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Abstract: 

Aiming at the problem that many industrial robot control algorithms only stay in theoretical simulation 

and mathematical model verification, and rarely realize verification in the actual industrial environment, 

in order to effectively verify the effectiveness and safety of the robot control algorithm in the actual 

industrial environment, this paper proposes a novel research method that combines industrial robot 

control algorithms with offline VR simulation verification. First, build the robot kinematics model, and 

design the iterative PD optimization control algorithm of the robot. According to the error between the 

actual trajectory and the expected trajectory, the algorithm adjusts the control amount, speed and joint 

angle of each joint by iteratively optimizing the PD parameters. Experiments show that after continuous 

iterative optimization, the error between the actual trajectory of the robot end and the expected trajectory 

is continuously reduced. When the number of iterations reaches 90, the error between the expected 

trajectory of the robot end and the actual trajectory is reduced to 0.001m. Secondly, the robot terminal 

trajectory obtained by the algorithm is imported into the offline VR environment of the robot, and the 

control algorithm is verified by spraying paint on the water pipe as an example. In the offline VR 

simulation process, the robot did not collide, the position was reachable, and the entire simulation was 

successfully completed, thus verifying the feasibility of the algorithm in the actual industrial 

environment. 

Keywords: Iterative PD optimization control algorithm, robot kinematics, tracking, robot offline 

programming, spray paint, offline VR simulation 

 

I. INTRODUCTION 

 

With the rapid development of economy and society, the competition in the world's manufacturing 

industry has become increasingly fierce, and modern industry has put forward higher requirements for the 

productivity of the manufacturing industry. Due to the differences in the performance of domestic and 

foreign robots, foreign industrial robots account for more than 80% of the Chinese market in the precision 

operation of robots, while domestic robots can generally only be used in simple industrial scenarios such as 

loading, unloading and handling[1-3]. Therefore, for advanced control algorithms, it is necessary to go 
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through a set of effective industrial robot verification methods in order to put them into the actual industry 

more quickly, thereby improving productivity and work efficiency. At present, the control algorithms used 

in industrial robots mainly include traditional PID control methods, robust adaptive control algorithms, 

neural network control methods, sliding-mode control methods, etc. [4-7]. [8, 9] use iterative learning 

algorithms, combined with actual engineering conditions, to study the manipulator trajectory tracking 

problems. [10] proposes a research method that combines iterative learning with robust adaptive sliding 

mode control, which performs well in the presence of interference and uncertainty conditions. [11] 

proposes an intelligent predictive control method,  uses neural network intelligent predictive controller to 

control the position and trajectory of the robot. The controller of neural network can approach the 

uncertain conditions of the industrial robot without knowing the exact structure of the system. [12] 

analyzed the stability of the robot system, then, the PID controller is corrected, the parameter values of Kp, 

Ti and Td are set by Ziegler-Nichols method, the transfer function of PID controller is obtained, then, the 

complex system function is calculated. 

 

In the aspect of industrial robot algorithm verification, scholars have also proposed various methods. 

[13] proposes a novel method—Dynamic Environment Rapid Search Tree, the method is demonstrated on 

the robot under real environment. [14] presents a novel calibration method for joint-dependent geometric 

errors based on 6-DOF industrial robots. Chebyshev polynomials are used to characterize the intricacy 

joint-dependent geometric error model, revealing the impact of strain wave gearing errors and other 

sources more correctly. [15-20] use the mathematical verification method: Lyapunov function, to verify the 

stability of the robot control system. [21] presented a 7-DOF parallel hybrid humanoid robotic arm, 

compared with another commonly-used trajectory planning methodology, the effectiveness and feasibility 

of the proposed methodology are verified through numerical simulations. 

 

From the above paper [13-21], it is not difficult to find that most of the robotic arm algorithm 

verification still uses traditional mathematical methods such as Lyapunov equation, or directly simulates 

the algorithm in the real environment on the robotic arm. Among them, the former method can only 

theoretically judge the stability of the control system, but cannot determine whether the algorithm is 

feasible in the actual industrial environment; the latter method has verified the feasibility of the algorithm 

in the actual environment, but from the perspective of safety, when a new algorithm is simulated for the 

first time, there will often be a lot of uncertainty and security risks. Based on this, this paper proposes a 

novel research method that combines the robotic arm control algorithm with offline VR simulation 

technology. First, design the robot mechanical model and establish the robot kinematics equation; 

secondly, through iterative PD optimization control algorithm and kinematic model, with iteration, the 

actual tracking trajectory of the robot is obtained; finally, the actual trajectory and model of the robot are 

imported into the robot offline VR simulation software, the VR painting operation of the spiral water pipe 

by the robot is realized to verify the feasibility of the algorithm in an industrial environment. 
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II. BACKGROUND AND METHODS  

 

The research object of the experiment in this paper is based on a three-degree-of-freedom robot 

modeled by SOLIDWORKS. The length of the robot base a1=0.6m; the length of the first arm a2=0.6m 

and the second arm a3=0.4m. The 3D model of the three-degree-of-freedom robot is shown in Figure 1: 

 

 
 

Fig 1: 3D model of three-degree-of-freedom robot 

 

2.1 Robot Kinematics Modeling 

 

The D-H parameters of the three-degree-of-freedom robot are shown in Table 1. 

 

TABLE I. Three-degree-of-freedom robot D-H parameters 

 

No. Joint θ(°) d(m) a(m) α(°) 

1 BASE+J1 θ1 0.1+0.5 0 0 

2 J2 θ2 0 0.6 90 

3 J3 θ3 0 0.4 0 

 

The transformation matrix of the robot from the base to the end effector can be described as: 

 
0

3 1 2 3T A A A
                               (1) 

Where: 
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Substituting the D-H parameters in Table 1 into the formula (2), we get: 
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Substitute formulas (3), (4), and (5) into formula (1) to obtain the total transformation matrix of the 

three-degree-of-freedom manipulator. 

 

The geometric relationship diagram of the three-degree-of-freedom manipulator model is shown in 

Figure 2: 

 

 
 

Fig 2: Geometric model of manipulator 

 

 

Suppose the end of the manipulator is point P (X, Y, Z). The lengths of L1, L2, and L3 are: 
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                                    (6) 

 

Knowing the lengths of L1, L2, and L3, the angle values of the three angles q, w, and e can be 

calculated as follow: 
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According to the robot kinematics, the angle values of θ1, θ2, and θ3 can be described by formulas (6) 

and (7): 

 

                (8) 

 

2.2 Robot Iterative PD Optimal Controller 

 

The Simulink of Iterative PD optimization controller for the three-degree-of-freedom manipulator is 

shown in Figure 3: 

 



Forest Chemicals Review 

www.forestchemicalsreview.com 

ISSN: 1520-0191  

Sept-Oct 2021 Page No. 1554-1570 

Article History: Received: 10 August 2021, Revised: 25 August 2021, Accepted: 05 September 2021, Publication: 31 October 

2021 

 

 

1559 

 

 
 

Fig 3: Three-degree-of-freedom robot Iterative PD optimized controller 

 

The controller consists of three inputs, two S-functions and three outputs. The input is the desired 

trajectory of the end of the three-degree-of-freedom manipulator; the two S-functions are:  Motion 

Controller S1 and controlled system S2; the output is the tracking of the actual trajectory. Among them: 

Motion Controller S1 is responsible for calculating the actual trajectory and actual end speed; Controlled 

system S2 is responsible for calculating the Kp and Td parameters based on the trajectory error e and the 

velocity error de. Then, using the Jacobian matrix and Robot kinematics, calculating the trajectory and the 

speed of the end of the manipulator at the next moment. 

 

The mathematical models of two S-function will be introduced in chapter 2.2.1 & 2.2.2. 

 

 

2.2.1 Mathematical model of motion controller S1 

 

Define the desired trajectory as: 
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Derivation to obtain the desired speed of the robot end on the X Y Z axis: 
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Combining the data in formulas (9) and (10), according to the robot kinematics, the expected angles of 

the three joints are obtained: 
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Where qdi is the expected angle of the three joints, ai is the length of the three robotic arm, c is cos and 

s is sin. 

 

The error matrix between the expected trajectory and the actual trajectory on the three coordinate axes 

is as follows: 
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                                       (12) 

 

In the same way, the error matrix between the expected speed and the actual speed on the three axes is 

as follow: 

 

                              (13) 

 

The parameters Kp and Td of the iterative PD optimization controller are two third-order matrixs, and 

the parameters m and n will change continuously with the number of iterations increases, so as to optimize 

the control amount under different combinations of Kp and Td: 
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From formulas (12), (13), (14), (15), the control variables dq and the spatial error w of the three joints 

are obtained: 
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2 2 2
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Among them, the spatial error reflects the tracking performance of the iterative PD optimization 

controller at each time node. The larger the spatial error, the worse the tracking performance at a certain 

time node. 

 

2.2.2 Mathematical model of controlled system S2 

 

The angle value matrix q of the three joints of the robot is obtained by adding the expected angles of 

the three joints and the control variables of the three joints of the iterative PD optimization controller: 
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The Jacobian matrix J of the robot is: 
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Where a2s1c2=a2sinq1cosq2 and so on. 

 

According to the Jacobian matrix in formula (19) and the joint control value in formula (16), the 

real-time linear velocity of the robot end on the X, Y, and Z axes is calculated: 
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From the robot kinematics, the simulation trajectory of the robot end effector on the X, Y, and Z axes 

is calculated: 

 

                      (21) 

 

According to the expected trajectory in formula (9) and the actual trajectory in formula (21), we can 

observe the trajectory tracking of the robot end in the iterative PD optimization control algorithm. The 

error matrix in formula (19) and the spatial error in formula (17) reflect the trajectory tracking performance 

of the robot end. The iterative PD optimization control algorithm passes through multiple iterations, and 

the trajectory with the smallest error coefficient is used as the final trajectory tracking output. 

 

III. EXPERIMENTS 

 

3.1 Algorithm Simulation 

 

The iterative PD optimization control algorithm is used for 90 iterations, and each iteration corresponds 

to a new set of PD parameters. In the experiment, the sampling frequency of the simulation is defined as 

5Hz, so each iteration will generate 51 sets of data, and each iteration will produce a spatial error w in 

formula (17). The largest spatial error, wmax, among 51 iterations is selected as our evaluation index. As the 

number of iterations increases, the optimization of the maximum spatial error wmax is shown in Figure 4: 
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Fig 4: The relationship between the max spatial error wmax and iterations 

 

From formula (11), when the iteration reaches 90 times, the real-time joint angles of the robot's three 

joints are shown in Figure 5: 

 

 
 

Fig 5: Real-time angle of three robot joints 

 

From formula (20), when the iteration reaches 90 times, the speed of the robot end in space changes 

with time as shown in Figure 6: 

 

 
 

Fig 6: The speed of the end in space changes with time 

 

According to formula (21), after 10, 50, and 90 iterations by the iterative PD optimization controller, 

the trajectory of the robot end on the X, Y, and Z axes is compared with the expected trajectory so as to 

observe the impact of iteration on trajectory tracking, as shown in Figure 7 (a), (b), (c): 
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(a) Tracking curve on the x-axis 

 
(b) Tracking curve on the y-axis 

 
(c) Tracking curve on the z-axis 

 

Fig 7: The effect of iteration on tracking performance 
 

The parameters for 10 iterations in Figure 8 are: Kp=440, Td=0.7; the parameters for 50 iterations are: 
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Kp=450, Td=0.5; the parameters for 90 iterations are: Kp=410, Td=0.1. From Figure 8 (a), (b), and (c), it 

can be observed that as the number of iterations increases, the actual trajectory on the 3-axis is constantly 

approaching the desired trajectory. When the number of iterations rises to 90, the actual trajectory and the 

expected trajectory almost overlap with minimal error; a good tracking effect is obtained. 

 

From formula (12), when iteration reaches 10, 50, and 90 times, the error between the expected 

trajectory of the robot end on the X, Y, and Z axis and the simulated trajectory is shown in Figure 8 (a), 

(b), (c): 

 

 
(a) Error curve at 10 iterations 

 
(b) Error curve at 50 iterations 
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(c) Error curve at 90 iterations 

 

Fig 8: The error between the expected trajectory and the actual trajectory on the X, Y, and Z axes 

 

This experiment was carried out on a HP notebook computer equipped with 8G memory and Intel Core 

i7-8750H processor, the experiment software is MATLAB R2018b. In summary, the table summarizes the 

performance of the iterative PD optimization control algorithm in all aspects of the trajectory tracking test, 

as shown in Table 2: 

 

TABLE Ⅱ. The performance of iterative PD optimization controller 

 

NO. 
Number of 

iterations 

Paraments 
Maximum 

error (m) 

Average absolute 

error (m) 

time cost  

(s) Kp Td 

1 10 440 0.7 0.09485 0.04849 5.03 

2 50 450 0.5 0.01680 0.01404 18.37 

3 90 410 0.1 0.00143 0.00114 32.22 

 

3.2 Offline VR Verification 

 

The experimental verification process of the algorithm (robot offline painting VR simulation) can be 

divided into four stages as follow: 

 

(1) Import robot model 

 

(2) mechanism definition 
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(3) Import each trajectory point in the algorithm and generate a trajectory 

 

(4) Import the workpiece and start the virtual simulation 

 

The robot model is shown in Figure 1. Secondly, define the mechanism for the robot. The mechanism 

definition includes 2 steps: D-H parameter setting and joint limit. The setting of DH parameters has been 

shown in Table 1. Joint limit is shown in Table 3: 

 

TABLE Ⅲ. Joint limit of manipulator 

 

NO. Joint Mechanical zero 

(mm) 

Maximum 

limit(°) 

Minimum 

limit(°) 

Movement 

direction 

1 J1 0 360 -360 Positive 

2 J2 0 75 -75 Positive 

3 J3 0 75 -75 Positive 

 

After completing mechanism definition, import each trajectory point generated by the algorithm after 

90 iterations into the offline programming software in turn, as shown in Figure 9. 

 

 
 

Fig 9: import trajectory points and generate trajectory 

 

Finally, the trajectory obtained by the iterative PD optimization control algorithm after 90 iterations is 

imported into the robot offline programming environment, and the painting operation is performed in the 

offline environment for VR simulation. Throughout the simulation process, the end position of the robot 

was reachable, and there was no collision during the simulation process. The robot successfully completed 

the painting operation of the water pipe in the offline VR environment. The VR simulation process is 
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shown in Figure 10 (a), (b), (c), (d): 

 

 
(a)               (b)              (c)              (d) 

 

(a) The robot is ready to start simulation 

(b) The end of the robot is at the 9th sampling point 

(c) The end of the robot is at the 32nd sampling point 

(d) Robot simulation is over 

Fig 10: Robot spray paint experiment on water pipe in VR environment 

 

Ⅳ. CONCLUSION 

 

In this paper, an iterative PD optimization control algorithm based on a three-degree-of-freedom robot 

is designed, and the robot is modeled in kinematics. By designing the main program of the iterative PD 

optimization control algorithm, the motion Controller and the controlled object, the output experimental 

data is processed and analyzed. Experimental results show that when the number of iterations reaches 90 

times, the actual trajectory of the robot end achieves a very good tracking effect relative to the expected 

trajectory. Finally, the robot end trajectory after 90 iterations is applied to the robot offline environment for 

VR painting simulation experiment. In the experiment, the position of the robot is reachable, there is no 

collision with the water pipe, and the entire painting simulation process is successfully completed. The 

kinematics model in this algorithm is completely independent from the kinematics model on the robot 

offline VR simulation software, and the same robot inverse solution is obtained, which fully proves the 

feasibility of the algorithm to be used in an industrial environment. 

 

From a forward-looking perspective of industrial applications, the research method that combines 

industrial robot control algorithms with VR offline simulation not only ensures that advanced robot control 

algorithms can be quickly put into actual production, thereby improving industrial production efficiency, 

but also advanced control algorithm can be pre-simulated in offline VR software to ensure the safety and 

feasibility of the new algorithm in actual production. 
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