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Manipulator is a complex nonlinear system. Due to its uncertainty and other factors, it is 
difficult to establish an accurate control model, which brings some difficulties to the high-
precision estimation and tracking of manipulator. Aiming at the problems of traditional 
manipulator control trajectory control, joint angular displacement control and joint position 
tracking deviation control, a nonlinear sliding mode control method of manipulator based on 
iterative learning algorithm is proposed. Taking the 7-DOF manipulator as the research object, 
according to its structural characteristics, the adaptive control method is adopted to realize the 
adaptive control of different loads. Considering Stribeck friction and external interference, a 
seven degree of freedom mechanical manual model is established, and the ideal input of 
manipulator control is obtained by using the model. In order to ensure the high robustness of 
the nonlinear motion system of the manipulator, the reset circuit is designed. Finally, the 
output of the controller is applied to the controlled system by using the iterative learning 
algorithm to obtain the output of the controlled system, so as to realize the nonlinear sliding 
mode control of the manipulator. The experimental results show that the control trajectory of 
this method fits well with the actual trajectory, the tracking error accuracy of the manipulator is 
high, the tracking deviation of joint angular displacement and joint position is small, and it has 
strong experience learning ability and robustness, which has practical application value. 

Keywords: Iterative learning algorithm; manipulator; nonlinear sliding mode control; adaptive sliding 

mode control; Stribeck friction; reset circuit. 

 

1. Introduction 

 

Because the mechanical model of manual manipulator has the characteristics of time-

varying, strong coupling and nonlinearity, there are a large number of unmodeled 

characteristics and various model uncertainties, and there may be non negligible 

interference in its working environment. These factors bring great difficulties to the 

dynamic control of manipulator. For a long time, the control of manipulator has been the 

research topic of many scholars in the control field. A large number of the latest 

achievements of control theory have tried to apply manipulator. Therefore, the research of 

manipulator control not only has engineering significance, but also has universal theoretical 

significance. 

At present, manipulator has been widely used in industrial fields, such as industrial 

production and maintenance in outer space. It plays a more and more important role in 

modern life. It can help people quickly complete some complex repetitive tasks in industrial 

process, such as assembly, transportation, drilling, chamfering and so on. These tasks 

require the manipulator to track the required trajectory with high precision, and the research 

of manipulator control system is of great significance to improve the performance of 

manipulator and realize the high-precision control of manipulator [1-3]. Sliding mode 

variable structure control is widely used in the field of manipulator control because of its 
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good robustness and simple implementation. Terminal sliding mode control is a new sliding 

mode control strategy in recent years. Compared with the traditional linear sliding mode 

control, it not only has strong robustness, but also has finite time convergence 

characteristics. It can make the control system converge to the desired trajectory in finite 

time and have higher steady-state accuracy. However, the manipulator is a complex 

nonlinear system. Due to its uncertainty and other factors, it is difficult to establish an 

accurate control model, which brings some difficulties to the high-precision estimation and 

tracking of the manipulator. Therefore, it is particularly important to study the high-

precision control method of manipulator [4-6]. 

In view of the trajectory tracking and control problem of the manipulator, scholars have 

proposed many control methods. Reference [7] proposed a control method for heavy-duty 

manipulators based on human-computer interaction. Insufficient interaction and rigid-

flexible coupling problems caused by heavy loads, a closed-loop force/position control 

algorithm for human-computer interaction based on dynamic model is designed. First, the 

working characteristics and existing problems of heavy-duty manipulators at home and 

abroad are analyzed, and a human-computer interaction method based on force/visual 

feedback is proposed to enhance the human-computer interaction of the system. Then, in 

order to suppress the control problems caused by the rigid-flexible coupling, a rigid-flexible 

coupling dynamic model of the heavy-duty manipulator is established, and a closed-loop 

control algorithm for the force/position of the heavy-duty manipulator based on human-

computer interaction is proposed. Finally, a heavy-duty robotic arm control system is built. 

The built control system includes human-computer interaction subsystem, environment 

perception subsystem, driving subsystem, information processing subsystem and 

communication subsystem. On this basis, the operation experiment of the heavy-duty 

robotic arm control system is carried out. The experimental results show that the control 

system can complete the man-machine interactive operation function. Compared with the 

traditional heavy-duty manipulator operation method, it effectively improves the operation 

efficiency by 70%, guarantees the safety of the operators, and verifies the feasibility and 

practicability of the method. However, this method has the problem of large trajectory 

deviation in the process of manipulator trajectory control. Reference [8] proposed a robotic 

arm control method based on deep reinforcement learning. The neural network parameters 

were adjusted through the reward function to construct a robotic arm simulation 

environment, including two parts, the robotic arm and the object. According to the goal 

setting state variables and reward mechanism, the deep deterministic policy gradient 

(DDPG) algorithm is trained in the model. The manipulator is controlled by the deep 

reinforcement learning algorithm, and the gripper is moved under the object. The 

adaptability of the control algorithm is improved and the debugging time is shortened. The 

experimental results show that the method can achieve convergence in a shorter time and 

realize the control of the manipulator. However, the tracking accuracy of the method is not 

high, and the deviation between the joint angle displacement control and the reference 

displacement of the system is large. Reference [9] proposed a six degree of freedom color 

ball sorting swing arm control method based on neural fuzzy control. The image acquisition 

scheme based on webcam was used to locate and identify the different color balls, and then 

the robot arm was moved according to the required trajectory. The experimental results 

show that this method has advantages in intelligent control, but it has the problem of large 

joint position tracking error. 

Generally speaking, the main problem of traditional control method of manipulator is 

that the control deviation is large, that is, the control precision is not high. Therefore, a 

nonlinear sliding mode control method of manipulator based on iterative learning algorithm 

is proposed. Iterative learning control algorithm does not need to know the structure and 

parameter information of the controlled object, but through repeated learning to acquire all 
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kinds of information of the controlled object. It is very suitable for the control of the 

mechanical arm which is a strong coupling nonlinear dynamic system with various 

unknown disturbances. It is applied to the control of the manipulator to improve the control 

accuracy. 

 

2. Nonlinear sliding mode control method of manipulator based on iterative learning 

algorithm 

 

2.1. Seven-degree-of-freedom manipulator structure 

 

In the fields of microelectronics manufacturing, aerospace and other fields, it is 

necessary to achieve more precise and more efficient control of the robotic arm. The multi-

degree-of-freedom manipulator system is originally an extremely complex system, such as 

various uncertain damping, unknown disturbances, nonlinear flexible coupling, and 

measurement errors of the physical parameters of the manipulator components will cause 

control errors. In addition, due to the structure and cost of the robot arm, there is a lack of 

some relevant signal measurement robot arm sensors, such as the relatively high cost of 

speed sensors, which are not configured in many robot arms [10]. The above-mentioned 

unavoidable problems in actual engineering have brought huge challenges to the already 

very complicated manipulator control. In order to promote the intelligentization of robotic 

arm control, the realization of high-precision control is of great significance. 

Since every additional degree of freedom increases the drive and transmission devices of 

the robotic arm, the structure is complex, and the overall cost increases. Most of the current 

three, four, five, and six degrees of freedom industrial robots are mostly engaged in 

monotonous and repetitive tasks. It avoids obstacles well, has large mechanical weight and 

poor flexibility, which is very different from the performance and appearance of human 

arms [11] [12]. Therefore, mainly takes the seven-degree-of-freedom manipulator as the 

research object, and its structure diagram is shown in Figure 1. 

 

 
Figure 1: Schematic diagram of seven degrees of freedom robotic arm 

 

The seven-degree-of-freedom manipulator has the same degree of freedom as the human 

arm, and has good flexibility. It can better simulate the operation of the human arm in 
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industrial production and life, and has high research and application value in the field of 

industrial automation. 

 

2.2. Sliding mode adaptive control of seven-degree-of-freedom manipulator 

 

Under the condition that the load does not change, the known system model can be used 

to complete the design of the robot arm controller. However, in actual situations, the load of 

a seven-degree-of-freedom manipulator is usually uncertain and changes, and it remains 

constant during a movement [13]. Therefore, it is necessary to adopt adaptive control to 

realize the adaptation to different loads. When the model parameters of the manipulator 

system are known, adaptive sliding mode control can be used to realize the motion tracking 

control of the manipulator [14]. The sliding mode adaptive control principle of the seven-

degree-of-freedom manipulator is shown in Figure 2. 

 

 
Figure 2: Principle of sliding mode adaptive control of seven-degree-of-freedom 

manipulator 

 

To achieve precise control of the robotic arm, the sliding friction at the joint bearing of 

the robotic arm is a particularly important factor. The usual friction models include 

Coulomb friction, viscous friction and Stribeck friction, and Stribeck friction is closer to 

actual friction, so this study adopts Stribeck friction as the sliding friction model at the 

bearing of the robotic arm. At the same time, unnecessary disturbance is also one of the 

important factors that affect the precise control of the robotic arm [15]. The robust sliding 

mode control process of an uncertain model manipulator based on Stribeck friction is: 

Set the Stribeck friction at the i -th joint as: 

max

1

+β
=

=∑
q

m

i ij j n

j

c v l q                                                                 (1) 

Among them, 
n

q  represents the critical speed, 0>
n

q ; 
ij

v  represents the switching 

speed; j  represents the static friction coefficient; m  represents the viscous friction 

coefficient; 
max

j  represents the maximum friction coefficient; β  represents the Coulomb 

friction coefficient. 

Considering Stribeck friction and external disturbance, the dynamic model of the seven-

degree-of-freedom manipulator is as follows: 

( ) ( ) ( )1 1

0

0 0+ −

=

= +∑
n

j i j i

j

C v f w f w  (2) 
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Among them, 
i

w  represents the Stribeck friction, { }1,2,...,=i n . The trajectory tracking 

error is: 
2

,
( )β µ ρ = −

 k n ik ik k
C v v  (3) 

Among them, µ
ik

 represents the tracking trajectory position; 
ik

v  represents the tracking 

trajectory speed; ρ
k

 represents the robot arm joint space. 

According to the dynamic principle of the robotic arm: 

2
1 2

2 1

,β

−
= < <

−
i i

i i i

i i

V D
C V D V

V V
 (4) 

Among them, βC  represents the position and positioning of the robotic arm; 
1i

V  

represents the motion speed of each joint; 
2i

V  represents the conversion between the 

position and speed of each joint and the position and speed of the controller; 
i

D  represents 

the moving distance. 

Based on the principle of synovial membrane control, take the synovial surface as: 

22 1 1
0

( cot )(1 sin )
[ ]

β

θ θ+ ⋅ −
= ⋅

i

J y J N
r r

C
 (5) 

Among them, 
1

J  and 
2

J  both represent the positive definite diagonal matrix; cotθ  and 

sinθ  both represent the offset angle of the robot arm joint. 

Combining Formula (4) and Formula (5), the ideal input for robotic arm control is: 

( )( ){ } ( )( )
2

2 - β= − − ⋅ − ⋅
i

R r J t p t J t p C  (6) 

However, disturbance and friction can not be measured directly and can only be used as 

uncertainty factors. Moreover, when the manipulator is working, many parameters of the 

manipulator vary with the motion due to vibration and other factors (the change of the 

position of the center of mass and the moment of inertia), and there are also uncertainties. 

Therefore, it is known that the control parameters are time-varying and bounded. The ideal 

control can not achieve the purpose of accurate tracking control, so it is necessary to 

redesign a reset circuit to avoid the manipulator motion falling into abnormal state. 

 

2.3. Reset circuit 

 

The seven-degree-of-freedom manipulator is a complex multi-input multi-output 

nonlinear system, which has time-varying, strong coupling and highly nonlinear dynamic 

characteristics. It has a wide range of work and complex changes in working conditions. In 

actual engineering applications, there are inevitably a large number of uncertainties such as 

interference and unmodelling [16]. At the same time, it is difficult to realize that the global 

state vector can be measured due to factors such as cost and hardware installation. For 

example, the actual commercial industrial robots have only position sensors in order to 

reduce costs, so that the speed signals obtained by position differentiation are likely to 

introduce high-frequency noise. Therefore, highly robust controllers have always been the 

focus of research in the field of robot control [17]. The reset circuit is necessary to ensure 

the high robustness of the system, which can ensure that the system can restart and resume 

normal operation in the event of abnormal conditions (such as crashes, program runaways, 

etc.). This design uses TI's TPS3705-30, where /RS and /CLOCKOUT are the reset 
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hardware and pulse output pins of TMS320VC5402, respectively. Figure 3 is a reset circuit 

diagram. 

 

 
Figure 3: Reset circuit diagram 

 

TMS320VC5402 has two reset methods: software reset and hardware reset. Software 

reset refers to the automatic reset of the system through program control, and the system 

reset through instructions [18]. The hardware reset is performed by the condition changes 

of the system hardware circuit (such as level, frequency, etc.), which can be divided into 

three types: manual reset, power-on reset and automatic reset. Manual reset refers to the 

artificial control of the level change of the reset pin of the DSP chip to make the system 

reset, which requires manual operation; Power-on reset refers to the automatic reset after 

the system is powered on, and then runs the program to ensure the normal operation of the 

system; And automatic positioning refers to the use of a special reset chip to monitor the 

working condition of the DSP chip. Once the system crashes or the program runs away, the 

reset chip will automatically send level pulses to reset the system, which can effectively 

ensure the safety of the system and avoid the system in an abnormal state. 

 

2.4. Implementation of nonlinear sliding mode control of manipulator based on iterative 

learning algorithm 

 

The controller used in Section 2.2 is only suitable for the case of unknown parameters 

and part of the state variables, but not for more complex situations, such as the system 

dynamics model is difficult to establish by conventional modelling or more external 

environmental factors [19]. In this case, it is necessary to design a more effective and 

reliable controller. In this section, the iterative learning algorithm is used to fully consider 

the uncertainty and disturbance of the manipulator, and a nonlinear sliding mode control 

strategy based on iterative learning algorithm is proposed. The iterative learning algorithm 

is proposed based on the control of industrial manipulator. Its basic idea is to control the 

manipulator to repeatedly repeat the same trajectory, and constantly modify the control 

quantity (repeated learning process) by running error, so as to achieve accurate position 

control [20]. This idea is similar to human experience learning, that is, according to the past 

control effect, constantly modify and improve their own control behaviour (control 

quantity) in the control process to achieve the ideal control effect; That is, the iterative 
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learning algorithm has the experience learning ability similar to human beings, which 

makes it not too dependent on the controlled system model as some traditional control 

methods, which is also where its intelligence lies [21]. 

The state of a controlled object is expressed by Formula (7): 

1

2

1 2

2

1 2

= ( )

= ( )

−


+

s

s

L x t s s

L y t s s
                                                             (7) 

Among them, 
1s

L  represent the input variable of the controlled system; 
2sL  represent the 

output variable of the controlled system; s  represent the state variable of the controlled 

system; ( )x t  and ( )y t  both represent the vector function of the controlled system. If the 

desired output function 
2

( )sx L  of the controlled system is known, and its corresponding 

desired state quantity exists, the target of iterative learning control is within a given time, 

that is, [ ]0,∈T t . Use the set iterative control algorithm to calculate the control output. 

After e  times of learning, the transition variable of the controlled object is ( )→s u s  and 

the output of the controlled object is 
2 2

( )→s sL u L  [22]. 

According to the above analysis, the iterative learning control algorithm is divided into 

two categories: 

Open-loop learning control: the controller output of the 1+k  time is equal to the 

controller output of the k  time plus the correction term of the output error of the controlled 

object of the k  time. The specific expression formula is: 

1 2
( ) ( ) ( ) = + k s sg t W L k L k  (8) 

Closed-loop learning control: The controller output of the 1+k  time is equal to the 

controller output of the k  time plus the correction term of the output error of the controlled 

object of the 1+k  time. The specific expression formula is: 

1 21( ) ( ) ( ) ( 1)+
 = + + k k s sg t e t L k L k  (9) 

Among them, ( )
k

e t  represents the tracking error of the expected output of the controlled 

object tracking; W  represents the nonlinear operator, which is usually set to a low-pass 

filter mode, which can reduce the interference of high-frequency noise in the tracking error 

term on the controller output. The iterative learning algorithm is usually set as the identity 

matrix, which can be adjusted in the subsequent control. 

Iterative learning control does not need to know the precise mathematical model of the 

controlled object. It can achieve better control effects for linear, nonlinear, continuous and 

discontinuous systems, and the controller structure is simple [23]. However, it is not 

suitable for any system to use iterative learning algorithm for control. Iterative learning 

control is mainly applicable to the controlled object with repetitive tasks. The expected 

output is strictly the same in each iteration process. Once the target output changes, the 

previous learning experience will be invalid and need to be learned again, which greatly 

limits the iteration, the application of learning control in practice. Therefore, the control 

process suitable for the use of iterative learning algorithm needs to meet the following three 

conditions: the repeatability of the controlled system, the repeatability of the executed tasks 

and the repeatability of the initial conditions [24]. 

For a nonlinear system with manipulator motion, its dynamic formula can be expressed 

by Formula (10): 
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( ) ( )

( ) ( )

log log

log log

+



r r

r r

p x p y

p x p y
 (10) 

Then the convergence conditions of iterative learning are as follows: 

, 1
( ) ( ) ( ) 1−− − <

i n i im
p x p y V CV  (11) 

Among them, 
, 1−i n

V  represents the control gain matrix, 
im

V  represents the spectral radius; 

i
C  represents the differential gain matrix. 

The whole process of iterative learning algorithm control is as follows: 

Set the number of iterations 0=k , give the expected output ( )
k

y t , and control the 

initial value as ( ) 0=u t ; 

Set the initial state value ( ) ( )=s t u t  of the controlled system; 

Between the effective intervals [ ]0, t : 

The iterative control quantity and system error are brought into the learning control law, 

and the control quantity of this iteration is calculated and stored in the memory. 

The controller output is applied to the controlled system to obtain the output of the 

controlled system. 

Verify whether the set iterative stop condition is met, if it is met, stop the iteration; If it 

is not met, set 1= +k k , and return to step (2) to continue iterative learning. 

Iterative learning control is mainly applicable and used in the control task and control 

process of repeated operation. In each iteration process, the iterative controller adjusts the 

error correction amount according to the error on the time axis. Between the iterative 

process and the iterative process, the controller adds the last control output to the overall 

control output, so as to comprehensively utilize the information of two independent 

dynamic processes to achieve the purpose of constantly approaching the desired output. The 

iterative learning algorithm can ensure the tracking error accuracy of the manipulator. 

 

3. Simulation experiment 

 

In order to verify the effectiveness of the proposed non-linear manipulator control 

method based on the iterative learning algorithm, the heavy-duty manipulator control 

method based on human-computer interaction (Reference [7] method), the manipulator 

control method based on deep reinforcement learning (Reference [8] method) and the six-

degree-of-freedom color ball sorting swing arm control method based on neuro-fuzzy 

control (Reference [9] method) are comparison methods, which are verified by simulation 

experiments. 

 

3.1. Experimental environment and parameter settings 

 

In order to verify the control effect of the proposed method in practical applications, the 

robot arm trajectory tracking experiment was carried out on the Denso 6-DOF experimental 

platform developed by Quanser Company. The experimental platform is shown in Figure 4. 

The experimental platform includes software and hardware systems. The hardware system 

includes Denso VP-6242G 6-DOF manipulator body, host computer and servo controller. 

Servo driver is an important part of modern motion control and is widely used in industrial 

robots and CNC machining centers and other automation equipment. The closed-loop 

control algorithm of current, velocity and position based on vector control is widely used in 
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current ac servo driver design, which plays a key role in speed control performance [25]. 

The software system includes MATLAB 2014a and real-time control software QUARC. 

The Real control software uses MATLAB/Simulink real-time toolbox RTW (Real-time 

Workshop) to achieve control tasks, running on the basis of Windows operating system. A 

dedicated real-time kernel takes over the real-time control task of Windows operating 

system. The minimum cycle of kernel task execution is 1ms, which greatly improves the 

real-time performance of system control. It is helpful to form an integrated operation 

interface of system modelling, simulation and real-time control. Good MATLAB/Simulink 

modular control interface, users can modify and building blocks to build control algorithm, 

can be real-time online modification or adjustment parameters. The effect of parameter 

modification can be seen immediately, and the oscilloscope module is convenient to 

observe and record all signals in the model online. The user can write the controller 

program in the Simulink environment, and then generate the executable file through 

QUUNC software to realize real-time online operation. The host computer controller 

calculates the output control torque, and sends it to the servo controller through the 

Ethernet and data acquisition module to drive the drive motor in the robotic arm; The joint 

position information during the operation of the robotic arm is measured by the encoder, 

and sent to the upper computer through the Ethernet and data acquisition system to 

complete the closed-loop controller of the robotic arm. The sampling interval during the 

experiment is 0.001 s. 

 

 
Figure 4: Experimental environment diagram 

 

Take a seven-degree-of-freedom manipulator as an example for simulation. It is both 

research and application. To meet research needs, users can program through C++ and 
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ROS. For ease of use, the built-in robot control system can be operated through a mobile 

APP or Web page, and no programming skills are required. In addition, the system is highly 

sensitive and the first to achieve full automation for most repetitive and monotonous 

operations, such as finely controlled assembly, screwing and joining, as well as testing, 

inspection and assembly. Build Research App packages, modular robot applications, each 

representing a part of a robot task. The seven-degree-of-freedom teleoperation force 

feedback handle is used to receive control instructions, operate the robot, and feedback the 

force received by the robot to the operator in real time, so as to realize man-machine fusion 

control. Users can easily parameterize these applications on the desktop to form an entire 

automated task. When selected on the desktop, each application opens a menu that 

interactively guides the user through the process. It provides a fast and direct form of low-

level two-way interaction between the user and the robot. The user can obtain the current 

state of the robot through FCI and directly control the robot through an external workstation 

connected by Ethernet. The specific parameters of the manipulator are shown in Table 1. 

 

Table 1: Robotic arm parameters 

Name Specific parameters 

Quality 2 kg 

Length 1 m 

Centroid position 0.5 m 

Moment of inertia 0.21 kg/m2 

Acceleration of gravity 9.8 kg/N 

Synovial coefficient 5 

Control input gain 5 

Adaptive rate coefficient 1.6 

First-order filter observer coefficient 9 

 

The simulation experiment test is carried out under the above experimental conditions. 

In order to ensure the accuracy of the experimental results to the greatest extent, it is 

necessary to ensure that the experiment is not affected by other interference factors. 

 

3.2. Experimental results and analysis 

 

Track control deviation. The trajectory deviation of the manipulator arm is a key factor 

affecting the control accuracy of the manipulator. The so-called trajectory refers to the 

displacement, speed and acceleration of the manipulator in the process of movement. The 

trajectory of motion refers to the position of each degree of freedom of the manipulator at 

every moment in the process of motion. The trajectory planning of the manipulator is based 

on the requirements of the task to make the manipulator move from the initial state to a 

specified target state. Trajectory generation first describes the spatial motion of the 

manipulator, but it is not easy to write a complex function to describe the working space 

and time. It is better to describe the motion of the manipulator in a relatively simple way, 

and the complex details are solved by the computer system. Thus, only the target position 

and attitude of the hand claw are given, allowing the system to determine trajectory 

parameters such as the path point, duration and speed to reach the target. Description of the 

trajectory of the manipulator requires the description and transformation of the hand 

posture, the posture value and joint variables can be converted to each other through the 

forward and reverse kinematics, and then control the trajectory according to the kinematics 
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model, that is, according to the time to control the hand and the tool center through the 

space path. Trajectory planning can be carried out in both joint space and rectangular space. 

The planned trajectory functions must be continuous and smooth so that the joint motion is 

smooth and stable and always within the allowable range of the joint. Unstable motion will 

aggravate the wear of mechanical components, and lead to vibration and impact of the 

manipulator. So the chosen function describing the trajectory must be continuous, and so 

should the function of its first derivative (velocity) and sometimes even its second 

derivative (acceleration). The smaller the trajectory deviation, the higher the control 

accuracy and the better the control effect. The comparison results of different methods of 

manipulator trajectory control deviation are shown in Figure 5. 

 

 
Figure 5: Comparison of robot arm trajectory control deviation 

 

As can be seen from Figure 5, trajectory planning is carried out in joint space and joint 

variables are expressed as time functions. A vector function and its first and second 

derivatives are used to describe the expected motion of the manipulator. Trajectory 

planning in cartesian coordinate space can effectively obtain the corresponding joint 

displacement, velocity and acceleration. When the traditional method is used to control the 

manipulator's trajectory, the deviation between the manipulator's trajectory and the actual 

trajectory is large, indicating that the traditional method cannot control the manipulator's 
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trajectory with low accuracy. In comparison, the difference between the running trajectory 

of the manipulator under the control of the proposed method and the actual running 

trajectory is relatively small, indicating that the proposed method can effectively control the 

running trajectory of the manipulator with higher control accuracy.  

This is because the iterative learning algorithm is used to control the manipulator. The 

algorithm has the ability of human experience learning, and does not rely on the controlled 

system model excessively, thus solving the problem of low control accuracy caused by the 

influence of the controlled model by the traditional method. 

Joint angular displacement control. In the experiment, joint 2 and joint 3 of the seven 

degree of freedom mechanical arm in Figure 1 are selected as the experimental objects. 

Other joints are locked, and the response time of the joint is set to be 2.8 s. The mechanical 

arm starts to move after 2.8 s, so the expected track of setting joint 2 and joint 3 is shown in 

Figure 6. 

 

 
Figure 6: Expected displacement of joint angle 

 

As shown in Figure 6, the degree of angular displacement of joint 2 decreases gradually 

with the increase of time, and joint 3 is at the lowest Angle at 1 s, and then the amplitude 

increases, indicating that joint 2 and joint 3 of the seven degree of freedom mechanical arm 

have obvious differences and strong flexibility. Therefore, the angular displacements of 

joint 2 and joint 3 are controlled by different methods, and the specific control results are 

shown in Figure 7. 

 



J. Electrical Systems 17-4 (2021): 421-437 

 

 433

 
Figure 7: Joint angular displacement control 

 

It can be seen from Figure 7 that all three methods can realize the tracking control of the 

joint angle of the manipulator, but the difference between the control effect and the 

expected displacement of the different methods is different. Among them, the difference 

between reference [8] method and expected displacement in joint 2-angle displacement 

control is more obvious, and that in reference [9] method in joint 3-angle displacement 

control is more obvious. However, the difference between the control effect of the proposed 

method and the expected displacement is not obvious, which shows the superiority of the 

proposed method in the control of the joint angular displacement of the manipulator. This is 

because this method adopts adaptive control to adapt to different loads. When the model 

parameters of the manipulator system are known, the adaptive sliding mode control can be 

used to realize the motion tracking control of the manipulator. The precise control of the 

manipulator is realized. 

Position tracking error. In order to prove the universality and robustness of the proposed 

control method, different loads are set to simulate the position tracking errors of different 

methods. The number of iterations is set to 8. Figure 8 shows the comparison of position 

tracking errors of joint 1 under different loads and uncertainties. 

 
Figure 8: Position tracking error comparison 
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According to Figure 8, it can be seen that the tracking error of the proposed method for 

joint 1 movement position is significantly lower than that of the traditional method, and this 

method can achieve such accurate tracking effect without resetting, which is also a great 

advantage of iterative learning control. In other words, for different expected trajectories 

and different loads, the parameters do not need to be changed greatly or not, which can 

achieve better control effect. This reflects the intelligent learning ability of the algorithm. It 

can learn the characteristics of load and expected trajectory in iteration after iteration to 

change its output control quantity. It has strong experience learning ability and robustness. 

From the above simulation data, it can be seen that the proposed method can track the 

target trajectory quickly and stably, estimate the velocity state value well, and track the 

reference trajectory quickly and accurately. In practice, the traditional method can not 

achieve the purpose of accurate trajectory tracking, which shows that the proposed method 

has a certain degree of reliability and accuracy. 

Comparison between linear sliding mode control and nonlinear sliding mode control of 

manipulator. The biggest obstacle of sliding mode control applied to robot system control is 

its chattering, and the nonlinear control method of manipulator based on iterative learning 

algorithm can better improve the chattering. In order to better compare the trajectory 

tracking effect of sliding mode control. Under the condition of no external disturbance, the 

comparison curve between linear sliding mode control and nonlinear sliding mode control 

of manipulator is shown in Figure 9. 

 

Nonlinear sliding mode control

Linear sliding mode control

1

0.5

0

0 1 2 3 4 5 6 7 8

Time (s)

9 10

 
Figure 9: Comparison curve between linear sliding mode control and nonlinear sliding 

mode control of manipulator 

 

As can be seen from Figure 9, compared with the linear sliding mode control, the 

convergence time of the nonlinear sliding mode control is 0.02 s faster than that of the 

linear sliding mode control on joint 1, and the absolute value difference of the steady-state 

error is only 0.00001rad; On the second joint, the convergence time of nonlinear sliding 

mode control is 0.31 s faster than that of linear sliding mode control. The sliding mode 

control designed by sliding mode control has stable control effect on the second joint, but 

its steady-state error changes by 0.00003rad under the disturbance of bounded disturbance. 

It can be said that in the case of bounded disturbance, sliding mode control can effectively 

ensure the control speed, control accuracy and stability of the two joint robot system. 

Comparison between actual trajectory and expected trajectory of manipulator end. Based 

on the experimental parameters and experimental background of the above comparison 
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results, the actual trajectory of the manipulator end is compared with the expected 

trajectory, and the error curve of each joint is shown in Figure 10. 

 

 
Figure 10: error curve of each joint 

 

According to Figure 10, the error curves of joint 1, joint 2, joint 3 and joint 4 obtained 

through experiments are relatively flat, with small fluctuation of error values, and the error 

range is between -1.5 and 1.5. It is concluded that the nonlinear sliding mode control effect 

of manipulator is better. By analyzing the degree of overlap between the actual trajectory 

and the expected trajectory of the manipulator end, the actual comparison curve is obtained, 

as shown in Figure 11.  

 

 
Figure 11: Comparison curve between actual trajectory and expected trajectory of 

manipulator end 

 

It can be seen from Figure 11 that by comparing the actual value with the expected 

value, the joint rotation angle is adjusted to make the manipulator reach the target object, so 

as to realize the closed-loop control of the whole manipulator system and realize the 

nonlinear sliding mode control of the manipulator based on the iterative learning algorithm. 
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4. Conclusion 

 

In order to improve the control accuracy of manipulator, a nonlinear sliding mode 

control method based on iterative learning algorithm is proposed to solve the problems of 

large trajectory deviation of manipulator, large deviation between joint angular 

displacement control and system reference displacement, large joint position tracking error 

and so on. The design of sliding mode adaptive control and reset circuit of 7-DOF 

manipulator not only ensures the safety of the manipulator system, but also avoids the 

abnormal state of the system. On this basis, the iterative learning algorithm is introduced to 

realize the nonlinear sliding mode control of the manipulator and achieve the purpose of 

trajectory tracking. The effectiveness of the algorithm is verified by building the 

manipulator control experimental platform. The experimental results show that the control 

accuracy of the manipulator is greatly improved, and the feasibility and effectiveness of the 

control method are verified. 
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