˆ ˆˆ ˆ ˆ( , , ) ( )

ˆ ˆ( )                            

x x x x

x f x x x x

x x






 









= + −




= + − +



= −


 (6.8) 

where 
1 2

ˆˆ ˆ, ,x x f , and ̂ are estimates of 
1 2, ,x x f , and  , respectively,

1 2,  , and
3  are 

positive constants, polynomial 3 2

1 2 3s s s  + + +  is Hurwitz, and 0 1  . 

 The stability of system Eq. (6.7) with observer Eq. (6.8) is shown in [6] with the 

conditions 0 1  and L  . The observer error convergence is given as: 

 
min

2

( )

L PB
e

Q




  (6.9) 

where 

1

2

3

1 0 0

0 1 and 0

0 0 1

A B







−   
   

= − =
   
   −   

,and there is a symmetric positive definite matrix Q 

satisfying the Lyapunov Eq.: 

 TA P PA Q+ = −  (6.10) 

6.4 Finite-Time Fault-Tolerant Control Using Synchronous Terminal Sliding Mode 

Control 

 In this section, two finite-time fault-tolerant controls based on a synchronous 

terminal sliding mode control are proposed. 

 Some definition will be useful in the rest of the chapter. 

Definition 1. We define 1 2

1 1 2 2( ), ( ),..., ( )n
T

n

n nx x sign x x sign x x sign x
      = 

 
, where 

( 1,2,..., ) 0i i n =  and ( )idiag  = .
1 2[ , ,..., ]T n

nx x x x=  and 
1 2[ , ,..., ]T n

ny y y y=  . 

Definition 2. We define  1 1 2 2, ,...,
T n

n nx y x y x y x y =  . 

Definition 3. The time derivative of x   is 

1 1 1 1

1 1 2 2, ,..., T

n n

d
x x x x x x x x x

dt

  
  

− − − −    =   =
 

, 

and 1 2 11 1

1 2, ,..., nI n

nx x x x
  −− −−  =   , where (1) n nI diag =  . 

 The novel synchronization error is defined as: 
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1 1 1 1 2 1

2 2 1 2 2 3 2 1

1 2 1

(1 )

(1 )

(1 )

n n

n n n n n n

e e e

e e e

e e e

    

    

    −

= + − −

= + − −

= + − −

 (6.11) 

where ( 1,2,..., )ie i n= is the error at each joint, and ( 1,2,..., )i i n = is the corresponding 

positive gain. In matrix form, 

 Te =  (6.12) 

where 
1 2[ , ,..., ]T n

n   =  ,
1 2[ , ,..., ]T n

ne e e e=  , n nT  , and 

 

1 1 1

2 2 1 2

3 3 2

1

(1 ) 0

(1 ) 0

0 (1 ) 0

0 (1 )

n

n n n n

T

   

   

  

    −

+ − − 
 

− + −
 
 = − +
 
 
 − − + 

 (6.13) 

6.4.1 The Proposed Active Fault-Tolerant Control with Integral Synchronous 

Terminal Sliding Mode Control (AFTC IS-TSMC) 

 The novel finite-time coupling position error is defined as: 

 E e dt   = +    (6.14) 

where  1 2, ,...,
T n

nE E E E=  , ( ) n n

idiag  =  , and ( ) n n

idiag  =  are coupling 

parameters and positive ( ) 0 1i idiag   =   . 

 The synchronous terminal sliding surface is defined as: 

 S E = +  (6.15) 

where  1 2, ,...,
T n

nS S S S=  , 1 2, ,...,
T

n

nE E E E =   , ( ) n n

idiag   =  , and 0i  . 

 The proposed finite-time active fault-tolerant control is given as: 

 
0eq ob   = + +  (6.16) 

where ( )1 1( ) ( , )
I I

eq dq q q q     
− −− −= +   +   M + H ,

0 1( ) ( )q K sign S = M ,

ˆ( )ob q = −M , where
1 1( ) n n

iK diag k =  . 

Theorem 1. The system described in Eq. (6.5), using the controller specified in Eq. (6.16) 

guarantees that 0e → as finite-time. 

Proof of Theorem 1. The Lyapunov function can be selected as: 

 
1

2

TV S S=  (6.17) 

 The time derivative of V in Eq. (6.17) is: 
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( )
( )( )

( )

1

1

1

1

  

  

( ) ( , )

  ( ) ( , , , )

T

T

IT

d

Id

T

I

V S S

S E

S q q

q q q q

S q q q t

   


   



−

− −

−
−

−

−

=

= +  

= − +   +   

  − −
 +  

  = + 
 
 +   

M H

M 

 (6.18) 

Substituting Eq. (6.16) into Eq. (6.18): 

 
( )1

1

2
1

( )

   0

TV S K sign S

V

= −

 − 

 (6.19) 

where 
1 min 1( )K = . When 0S = converges, then 0E = and 0E = , and we have: 

 
1

1 1 1

1 1

(1 )
(1 )

i

i i

i

i i ii

i i i i i i i

i i i ii

e

e
e e e sign

e e










 
   

 

−

− − +

− +

= −  

+ 
= − + − −  

− − 

 (6.20) 

The system in Eq. (6.20) has equilibrium points at 0 ( 1,2,..., ; 1 1)ie i n n= = + = . 

 According to the definition of terminal attractors [81], we have: 

 
1

1 1 1(1 )i i i

i i i i i i i

j i j

e
e e e

e e

 
   



−

− − +

 
= + − − = 

 
 (6.21) 

where ( 1, , 1) ( 1,2,..., )j i i i i n= − + = . 

 From Eq.(6.21), we have 0( 1,2,..., ; )ie i n→ = at a finite-time. Therefore, Theorem 1 

is proven. 

 
 

Figure 6.1. The block diagram of the proposed controller active fault-tolerant control 

with AFTC IS-TSMC. 
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 In Figure 6.1, the block diagram of the proposed controller AFTC IS-TSMC is 

presented. The block T in the diagram is synchronization matrix in Eq. (6.13). The block 

of Fault Estimation uses the extended state observer in Eq. (6.8). The fault estimation 

results were used to compensate with a novel finite-time synchronous terminal sliding 

mode controller 1.  

Remark 1. Time convergence from initial state to zero: 

 
i ir s et t t t= + +  (6.22) 

Time convergence 0S → : 

 
1

2
1 0 2 2

1

2
ln lnrt V  



  
 + −   

  
 (6.23) 

Time convergence 0E → : 

 ( )( )1

2 1

1
(1) ln (0) ln

(1 )
i

is i i

i i

t E
c

  


−
= + −

−
 (6.24) 

Time convergence 0ie → : 

 ( )
1

1 1(0) (0) (0)
(1 )

i

i

i

e i i i

i i

t ax bx cx


 

−

− += + +
−

 (6.25) 

where 
11 ,i i ia b −= + = −  and 

ic = − . 

6.4.2 The Proposed Active Fault-Tolerant Control with Synchronous Terminal Sliding 

Mode Control 2 (AFTC S-TSMC) 

 The novel synchronous terminal sliding surface: 

 
  

S e

e Te

 







= +  

= +  
 (6.26) 

where ( ) n n

idiag  =  is the positive matrix gain. 

 The proposed active fault-tolerant control with synchronous terminal sliding 

mode (AFTC S-TSMC) is given as: 

 
0eq ob   = + +  (6.27) 

 

where ( )( ) ( , )
I

eq dq q q q   
−

= +   +M H ,
1( ) ( )o q K sign S = M , ˆ( )ob q = −M  and where

1 1( ) n n

iK diag k =  . 

Theorem 2. The system described in Eq. (6.5), using the controller specified in Eq. (6.27) 

guarantees that 0e → as finite-time. 

Proof of Theorem 2. The Lyapunov function can be selected as: 
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1

2

TV S S=  (6.28) 

 The time derivative of V in Eq. (6.28) is: 

 

( )

( )
( )1

1

   = 

  

( ) ( , )
  

( ) ( , , , )

T

IT

IT

d

dT

I

V S S

S e

S q q

q q q q
S

q q q t

  

  



   

−

−

−

−−

=

+ 

= − + 

 − −
 =
 + +   

M H

M 

 (6.29) 

Substituting Eq. (6.27) into Eq. (6.29) we have: 

 
1

2
1 1( ) 0TV S K sign S V= −  −   (6.30) 

where 
1 min 1( )K = .When the sliding mode achieves, the system become as Eq. (6.20) and 

shown as above. Therefore, Theorem 2 is proven. 

 In Figure 6.2, the block diagram of the proposed controller AFTC S-TSMC was 

shown. The block T is the synchronization matrix in Eq. (6.13). The block of Fault 

Estimation uses the same extended state observer in Eq. (6.8) to estimate the lumped 

uncertainties, disturbances and faults. Compared with the first proposed controller, the 

second proposed controller has less computation, and the ability to converge in a finite-

time. 

 

Figure 6.2. The block diagram of the proposed controller active fault-tolerant control 

with synchronous terminal sliding mode control 2 (AFTC S-TSMC). 

Remark 2. A singularity may occur at and
I I

E
− −

in Eq. (6.16) and Eq. (6.27) as S

approaches zero. By using saturation function ( , ), andI

ssat x u x E− =  where 0su  , the 

singularity can be avoided and the system retains finite-time stability [75]. 

Remark 3. The time convergence can be shown as: 
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ir et t t= +  (6.31) 

where 
rt is as shown in Eq. (6.23), and 

iet is as shown in Eq. (6.25). 

6.5 Simulation Results 

 In this section, the simulation results for a conventional terminal sliding mode 

control combined with an extended state observer([75]+ESO) and the two proposed 

AFTCs on a 3-DOF robot manipulator are shown and discussed. The mechanical model 

of the 3-DOF robot manipulator was built on the SolidWorks (Dassault Systems, 

Waltham, Massachusetts, USA) with the geometry parameters from the catalogue of the 

SAMSUNG FARA-AT2 (Samsung, Namdong-gu, Incheon, Korea). Then, a robot 

manipulator model was exported to Matlab (MathWorks, Natick, Massachusetts, USA) 

simulation environment by Simmechanics toolbox. It can be seen in Figure 6.3, and the 

parameters of the robot manipulator are shown in Table 6.1. 

 

Figure 6.3. A 3-degree-of-freedom (DOF) robot manipulator in Matlab/Simulink. 

Table 6.1. Parameters of 3-DOF robot manipulator in Matlab simulation. 

Links Length (m) Weight (kg) Center of Mass (m) Inertia (kg.m2) 

Link 1 0.15 56.5 [−98.3 × 10−3−2.9 × 10−8−85.4 × 10−3 ] [Ixx=0.39 Iyy=0.59 Izz=0.56] 

Link 2 0.255 35.6 [−5.5 × 10−30.001 × 10−3−156.9 × 10−3] [Ixx=0.76 Iyy=0.44 Izz=0.39 

Link 3 0.41 58.9 [54.6 × 10−3−0.01 × 10−3 80.5 × 10−3] [Ixx=0.22 Iyy=1.2 Izz=1.2] 

 

For this trajectory tracking simulation, the desired trajectories at each joint are given as: 

 

1

2

3

0.5cos( / 2) 0.5

0.3cos( ) 0.3   

0.2cos( ) 0.2   

d

d

d

q t

q t

q t

= −


= −
 = −

 (6.32) 

 

where 
dq and 

dq are the first order and second order derivatives of the desired position, 

respectively. 

 The friction at each joint was assumed to be: 
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1 1 1

2 2 2

3 3 3

0.2 ( ) 0.3

0.2 ( ) 0.3

0.2 ( ) 0.3

f

f

f

F sgn q q

F sgn q q

F sgn q q

 = +


= +
 = +

 (6.33) 

 The total torque function at each joint was assumed to be: 

 
1 1

2 2 2 2

3 3

                                            

(1 ( )) ( ) 5        

                                            

t

t

t

t f t t

 

  

 

 =


= − + 
 =

 (6.34) 

where 
2 ( ) 0.4sin( )t t = and 

2 ( ) 80sin( / 2)f t t= − . 

 The related parameters for the ESO were chosen to be 
1 2 38, 28, 7  = = = , and 

0.01 = . The controller ([75]+ESO) is given as: 

 
[23] 0ESO smc ob   + = + +  (6.35) 

where ( )( ) ( , )
I

eq dq q c e e q q
−

= +   +M H ,
1( ) ( )o q K sign S = M  and ˆ( )ob q = −M , where

1 1( ) n n

iK diag k =  . The sliding mode surface was selected as: 

 s e c e = +    (6.36) 

The parameters for the [75]+ESO were chosen as
1(7;7;7), (80;80;110)c diag K diag= = ,

20su = , and (0.58;0.58;0.58)diag = .The parameters for the AFTC IS-TSMC were chosen 

as
1 2 3 2  = = = , (1;1;1)diag = , (0.5;0.5;0.5)diag = , (0.6;0.6;0.6)diag = , 20,su =

(7;7;7)diag =  and
1 (80;80;110)K diag= . The parameters for the AFTC S-TSMC were 

chosen as 
1 2 3 2  = = = , (0.6;0.6;0.6)diag = , (7;7;7)c diag= , 20su = and

1 (80;80;110)K diag= . 

 To avoid a singularity, the terms containing power I− in Eq.s (6.16), (6.27)and 

(6.35) are replaced with the saturation function. 

 
          

( , )
          

s f s

f s

f f s

u if u u
sat u u

u if u u


= 


 (6.37) 

where 20su = is a positive constant, and
I

fu x x
−

=    with , andx e =  . 

 To avoid chattering, the signum function in Eq.s (6.16), (6.27) and (6.35) are 

replaced with the saturation function. 

 
( )    

( )
          

sgn s if s

sat s s
if s






 


= 




 (6.38) 

where 1.7 = . 

 Fault estimation using the extended state observer is presented in Figure 6.4. The 

estimation error with a high fault value at joint 2 is acceptable. The error trajectory 
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tracking results are shown in Figure 6.5. In general, all three controllers have an accuracy 

of within 310− rad, indicating that the AFTC strategy can tolerate faults, and shows 

acceptable performance. Now, the three controllers are discussed in more detail. It can be 

seen from Figure 6.5 that before five seconds, the errors associated with the three 

controllers are similar. As mentioned in Section 6.1, in the normal operation mode of the 

serial robot manipulator, there is no internal force during motion, so the synchronization 

technique has no effect in this case. After five seconds, it can be seen that the AFTC S-

TSMC shows a smaller picking value than the other controller. In addition, the error 

characteristics seen with the AFTC S-TSMC are different from those seen with the other 

controller. This is because this controller has the ability to make the error at each joint 

simultaneously approach the zero of the synchronization control. However, in Figure 6.6. 

Tracking error at each joint for AFTC IS-TSMC and AFTC S-TSMC., the 

synchronizations of AFTC IS-TSMC and AFTC S-TSMC are significantly different, 

causing the picking value of AFTC S-TSMC to be smaller than the other two controllers. 

In controller (6.16), AFTC IS-TSMC uses the coupling position error for sliding mode 

control. It can be seen that synchronization only occurs after the coupling position error 

approaches zero. Therefore, this method does not show the synchronization effect during 

fault compensation in fault-tolerant control. Unlike AFTC IS-TSMC, AFTC S-TSMC can 

achieve synchronization after reaching the sliding mode phase. Hence, the 

synchronization of the error position in AFTC S-TSMC is effective in fault-tolerant 

control. From these results and the above analysis, it can be said that the ability to reduce 

the picking value of AFTC S-TSMC is greater than AFTC IS-TSMC, due to the effective 

synchronization in AFTC S-TSMC. 

 

 

 

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 6.4. Fault estimation with a single fault at joint 2. 
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a) Joint 1 b) Joint 2 c) Joint 3 

Figure 6.5. Tracking error at each joint with a single fault at joint 2. 

 

 

a) AFTC IS-TSMC b) AFTC S-TSMC 

Figure 6.6. Tracking error at each joint for AFTC IS-TSMC and AFTC S-TSMC. 

6.6 Experimental Results 

 In this section, implementations of the two proposed active fault-tolerant controls 

with a synchronous terminal sliding mode control and AFTC with a conventional terminal 

sliding mode control([23]+ESO) are described. 

6.6.1 Experimental Setup 

 The experimental setup is shown in Figure 6.7 and uses a 3-DOF FARA-AT2 

robot manipulator. This robot manipulator has 6-DOF, but for these experiments, joints 

4, 5, and 6 were blocked. The 3-DOF FARA-AT2 robot had a CSMP series motor at each 

joint. The CSMP-02BB driver (Samsung, Namdong-gu, Incheon, Korea) was used for 

joints 1 and 2, while the CSMP-01BB driver was used for joint 3. The gear box at each 

joint was 120:1,120:1, and 100:1 at joints 1, 2, and 3, respectively. The encoder at each 

joint was a 2048 line count incremental encoder. The controller was run on Labview-

FPGA, NI-PXI-8110 and NI-PXI-7842R PXI cards (National Instruments, Austin, Texas, 

USA) with the frequency control set at 500Hz. The NI-PXI-8110 was run on a Windows 

operating system. 
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Figure 6.7. 3-DOF FARA-AT2 robot manipulator. 

 The desired trajectory at each joint is given as: 

 ( ) sin( )    ( 1,2,3)
6 8

id

t
q t i

 
= =  (6.39) 

The related parameters were chosen to be 
1 2 38, 28, 7  = = =  and 0.01 = . The [75]+ESO 

is given as: 

 
[23] 0ESO smc ob   + = + +  (6.40) 

where ( )( ) ( , )
I

eq dq q c e e q q
−

= +   +M H ,
1( ) ( )o q K sign S = M and ˆ( )ob q = −M , where

1 1( ) n n

iK diag k =  . The sliding mode surface was selected as: 

 s e c e = +    (6.41) 

The parameters for the [75]+ESO were chosen as
1(7;7;7), (80;80;110)c diag K diag= = , 10su =  

and (0.5;0.5;0.5)diag = . The parameters for AFTC IS-TSMC were chosen as

1 2 3 2  = = = , (1;1;1)diag = , (0.5;0.5;0.5)diag = , (0.5;0.5;0.5)diag = , 3su = , 

(7;7;7)diag =  and
1 (80;80;110)K diag= . The parameters for AFTC S-TSMC were chosen 

as 
1 2 3 2  = = = , (0.5;0.5;0.5)diag = , (7;7;7)c diag= , 3su =  and

1 (80;80;110)K diag= . 

 To avoid a singularity, the terms containing power I− in Eq.s (6.16), (6.27) and 

(6.35) are replaced with the saturation function. 

 
          

( , )
          

s f s

f s

f f s

u if u u
sat u u

u if u u


= 


 (6.42) 

where 
su is a positive constant, and

I

fu x x
−

=    with , andx e =  . 

 To avoid chattering, the signum functions in Eq.s (6.16), (6.27) and (6.35) are 

replaced with the saturation function. 
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( )    

( )
          

sgn s if s

sat s s
if s






 


= 




 (6.43) 

where 1.7 = . 

6.6.2 Experimental Results 

 The fault estimation results are shown in Figure 6.8. To reduce the high-frequency 

chattering and noises of fault estimation of ̂ in Eq. (6.8) before it is used in the AFTC 

scheme, a simple low-pass filter was adopted as: 

 
1

ˆ ˆ ˆ(1 )filted filted

k k k   −= − +  (6.44) 

where ˆ filted

k and ˆ
k are the output and input, respectively, of the low-pass filter at the thk  

step. 

 

 

 

a) Joint 1 b) Joint 2 c) Joint 3 

Figure 6.8. Fault estimation results with a single joint fault occurs at Joint 2. The aqua 

and pink dashed lines are the upper and lower thresholds, respectively. 

 The low-pass filter allowed the signal from the fault estimation (FE) to become 

smoother and was suitably applied to the AFTC schemes. However, the fault estimation 

also increased the time delay of the feedback to the controller. To ensure that the 

smoothness and time delay were acceptable, 0.05 =  was selected. Unlike in the 

simulation, the real system included large uncertainties, so upper and lower thresholds 

were used to detect faults. In Figure 6.9, the error tracking trajectory is presented. These 

results show that before five seconds, the error values at each joint were similar. However, 

after five seconds, due to the effects of synchronization control, the errors at each joint 

were different. Unlike in the simulation results, these experimental results show that 

AFTC IS-TSMC is more effective than AFTC S-TSMC. In a real system with large 

uncertainties and noise, the coupling position error in AFTC IS-TSMC with the integral 

term may affect how uncertainties are handled. In general, both proposed AFTCs can 

reduce the picking phenomenon, but the effect of each controller is different, and depends 

on its knowledge of the system. 
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a) Joint 1 b) Joint 2 c) Joint 3 

Figure 6.9. Tracking trajectory error results with a single joint fault occurs at Joint 2. 

6.7 Conclusions 

 In this chapter, two finite-time active fault-tolerant controllers for a robot 

manipulator which combine a novel synchronous terminal sliding mode control with an 

extended state observer were proposed. The proposed controller can make the system 

quickly respond to the faults in a forward way before its feedback response after a fault 

estimation. This characteristic of two proposed controllers can reduce the occurrence of 

a picking phenomenon, due to the slow response of an active fault-tolerant control 

strategy. In addition, a novel synchronization error, coupling position error, and 

synchronous terminal sliding surface show better features such as better synchronization, 

avoiding the singularities when the trajectories cross zero, increasing the workspace of a 

robot, and finite-time convergence of the position errors. However, it should be noted that 

the effectiveness of the synchronization techniques depends on their knowledge of the 

system. The proposed active fault-tolerant control with synchronous terminal sliding 

mode control performs better in a well-known system, while the proposed active fault-

tolerant control with integral synchronous terminal sliding mode control is more effective 

when the system has large uncertainties and noises. In the future work, the optimal tuning 

synchronization parameters will be studied with methods such as the genetic algorithm 

and neural network technique, to improve the effectiveness of synchronization technique 

in a fault-tolerant control. 
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Chapter 7: Conclusion and future works 

7.1 Dissertation Conclusions 

 In this dissertation, a hardware platform development for robot manipulators was 

presented. The original controller was replaced with the new controller which established 

on Labview NI computer in torque control mode. The controllers such as Point-to-Point 

controller and Force controller were applied to the robot manipulator system to verify the 

hardware development capability and identification processing results of robot 

manipulators. From the above results, it can be seen that the robot system works well in 

torque mode. Especially, with the identification parameters of system, robot is able to 

interact with human by force controller with force sensor or without force sensor. This 

capability is an important feature in human-robot interaction controller. Finally, the main 

contribution of this dissertation is the proposed fault-tolerant control based on 

synchronous sliding mode control for robot manipulators. Due to the ability to make the 

error at each joint simultaneously approach to zero, the proposed control can reduce the 

impact of picking phenomena and provide fast recovery compare to the conventional 

controller. In addition, due to the constraint inside the synchronous control, the system is 

able to deal with high magnitude faults. The development of fault-tolerant control based 

on synchronization technique has special features such as new synchronization errors 

effecting a particular system, the ability to deal with high magnitude faults and the fine-

time convergence. However, the accuracy of identification processing high effect to the 

ability to detect small magnitude of faults in system as well as the sensitivity in human-

robot interaction controller.  

7.2 Future works 

 Even though the hardware platform of the robot has been successfully setup and 

some control algorithms have been implemented, the following issues need further 

consideration: 

- As mentioned earlier, the accuracy of dynamic parameters has a great impact on 

the detection of small magnitude fault in system. Therefore, the accuracy of the 

identification process should be improved. 
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- In this dissertation, the dynamic parameters of robot manipulator were determined 

only for 3-DOF. In the future, the identification for 6-DOF robot manipulator will 

bring more benefit to the real robot system.  

- The selection of synchronous control parameters based on the experience of 

operator, so that the optimal technique for the proposed controller should be 

considered. 

- The combination with intelligent control methods such as fuzzy or neural 

networks can increase the performance of the proposed controller. 

- In this dissertation, the proposed controller is only applied to a single robot 

manipulator. However, it can also be applied to multi-robot manipulator system 

as well as multi-agents such as satellites, combination of mobile and manipulator 

system. 

- The results of experiments with robot manipulator with force sensor and without 

force sensor show that the system can be developed to control human-robot 

interaction. Due to the ability to tolerate the fault, the system becomes more 

realistic and safer in collaboration robot control where humans and robots can 

share the workspace.  

- Based on the development of low-level control and high-level control of 3-DOF, 

the high-level control should be applied for 6-DOF robot manipulator. It is able 

to develop a system capable of making artificial intelligence decisions for robot 

manipulator such as reinforcement learning.   
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Appendix 

Appendix A: 

The kinetic energy of each link given as: 

( )( )2 2 2

1 1 1 1 1 1

1

2
x y zzK m P P I = + +  

2

2 2 2 2 2 2

1 1

2 2

T

cK m v I = +  

2 2 2

2 2 2 2c x c cv x y z= + +  where 
2 2 1 2 2 1 2 2 1 1 1

2 2 1 2 2 1 2 2 1 1 1

2 2 2 2 2                           

c x y z

c x y z

c x y

x P c s P c c P s l c

y P s s P s s P c l s

z P c P s

 = − − + +


= − − − +
 = −

 

where , ,xi yi ziP P P ( 1,2,3)i =  is the position of the mass center of link i  
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 + 

, 2 2 2

3 3 3 3x c cv x y z= + +  which 
3 3 1 23 3 1 23 3 1 1 1 2 2
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The potential energy of each link given as: 

1 0P =  

( )2 2 2 2 2 2x yP m g P c P s= −  

( )3 3 3 23 3 23 2 2x yP m g P s P c l c= + +  

where 2 2 2

2 2 2 2c x c cv x y z= + +  which 
2 2 1 2 2 1 2 2 1 1 1
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3

3 3

3
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I I
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=
 
  

. 

The Lagrangian of a manipulator is 

1 2 3 1 2 3L K K K P P P= + + − − −  

where  
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The Eq.s of motion for the manipulator are then given by 

d L L
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Joint 1: 

( )( )2 2 2 2 2 2 2

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

1

2 2 2 2 2 2 2 2

2 2 2 2 2 2 2 2 2 2 2 1 1 2 2 1 2 2 1 3 3 23 1 3 3 23 1 3 3 1

3 3 23

2 2

2

x y zz x y z y x y

y z x z xx yy x y z

x

L
m P P I m P s m P c m P m P l c m P P c s

m P P s m P P c m l I c I s m P c m P s m P

m P c

     


       


= + + + + + − +



+ − + + + + + +

+ 1 2 2 1 3 3 23 1 2 2 1 3 3 2 2 2 3 3 3 23 23 1

2 2 2

3 3 3 23 2 3 3 3 3 23 2 3 3 1 2 2 1 3 23 1 3 23 1

( ) 2 ( ) 2

1
( ) ( ) ( )

2

y z x y

y z x z xx yy

l l s m P s l l s m P l c m P P c s

m P P c m P P s m l l s I s I c

   

      

− − − − −

− + − + + − + +

 

( )

( )
( )( )2 2 2 2 2 2 2 2

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

1

2 2 2

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

2 2

            2 2 2 2 2

x y zz x x y y

z y y x y x y x y

d L
m P P I m P s m P c s m P c m P c s

d

m P m P l c m P l s m P P s c m P P c m P P s

      


       


= + + + + + −



+ − + + + −

( )

1 2

2 2 2 2

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

2 2 2 2 2

2 2 1 2 2 2 1 2 3 3 23 1 3 3 23 23 1 2 3 3 3

            2

            2 2

y z y z x z x z xx xx

yy yy x x y

m P P s m P P c m P P c m P P s m l I c I c s

I s I s c m P c m P c s m P



       

      

+ + − + + + −

+ + + − + + ( )2 2

23 1 3 3 23 23 1 2 32 ys m P s c   + +

 



 

 

97 

 

( ) ( ) ( ) ( )

( ) ( )

2

3 3 1 3 3 23 1 2 2 1 3 3 23 1 2 2 1 2 3 3 3 2 2 3 1 2 3 3 23 1 2 2

2

3 3 23 1 2 2 1 2 3 3 3 2 2 23 1 2 3 3 2 2 2 3 3 2 2 2 3

           2 2 2 2

           2 2 2

z x x x y

y y z z

m P m P c l l s m P s l l s m P l c c m P s l l s

m P c l l s m P l c s m P l c m P l s m P

       

      

+ + − − − − + − −

− − − + − − −

( ) ( ) ( ) ( )

( ) ( ) ( )

3 3 23 23 1

2
2 2

3 3 3 23 1 2 3 3 3 3 23 1 2 3 3 3 3 23 2 3 3 3 3 23 2 3

2 2

3 3 3 23 2 3 3 3 3 23 2 3 3 1 2 2 3 2 21 1 2

1 1
           2 2

2 2

           2

x y

x y x y y z y z

x z x z

P c s

m P P s m P P c m P P c m P P s

m P P s m P P c m l l s m l c l l s



         

    

+ − − − − − + −

− − − − − − − −( )

( ) ( )

2

2 1 2 3 23 1

2

3 23 23 1 2 3 3 23 1 3 23 23 1 2 3           2 2

xx

xx yy yy

I s

I s c I c I c s

  

      

+

+ − + − −

 

 

1

0
L




=


 

Friction term was added 
1 2( )i iF k sign k = +  where 

1k and 
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Joint 3: 
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Appendix B: 

Let 
1 32[ ,..., ]T  = where ( )2 2

1 1 1 1 1x y zzm P P I = + +   , 2

2 2 2xm P = , 2

3 2 2ym P = , 2

4 2 2zm P = , 
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8 2 2 2x zm P P = ,  
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11 2yyI = , 2

12 3 3xm P = , 
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