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Abstract 

This paper focuses on investigating the influence of the welding seams in the working space 

on the driving energy for the six degrees of freedom FD-V8 industrial welding robot. The 

system of kinematics equations is built on the basis of multi-bodies mechanics theory and 

industrial robotics theory. The AGV algorithm is applied to solve the inverse kinematics 

problem (IKP) for each specific welding seam. The Lagrange-Euler method is used to build 

the differential equations of the robot motion. The robot driving energy is determined on 

the basis of solving the inverse dynamics problem (IDP). The results of this study have 

important implications in designing an appropriate welding seams trajectory to reduce 

energy consumption, as a basis for step by step building the optimizing energy consumption 

and production costs problem meeting the challenge of the current energy shortage in 

modern industrial production. 
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1. Introduction 

Smart manufacturing is the core of industrial revolution 4.0. Industrial robots in 

general and welding robots in particular are one of the main subjects that are interested 

in research and application more and more. The need to improve the performance of 

robots is always an urgent issue. In the current and near future, the number of robots 

will be used popularly, with continuous operation frequency and long working cycles in 

smart factories. Therefore, they are subject to high energy consumption in production. 

Finding solutions to reduce energy consumption is an urgent matter in order to 

minimize costs and enhance production efficiency.  

The problem of reducing costs and improving machining productivity of robots is 

solved in many directions such as optimization of machining trajectory [1-3], feed rate 

[4-6], technology parameters [7-9] and reduction of machining time leads to reduced 

energy consumption during machining [10-12].  
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The optimization direction of production planning, operation based on 

optimization of production processes, management of delay time, waiting time, and 

operation time is an important and key direction studied by most enterprises. However, 

this solution depends heavily on the specific conditions of the management level, the 

external organization but has not yet entered into the operational nature of each 

production equipment.  

The optimal research direction of the technology parameters depends a lot on the 

object of processing. The technological parameters change continuously when changing 

materials, textures of objects, and machining methods [7-9]. In order to find the optimal 

parameters, it is necessary to carry out many tests, measurements, and statistics, which 

consumes time and research costs. The research direction to optimize the energy 

consumption based on the optimal trajectory, jerk, and feed rate goes into the nature of 

the kinematics and dynamics of the robot, which is feasible and highly cost-effective. 

These methods are implemented based on basic researches right in robot structure 

design, trajectory design, and optimization algorithms.  

The issue of energy consumption in production is directly mentioned in [13-20]. 

Experimental studies on the effects of robot operating factors on energy consumption are 

discussed in [10]. The algorithm that minimizes the energy required to move in a point-to-

point trajectory is proposed by [11] and applies the simulation for a 2 degrees of freedom 

(DOF) planar robot. The issue of energy consumption for a system of many robots is 

examined in [12] with a 3DOF robot used to illustrate the algorithm. The technique for 

adjusting the parameters of the dynamics model and recognition technology is used in 

[13] to plan the trajectory of industrial robots with the minimum energy consumption. The 

problem of evaluating the effects of feed rate and load on energy consumption is 

mentioned in [14] through the construction of an industrial robot simulation model. 

Determining the optimal positions in the robot workspace to minimize the driven energy 

is considered in [15]. Similarly, using energy efficiency is considered for the 4DOF 

parallel robot in [16] based on the position optimization in the workspace. The energy 

consumption optimization solution through the structural optimization design study 

considered in [17], the 5-bar mechanism model and the SCARA robot are the illustrated 

objects. The redundant properties of the robot in [18] are exploited to improve the 

efficiency of driving energy. In essence, this proposal is also based on adjusting the 

machining trajectory of the robot. The proposed model for calculating the energy 

consumption of the robot with the effect of temperature at the robot's driving joints is 
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presented in [19]. The solution to reduce energy consumption for the pick-and-drop robot 

based on the optimal working trajectory is also presented in [20]. Energy consumption in 

the production process has been studied for a long time, but mainly focused on the 

cutting process on CNC machines and through experimental research. For industrial 

robots, this issue has only been interested in recent years due to the development and 

application of more and more robots in industrial production, the explosion of the 

industrial revolution 4.0, and the challenge of the global energy shortage.  

This paper focuses on surveying the influence of the welding seams in the 

workspace on the driving energy of the robot joints. This driving energy is described in 

terms of the torque value of each joint. The robot mathematical model is built using the 

multi-bodies mechanics theory and industrial robot theory. The welding seams in the 

workspace are used as an input for the IKP to determine the values of the joint variables. 

The AVG method [21] is effectively used to solve the IKP. The dynamic equations are 

established based on the energy differential equations Lagrange-Euler. The driving 

torques of joints were determined by solving the IDP. 

2. Materials and methods 

2.1. The kinematic and dynamic modeling 

        

Fig. 1. Kinematic model of the industrial robot FD-V8 and the EEP working range [22]. 

Consider the kinematic model of industrial welding robot FD-V8 with 6DOF 

as shown in Fig. 1. The fixed coordinates system is 0( )OXYZ  located at point 0O  

and ( ) , ( 1 6)iOXYZ i    are the local coordinate systems attached link i . Tab. 1 
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describes the kinematics parameters according to the D-H rule [23]. Accordingly, 

the transformation homogeneous matrices , ( 1 6)i i  H  are determined. 

Table 1. DH parameters 

Links 
DH parameters 

i iq   
id  

ia  
i  

1 1q  
1d  

1a  2  

2 2q  0  2a  0  

3 3q  0  3a  2  

4 4q  
4d  0  2  

5 5q  0  0  2  

6 6q  
6d  0  0  

The position and direction of the end-effector point (EEP) from the 6D  

matrix following the fixed coordinate system are determined as follows [23]. In 

this paper, the tip point of the welding torch is the end-effector point. 

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

Define the generalized vector of robot is 1 2 3 4 5 6[ ]Tq q q q q qq  and 

 ( )
T

EEP E E Et x y zx  is the coordinate vector of end-effector point following fixed 

coordinate system. The forward kinematic equations can be written as 

( )EEP fx q  (2)  

where f  is a vector function representing the robot forward kinematics. Derivative (2) 

with respect to time, the relation between generalized velocities is obtained as 

( )EEP x J q q  (3)  

where ( )J q  is the Jacobian matrix with size 3 6 . The acceleration of the end-effector 

point can be given by derivation (3) 

EEP  x Jq Jq  (4)  

The IKP equations of robots are written as 

1( )EEPf q x  (5)  

The values of vector q  have been determined from (5), the joints velocity is determined as 
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( ) EEP

q J q x  (6)  

where ( )
J q  is the pseudo-inverse matrix of ( )J q  matrix and is defined as [23] 

1

( ) ( ) ( ) ( )T T


    J q J q J q J q  (7)  

The joints acceleration is calculated from (6) 

( )( )EEP

 q J q x Jq  (8)  

For the given , ,x x x  vectors and using the algorithms for adjusting the increments 

of generalized vector which was proposed in [21], the approximately joint variables 

value can be determined exactly. The dynamic equations show the relationship between 

forces and torques with the motion characteristics of robots such as joint position q , 

velocity q , joint acceleration q . The dynamic equations of the robot are described as 

follows [24]: 

( ) ( , ) ( )  M q q C q q q g q   (9)  

where ( )M q  is the mass matrix, ( , )C q q  is Coriolis matrix, ( )g q is the gravity vector,   

is the joints torque vector. The components of (9) are determined similarly in [24]. The 

generalized vectors , ,q q q  and q  are calculated from solving the IKP.  

2.2. The IKP and IDP 

Due to the robot is a redundant system, solving the system of (5) will give 

countless answers. Choosing the most suitable answer is a quite difficult problem. 

Therefore, building an effective algorithm to solve the problem of inverse kinetics is 

always interested in. Apply the AGV algorithm [21] to find ( )tq  value with given rules 

( ), ( ), ( )EEP EEP EEPt t tx x x . The position error Xe  of the EEP can be determined as follows: 

 ( )EEP f 
x

e x q   (10) 

The dynamic problem includes the forward and inverse dynamics. The forward 

dynamic problem has input data that are driving torques or forces and outputs are the 

dynamic behaviors such as the position, velocity, and acceleration of the joints in the 

joint space or the EEP in the workspace. The inverse dynamics allows determining the 

value of torques or driving forces required to ensure that the motion of the system 

according to the given path ( )EEP tx  in the workspace or  1 2 6( ) ...
T

t q q qq  in the 
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joint space. Solving the inverse dynamic problem in the workspace is truly complicated 

because it is necessary to solve before the already complicated IKP.  

The driven torque vector can be found as follows: 

( ) ( ) ( , ) ( )t   τ M q q C q q q g q  (11) 

The calculational diagram for solving the IDP is described as Fig. 2. 

 

Fig. 2. The calculation diagram for the inverse dynamic problem in Matlab/Simulink. 

2.3. Numerical simulation results and discussions 

This section presents the numerical simulation results for welding robot FD-V8 with 

three weld seams. Some dynamic parameters of the system can be showed as Tab. 2. 

Tab. 2. Dynamic parameters of the system 

No Link 1 Link 2 Link 3 Link 4 Link 5 Link 6 

Length of links (m) 0.42 0.15 0.56 0.13 0.6 0.325 

Mass of links (kg) 127.9 37.4 79.9 19.2 3.8 3.7 

Inertial moment of links (
xxI ) 

(kg.m2) 
2.26 0.064 0.76 0.81 0.022 0.04 

Inertial moment of links ( yyI ) 

(kg.m2) 
3.04 1.25 0.88 0.78 0.0045 0.031 

Inertial moment of links (
zzI ) 

(kg.m2) 
2.49 1.281 0.95 0.075 0.021 0.011 

 

Given the welding seams of the EEP in three cases are shown in Tab. 3. 
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Table 3. Trajectories in the workspace 

Trajectory ( )Ex m  ( )Ey m  ( )Ez m  

Case 1 0.7 0.3sin(2 )t  0.3cos(2 )t  0.45 

Case 2 0.7 0.3cos(2 )t  0.65 0.3sin(2 )t  

Case 3 1.075 0.3sin(2 )t  0 0.81 0.3cos(2 )t  

Three welding seams in these basic planes are used to determine the torques of a 

redundant manipulator with 6DOF fixed in a vertical plane. There are many different 

types of trajectories in space depending on the specific task and these are all based on 

the three basic planes. The position, velocity, and acceleration of the joints are the 

results of this problem. The IKP solving algorithm takes the given error of the joints 

variables and limits the joints as the conditions for performing the calculation. There are 

several reasons for choosing 3 basic planes for planning the EEP trajectory in the 

workspace. Firstly, this study is only at the beginning of research on the driven torques 

of robots with simple and basic trajectories. Secondly, parameters of the EEP 

trajectories on these 3 planes can ensure to bring the EEP of the robot to the positions 

that need to be investigated such as the position outstretched, close to the robot's body, 

the position of rising or falling low close to the base. Thirdly, the EEP trajectories are 

easily built on these basic planes and easily verify reliability in both theoretical and 

experimental geometry calculations. On the other hand, easily fabricate auxiliary 

equipment such as jigs for experimenting, measuring, and verifying calculation results. 

Next, the analysis results of the problem in this paper can be used immediately because 

in reality most welded structures are mainly machined on these planes. Finally, the 

generalized EEP trajectory in the workspace can completely be built and investigated, 

but verifying the reliability and accuracy of the calculations will be a huge challenge, 

especially experimentally verified. 

The numerical simulation results of case 1 with the trajectory in the workspace, 

the value of joint variables and simulation model in Matlab are described respectively in 

Fig. 3, Fig. 4, and Fig. 5. Similarly, simulation results of case 2 are shown in Fig. 6,  

Fig. 7, and Fig. 8. Case 3 is determined in Fig. 9, Fig. 10, and Fig. 11, respectively. It is 

easy to see that the values of the joint variables change continuously and there is no 

singularity point. The 3D model in Matlab of the robot in Fig. 5, Fig. 8 and Fig. 11 is 

created from joint variable values obtained in the IKP solving.  
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Case 1 (C1): The trajectory on OXY plane 

   

Fig. 3. Trajectory in C1 Fig. 4. Joint position in C1 Fig. 5. Case 1 

Case 2 (C2): The trajectory on OYZ plane 

   

Fig. 6. Trajectory in C2 Fig. 7. Joint position in C2 Fig. 8. Case 2 

Case 3 (C3): The trajectory on OXZ plane 

   

Fig. 9. Trajectory in C3 Fig. 10. Joint position in C3 Fig. 11. Case 3 

   
Fig. 12. Error position OX Fig. 13. Error position OY Fig. 14. Error position OZ 
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The errors position of the EEP in the workspace are presented in Fig. 12, Fig. 13 

and Fig. 14. The values of errors position are small. Those results prove the high 

reliability and efficiency of the AGV algorithm. 

The results of the IDP are the driving torques of joints values that are described 

from Fig. 15 to Fig. 19. 

   

Fig. 15. Torque of 1.q  Fig. 16. Torque of 2.q  Fig. 17. Torque of 3.q  

For C1-XOY, the maximum driving torque value is 500 Nm and is located at joint 2. 

Likewise, the torque at joint 2 in C2-YOZ and C3-XOZ also reaches the maximum 

values are 297.6 Nm and 806.8 Nm. 

  

Fig. 18. Torque of 4.q  Fig. 19. Torque of 5.q  

The maximum driving torque value in all cases belongs to joint 2 in C3-XOZ with 

806.8 Nm. This means that the drive motor of joint 2 needs the most drive power. The 

reason C3 reaches the maximum value because the robot links must reach the farthest 

from the fixed origin position. The C2-YOZ gives a much smaller torque value than the 

other two cases. 

Table 4 presents the maximum torque value of each joint in three cases. 
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Tab. 4. The maximum torque values of joints (Nm) 

No Joint 1 Joint 2 Joint 3 Joint 4 Joint 5 Maximum 

Case 1 - XOY 188 500 256.8 48 0.24 500 

Case 2 - YOZ 135.5 297.6 285.1 47.7 0.4 297.6 

Case 3 - XOZ 97.6 806.8 267 50 0.42 806.8 

Maximum 188 806.8 285.1 50 0.42  

For each specific joint, the maximum driving torque value in joint 1 reaches  

188 Nm and belongs to C1-XOY. Joint 2 requires the maximum drive torque as 

described above. Joint 3 gives the same driving torque value in all 3 cases. Joint 4 and 

joint 5 require a much smaller value of driving torque than joint 1. Joint 5 has the 

smallest torque value because it only carries the link 6. 

In summary, the order of the links with the torque value from the largest to the 

smallest is joint 2, joint 3, joint 1, joint 4 and finally joint 5, respectively. The torque at 

the joints is greater when joint the further the operation moves away from the fixed 

origin. The C2-YOZ gives the driving torque value at the joints is the similarity, does 

not make a big difference between the joints. Thus, in order to design the welding 

trajectory to ensure that the driving energy is not too large, the trajectories should be 

designed according to the C2-YOZ. All cases where there is a change of the OX axis 

coordinates lead to a high demand for driving power. 

3. Conclusion 

In general, the influence of the welding path trajectories on the basic planes in the 

workspace on the driving energy of 6DOF industrial robot has been specifically 

considered and evaluated. The results show that welding trajectories that change in the 

direction far away from the fixed coordinate system origin require large driving moments. 

On the other hand, the welding trajectory designed on the YOZ plane (Case 2) requires 

the smallest driving torque compared to the other cases. The value of the driving torque 

at joint 2 is always the largest requirement in all cases. This is the basis for calculating 

and selecting the driving motor power when designing the transmission, calculating the 

structural strength and cost expected when investing in manufacturing. 
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ĐÁNH GIÁ ẢNH HƯỞNG CỦA BIÊN DẠNG ĐƯỜNG HÀN  

TỚI NĂNG LƯỢNG DẪN ĐỘNG CHO RÔ BỐT HÀN CÔNG NGHIỆP 

Dương Xuân Biên, Đỗ Tiến Lập, Phan Anh Tuấn,  

Tạ Hữu Vinh, Nguyễn Thị Ngọc Mai 

Tóm tắt: Bài báo tập trung khảo sát ảnh hưởng của quỹ đạo gia công của mỏ hàn trong 

không gian thao tác tới năng lượng dẫn động cho rô bốt hàn công nghiệp FD-V8 sáu bậc tự do. 

Hệ phương trình động học được xây dựng trên cơ sở lý thuyết cơ học hệ nhiều vật và kỹ thuật  

rô bốt. Thuật toán AGV được áp dụng để giải bài toán động học ngược ứng với từng quỹ đạo 

thao tác cụ thể. Phương pháp Lagrange-Euler được áp dụng để xây dựng hệ phương trình  

vi phân chuyển động của rô bốt. Năng lượng dẫn động của rô bốt được xác định trên cơ sở giải 

bài toán động lực học ngược. Kết quả của nghiên cứu này có ý nghĩa quan trọng trong việc thiết 

kế quỹ đạo gia công phù hợp nhằm giảm tiêu hao năng lượng, làm cơ sở xây dựng bài toán tối 

ưu hóa năng lượng tiêu thụ và chi phí sản xuất, từng bước đáp ứng thách thức sự thiếu hụt năng 

lượng hiện nay trong sản xuất công nghiệp hiện đại. 

Từ khóa: Rô bốt công nghiệp; quỹ đạo gia công; năng lượng dẫn động. 
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