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Abstract 

Modern manufacturing demands high productivity, precision, and efficiency. As a 

result, multi-axis machine tools and industrial robots play critical roles in the 

manufacturing process. In many applications, industrial robots are integrated with 

machine tools to form intelligent manufacturing cells, where robots manage the loading 

and unloading of workpieces, while machine tools perform cutting tasks. Additionally, 

for machining complex surfaces that require high accuracy, five-axis CNC machine tools 

or industrial robots are employed, where minimizing contouring errors becomes crucial. 

This dissertation aims to: (1) enhance the accuracy of manufacturing cells consisting of 

a three-axis machine tool and an industrial robot using iterative learning control (ILC), 

ultimately improving the precision of finished products; (2) reduce contouring errors in 

five-axis machine tools and industrial robots by applying ILC to improve the accuracy 

of machining complex surfaces; and (3) propose an online ILC algorithm based on 

conventional offline ILC. The dissertation is structured into three main sections, 

summarized as follows: 

First, the integration of robots and three-axis machine tools into intelligent 

manufacturing cells is introduced. To improve the precision of the final product, an ILC 

algorithm is proposed for this setup. The algorithm adjusts the input commands for 

subsequent machining cycles of both the robot and the machine tool based on the results 

of the current cycle, thereby improving output accuracy. These adjustments are computed 

based on current tracking or contour errors. Specifically, the robot’s ILC prioritizes 

minimizing tracking errors along the motion path, particularly at the endpoint. For the 

machine tool, the focus is on reducing contour errors, referred to as iterative learning 

contouring control (ILCC), to enhance machining quality. Given the complexity of the 

contour error model, this dissertation targets minimizing the equivalent contour error as 

the control objective. A key challenge in the integrated system is the presence of initial 

state errors, caused by robot motion errors, which affect the dynamics of the machine 

tool. This issue is discussed in detail, and the proposed ILC algorithm is experimentally 

validated on a commercial integrated system comprising both a robot and a machine tool. 
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Second, as five-axis machine tools and industrial robots are essential systems in 

machining complex and high accuracy surfaces. Effective contouring control is critical 

for accurate machining. However, this aspect is seldom studied due to the unique features 

of multi-axis motion systems: (1) they involve complex kinematics, and (2) both contour 

error and orientation error must be minimized. In this dissertation, the iterative learning 

contouring control (ILCC) algorithm is applied to both five-axis machine tools and 

industrial robots. The control objective of the ILCC is the equivalent contour error, whose 

reduction is equivalent to minimizing both contour and orientation errors. Moreover, the 

equivalent contour error can be easily represented in machine axis coordinates. The 

proposed ILCC algorithm is experimentally validated on commercial five-axis machine 

tools and industrial robots, and its performance is compared to conventional ILC methods 

for contouring control. 

Finally, while iterative learning control (ILC) has been applied to industrial robots 

and machine tools, it typically operates as an offline algorithm that requires significant 

computation time to generate the next input command, making it impractical for real-

time machining. This dissertation introduces an online iterative learning control (online 

ILC), which builds upon the offline ILC algorithm. Although online ILC can reduce both 

tracking and contour errors, this dissertation focuses exclusively on the reduction of 

contour errors (online ILCC) due to scope limitations. The application of online ILC for 

tracking control will be addressed in future work. Unlike offline ILC, which requires 

storing and processing large amounts of data and results in lengthy computation times, 

the proposed online method enables real-time computation of individual elements for the 

next input command, thereby avoiding the drawbacks of batch processing. Given the 

complexity of the contour error model, the equivalent contour error is used as the control 

objective. The online ILCC is validated on a commercial CNC machine tool and 

compared with existing offline methods. 

This dissertation presents a comprehensive solution for ILC to industrial robots and 

machine tools. Additionally, online ILC extends the capabilities of offline ILC by 

computing the next input command during machining, thereby eliminating the need to 

pause the machining process. This advancement makes online ILC suitable for real-time 
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machining, facilitating its widespread adoption to enhance the accuracy of finished 

products. 
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