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Abstract

:

This paper proposes a simple tracking and synchronization control of a dual-drive system using inversion-based iterative learning control (IILC), which reformulates the model at each iteration based on input/output data. By the power of the IILC, this work simplifies the dual-actuator-driven dynamic system control problem that is normally addressed with a MIMO method. This work also shows the potential of the IILC for nonlinear system applications by reformulating the model at each iteration based on the input/output data. An analytical representation of the iteration-varying IILC followed by simulations is provided. A set of physical system testings with a dual-motor gantry and a semiconductor wafer inspection robotic system are carried out to verify the control method.
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1. Introduction


In various manufacturing scenarios, a multi-motor-driven system is popularly used for accurate and high-speed transport of heavy objects [1,2]. In recent years, especially in the semiconductor industry, the inspection system’s target object has changed from a single proving to a heavy-cartridge type multi-probing unit or, in advanced display vacuum fabrication, from a simple linear motion to a heavy gantry.



One of the popular developments on the concept of multi-probes is a system that combines a probe card, wafer, and chuck to create an integrated cartridge and inspect multiple cartridges simultaneously through multiple channels [3,4]. As the target weight for the cartridge transport robot in these systems increases and affects the takt time, a transport operation using a multi-axis actuator is required, and stable control for this is also an important issue. Consequently, one of the main problems with this system is the synchronization of multiple actuators.



In the dual-gantry system commonly used in the industry, the bridge connecting each axis is rigid, and so are the connection joints. Even a tiny distortion could result in a prohibitive situation, especially in chip manufacturing. To reduce this problem, many studies have been carried out. One of the typical examples, including Kamaldin, proposed a flexible joint structure [5], although the added degree of freedom costs a complication in designing controls mostly with synchronization issues.



There are some typical categories of synchronization controls. First, the synchronized master motion command method is popularly adopted in many applications [6,7]. This method considers each axis an independent master axis and composes an independent control loop but provides a synchronized motion command. Second, there is a master–slave method [8,9], which sets the motion of the master axis as a command of the slave. There is a slight delay between master and slave in this method. There is also a problem that errors due to disturbances in the slave axis are not considered in the master axis control loop. The third method is a cross-coupled type control method, which considers the relative difference in the motion of each axis, and is currently the most widely used method [10,11,12,13,14]. Recently, methods such as the mean deviation method using deviation from the average value of motion of each axis or control using NN have been introduced [15,16]. In addition, other studies utilizing sliding mode (SMC) [17,18], modified optimal control [13,19], or adaptive control have been introduced. Typical examples are shown in [20,21,22].



A robotic transport system commonly adopted in many manufacturing processes has a repetitive identical moving geometric path operation. Moreover, it works with harsh environmental parameter changes such as temperature, friction, and operating pressure. Iterative learning control (ILC) would be a competitive candidate for a system that carries out such repetitive tasks [23,24,25]. However, limited capability in handling the transient response is one of the drawbacks of the ILC, especially when the input is not continuous. There have been studies on reducing the problem by adopting additional treatment such as input shaping or adding filters. Despite the limitation, since most repetitive robotic tasks required in industry are periodic wave-form-based motions, the ILC may still be a notable candidate.



A typical basic structure of the ILC is P-type ILC. Although it has simple formulation and implementation with acceptable accuracy, it has a notable disadvantage in convergence speed, along with many other ILC methods [26,27]. To overcome the drawback, the inversion-based ILC (IILC) has been proposed and tested [28,29,30,31]. It features a much faster convergence speed than the P-type and shows high convergence when selecting an appropriate gain. However, the limitation of IILC exists in the derivation process of the inversion model. It is not easy to derive an inversion model, and if the accuracy of the inversion model is not precise enough, the convergence will be rough. In addition, from the viewpoint of the Newton method, it is difficult to obtain the desired performance in the iteration-varying system or nonlinear system because previous studies used a fixed gradient in the iteration axis [32]. To compensate for these problems, this paper proposes a method to control tracking and synchronization through IILC based on the Newton method, which applies reformulation of the model at each iteration with simple inversion.



Considering the mechanism construction of those robotic transport systems where multiple actuators are coupled, the control for synchronization should be arranged through a MIMO/MISO architecture. Although, as mentioned earlier, there were many attempts to control these problems with a set of parallel SISO control systems, their efficiencies and accuracies were not verified with modern production systems. In addition, in MIMO architecture, the coupling term makes the system model complex, and the control system’s performance may deteriorate due to inaccuracy and uncertainty of the model. Noting the drawbacks of the previous attempts and advantages of the IILC, the present work tries to organize a set of parallel SISO controllers for the coupled actuator control. Using the constructed IILC, this work successfully synchronizes two motors and provides fairly precise accuracy in demanding engineering problems.



In Section 2, the problem definition of a multi-motor system and system components in a manufacturing system are explained. Section 3 introduces the proposed ILC and analyzes the characteristics of the convergence characteristics. In Section 4, a simulation of the proposed algorithm is performed. In Section 5, convergence for the algorithm is verified through an experiment and a comparative study. Robustness for the iteration-varying system is also verified in this section. Finally, Section 6 concludes this paper.




2. Problem Definitions


A schematic mechanical structure of a multi-driving system is shown in Figure 1. There are n driving axes, and all shafts are connected by one coupler or one driving shaft, a bridge. In general, end-effectors or load sides are mounted on the bridge, and extra motion freedom is given along the bridge when necessary. The target system to be applied in this work is a wafer multi-prove inspection cartridge transporter, an orthogonal robot system carrying a heavy-weight cartridge. Its main operation is in the vertical direction by two or more linear actuators. A motor-driven cartridge pusher working in the horizontal direction is mounted on its bridge. In such a dual-drive system, since an accurate synchronization of the multiple motors has been a challenging issue, the problem should be carefully addressed under MIMO or MISO system arrangements. Many previous studies have solved this problem in a way that involves a series of complicated procedures.



As mentioned earlier, this work suggests a much simpler method using the IILC formulated based on SISO systems. In this presentation, we have to admit that this proposed method cannot substitute all the MIMO/MISO problems, although it shows fairly accurate performances in the problems shown. In other words, the coupled dual-motor dynamic system is controlled with parallel SISO model-based IILCs with accurate control errors. A typical dual-motor gantry is constructed, and it is controlled with the proposed method. The gantry is to be modified for aggravated physical situations, and it is controlled with the controller. Finally, the method is verified with a wafer cartridge transport robot that incorporates multi-motors.




3. An Inversion-Based Iterative Learning Control


3.1. Algorithm


Although it does not guarantee a fast convergence speed, the typical P-type ILC provides good accuracy in various problems. As a result, application in actual industrial applications is less efficient, especially for the parallel SISO problems used in this work. On the other hand, the inversion-based ILC ensures faster convergence with high precision accuracy through the model-based update, even though it has limitations for the iteration-varying or nonlinear systems. Note that a system shows similar characteristics to a class of nonlinear systems when its characteristics are iteration dependent (iteration varying). This study proposes a new synchronization method based upon a modified ILC, called inversion-based iterative learning control, for the systems that change their system parameters while the iteration proceeds.



The main idea of the IILC is to estimate the inverse model from the viewpoint of the Newton method, as shown in Figure 2. From the Newton method, the input and output relation of the system can be expressed as a gradient. The green line in Figure 2 shows that the value of the gradient representing the model is the same for each iteration in the process of updating the input of the next iteration from the result of the previous iteration. It does not reflect the slope value required for each iteration for the convergence of the error, and it results in divergence in the right for Figure 2. On the other hand, in the right figure, the red line slope changes at each iteration. With this, a new inverse model by reflecting each iteration’s input/output value could be established. It is possible to account for the parameter-varying system at each iteration with the acceptable convergence speed, as shown in the figure.



An iteration-varying system is defined as


   Y i    ω n   =  G i    U i    ω n    +  N i    ω n   , n = 1 , 2 , … , M  



(1)




where i denotes the iteration number,   Y i   the output,   G i   the transfer function,   U i   the input, and   N i   the measurement noise.



In order to implement ILC using an inverse model, an inverse model must be estimated. The inverse estimation of the slope using a finite difference is shown in the frequency domain as follows:


        g ^  ′   − 1     ω m       =    U i    ω n   −  U  i − 1     ω n     G   U i    ω n    − G   U  i − 1     ω n               =   G ^   − 1     ω n       



(2)







From Equation (2), the inversion-based ILC can be seen as one of the Newton ILCs in the frequency domain from the viewpoint of estimating the inverse model as the inverse of the slope. The idea to be applied in this paper is to re-formulate a new inverse model by using input/output data at each iteration. That is, the proposed IILC is expressed as follows:


   u  i + 1    ( k )  =  u i   ( k )  + α  F  − 1       G ^   i   − 1     ω n    E i    ω n    k   



(3)




where


    G ^   i   − 1    ( ω )  =        G ^   11 , i   − 1    ( ω )        G ^   12 , i   − 1    ( ω )          G ^   21 , i   − 1    ( ω )        G ^   22 , i   − 1    ( ω )        



(4)







  F  − 1    denotes the inverse discrete Fourier transform operator,  α  learning gain,    E i    ω n     the error, k the index for discrete data. In general ILC practice, the learning gain  α  is normally selected based upon users’ experience. The higher gain does not guarantee faster convergence speed or convergence quality. Although it is a highly complex task to expect the error dynamics, some successful studies are available for the gain selection for a specific task [33]. In a SISO system, the inverse model is calculated using the inverse of the slope, but it is not easy to estimate the inverse model in the same manner in the MIMO system. It can make the update scheme more complicated, especially as the number of axes increases. Therefore, this paper proposes an algorithm minimizing the effect of the coupling term of the MIMO system and viewing it as a set of parallel SISOs by the power of IILC. Through this application, the MIMO system can be easily synchronized and controlled. Through the considering the parallel SISOs, Equation (4) can be regarded as a diagonal matrix, and as a result, the following update law can be derived. The full procedure of IILC is provided in details in Figure 3.


   u  i + 1    ( k )  =  u i   ( k )  + α       F  − 1      G ^   11 , i   − 1    ω   E  1 , i    ω          F  − 1      G ^   22 , i   − 1    ω   E  2 , i    ω         



(5)








3.2. Convergence Condition


The convergence characteristics of the iterative learning is one of the critical functionalities. Based on the equations for convergence, the characteristics of the convergence speed of the present algorithm could be analyzed. The inversion-based ILC of Equation (5) is given as


   Y i    ω n   =  G i    ω n    U i    ω n   +  N i    ω n   .  



(6)







Without loss of generality, a target system can be expressed with


   Y d    ω n   =  G d    ω n    U d    ω n   .  



(7)







The “iteration-varying” system is


   G i    ω n   =  G d    ω n   + δ  G i    ω n    



(8)




where   δ  G i    ω n     represents the difference between the i-th system and the target system or variation in the system due to iteration. In addition, as the iteration number increases to infinity, the system for the i-th iteration asymptotically approaches the target system:


   G i    ω n   →  G d    ω n    as  i → ∞ .  



(9)







With these conditions, the convergence of the input error which is the difference between the i-th input and the target input can be defined as


  δ  U i    ω n   =  U d    ω n   −  U i    ω n   .  



(10)







For Equation (3), it can be rephrased as follows:


     δ  U i    ω n      =     U d    ω n   −  U  i − 1     ω n   − α   G ^   i − 1   − 1     ω n    E  i − 1     ω n         =     1 − α   G ^   i − 1   − 1     ω n    G  i − 1     ω n    δ  U  i − 1     ω n           − α   G ^   i − 1   − 1     ω n     G d    ω n   −  G  i − 1     ω n     U d    ω n           + α   G ^   i − 1   − 1     ω n    N  i − 1     ω n   .     



(11)







From Equations (8) and (9), the convergence condition for input error is


   C i    ω n   =  1 − α Δ  G i    ω n    < 1   ω n    



(12)




where   Δ  G i    ω n   =   G ^   i   − 1     ω n    G i    ω n     is the i-th iteration-varying model uncertainty.



From the above equations, it is possible to consider how convergence can vary depending on which variable. Two variables can affect the convergence performances,  α  and   Δ  G i    in this equation. As a result, an analysis of the convergence characteristics regarding  α  and   Δ  G i    could constitute a complete set of the analytical work. However, that is not the scope of this article. A well-coordinated study for the analysis on the convergence condition, especially reformulating the method for     G ^   i   − 1     ω n     at every iteration, would be one of the immediate follow-up tasks. Note that accurate estimation of the inverse model guarantees a better performance on both convergence and convergence speed.





4. Simulation


4.1. Dual-Drive System


To test the performance of the proposed algorithm, a set of simulations are designed based on a generic gantry mechanism shown in Figure 1. In order to test the IILC’s performance that is applied to a MIMO system, the mechanical coupling should be properly addressed in the simulation model. In other words, it is necessary to consider the factors causing synchronization errors in the plant. To represent the factors that cause synchronization errors, the following equation of motion is used:


   M i    y ¨  i  +  C i    y ˙  i  +  K i   δ y  =  F  m , i    



(13)




where   M i   denotes the mass for the i-axis,   C i   the friction parameter,   K i   the stiffness parameter,   δ y   the difference between axes, and   F  m , i    the driving force. In a generic gantry structure, the friction and the bearing stiffness are the dominant sources of the synchronization error. In the shown mechanical system, the two axes cannot be perfectly assembled in parallel and might have some misalignment. This results in different friction and overall stiffness of the sliders, which were accounted for with   C i   and   K i   for each axis in Equation (13). The target motion is a sinusoidal wave function and checked with both target tracking and synchronization errors of two actuators. In Figure 4, it can be seen that both tracking error and synchronization error converge in a monotonic manner. For the convergence for various systems, simulations were performed by dividing the value of   C i   into several cases. Although there is a difference in the degree of convergence depending on the parameter value, it was confirmed that monotonic convergence was shown for all the performed cases.




4.2. Iteration-Varying System


Recognizing that the MIMO system could be successfully controlled with the proposed method, the test, an iteration-varying system, is to be studied to verify the robustness. If the equipment is operated repeatedly, the system may change due to friction factors due to aging of parts or disturbance factors such as noise. It is necessary to check whether the proposed method shows robustness for a system that can change as iteration increases.



To implement the iteration-varying system, the friction and the stiffness values are changed as the iteration proceeds. In this simulation, when the iteration is at six, the disturbance is injected.



As shown in Figure 5, as soon as the noise is injected at the seventh iteration, the system is shaken. However, it regained its stable convergence very fast.





5. Experiment


5.1. Experiment Setup


To test the performance of the proposed control algorithm, two systems were used. A generic dual-actuator gantry was built for preliminary tests of the present work. Then, the method was applied to a multi-probe wafer inspection cartridge transport robotic system which is driven with a pair of actuators. The gantry testbed is shown in Figure 6. Three experiments were conducted using this test setup. First, an experiment to verify the controller’s primitive performances on the dual-drive mechanism was conducted. This might be a basic test to confirm the paralleled SISO iterative learning controls when applied to a dual-motor system. Second, as shown in the simulation, the system parameters were changed while the iteration proceeded. The convergence performance of the designed method should be checked, and its steady-state error is to be verified. Lastly, to check its limitation, a challenging test setup that aggravates the mechanical coupling of the two actuators was built, and the proposed method was applied. Finally, the method was applied to a multi-probe wafer cartridge transportation system and its control accuracy was checked. The hardware for the experiment was configured as shown in Figure 7.




5.2. Dual-Actuator Gantry


Experiments were designed and conducted by configuring some different synchronization scenarios through the testbed. A rotating bearing was added between each drive shaft and the connecting bridge to increase the difficulty of the synchronization. Three experiments were conducted. First, the proposed method was compared with other ILCs for the synchronization error and tracking accuracy. Second, the robustness of the method was tested by injecting disturbance into an axis while it was learning. Lastly, the connecting bridge was modified for increased structural complexity by adding more degrees of freedom and vibration that might hamper the tracking accuracy.



5.2.1. Basic Controller Performance Test


First, an experiment was conducted to verify the performance of the proposed algorithm. The reference position for tested target was a sinusoidal function which is in 0.5 Hz.



From Figure 8, it can be confirmed that the RMS error converges monotonically for tracking and synchronization. The proposed inverse model shows superior convergence speed and accuracy compared to other methods. When the number of iterations is 5–6 times, the tracking error has already reached the steady state, and the synchronization error also approaches small values. Even when comparing the results by applying other existing ILC algorithms, it can be confirmed through Figure 9 that the proposed method shows better convergence. The conventional IILC also shows fast convergence speed with reasonably acceptable accuracy. However, it can be seen that the performance is worse than the proposed algorithm since it has limitations for handling the iteration-varying factors such as time-dependent friction. In the case of P-type ILC, it is clearly seen that the convergence speed is slow with worse accuracy.




5.2.2. Iteration-Varying Test


In this experiment, to confirm the algorithm’s robustness, the driven mass is suddenly changed after the learning iteration converges. When a 30 kg additional weight is loaded on the connecting bridge, the tracking and synchronization errors are monitored in the test. Test results are shown in Figure 10. The synchronization error fluctuates as soon as the additional weight is added, although it soon becomes stable within a few iterations. The system change in the converged state can also be reflected in the next iteration through the model update method for each iteration. Accordingly, it was confirmed that the proposed method is robustly applicable to the iteration-varying system.




5.2.3. Robustness on Nonlinearity


As shown in Figure 11, to make the physical situation worse, the connecting bridge is cut, and a soft mechanism is inserted to connect the divided bridge. Note that tracking the target position with the modified plant becomes much more difficult due to the added flexible coupling mechanism. As shown in the figure, the bridge is divided and the spring-connected middle part is inserted. Its tracking motion is monitored with a laser displacement sensor. It can be confirmed that convergence is guaranteed with the proposed algorithm. In Figure 11, the tracking error is converged. Compared to others, the present work shows much better performances. RMS errors for the conventional P-type ILC and IILC diverge because the added mechanism makes the system nonlinear. In comparison, conventional algorithms fail to work in the nonlinear system.





5.3. Multi-Probe Wafer-Inspection System


Previously, various experiments were performed using a testbed to verify the proposed algorithm. The results confirmed that the performance was better than other methods, even for the complicated synchronization tracking tasks. This paper intends to control the industrial equipment that transports a heavy-weight multi-probe cartridge in a wafer inspection system. The configuration of the experiment environment is the same as the previous experiment, and the hardware is shown in Figure 12. When applied to the semiconductor wafer transport robot system, it can be seen that the present method works well for both the tracking and the synchronization, as shown in Figure 13.



Figure 14 shows time-domain data of the position tracking and the synchronization at the 20th iteration. In the case of synchronization error, it can be confirmed that the maximum error is within 10 um. In addition, the comparative study of RMS errors is showed in Figure 15. The proposed ILC provides superior RMS errors for both tracking and synchronization. It also confirms that the proposed method, a parallel SISO IILC controller, works well for the multi-actuator synchronization problems. Although this paper tries to prove that the parallel SISO IILC control works well for the multi-actuator system, it has been verified with limited physical systems consisting of linear motions. However, it is believed that few differences should be discovered when applied to multi-motor rotary motion machines in heavy payload operations.





6. Conclusions


This work tries to control a dual-actuator-driven system with a set of parallel SISO IILC controllers. Prior to constructing the actual controller, an IILC was addressed for the tracking and synchronization problems. In addition, this work confirms that the reformulation of the inversion model at each iteration improves the tracking error caused by iteration-varying or nonlinear system parameters. The present work involved carrying out simulations for the IILC controllers and a series of testings, including wafer testing systems. Although the method shows superior performances with good accuracies, it might have limitations. In other words, a set of SISO iterative learning controllers could not be a universal substitute for MIMO problems. Note that the problems presented in this work are defined with predefined repetitive target motions. However, this does not limit the technical contribution of this work since this work has successfully demonstrated its superiority for iteration-varying or nonlinear situations. In summary, this work shows its potential for accurate control of multi-actuator-driven systems with relatively simple architecture.
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Figure 1. Schematics of multi-actuator-driven gantry. (a) Linear motion system. (b) Rotational motion system. 
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Figure 2. Model update in Newton method. 
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Figure 3. Block diagram for inversion-based IILC. 






Figure 3. Block diagram for inversion-based IILC.



[image: Electronics 10 02904 g003]







[image: Electronics 10 02904 g004 550] 





Figure 4. Simulation result for IILC. 
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Figure 5. Iteration-varying system convergence. 
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Figure 6. A dual-actuator gantry testbed. 
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Figure 7. Control system configuration. 
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Figure 8. RMS error for tracking and synchronizing with gantry type testbed. 
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Figure 9. Track and synchronization with ILC algorithms. 
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Figure 10. Robustness test for varying system in gantry type testbed. 
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Figure 11. Modified connecting bridge for low stiffness. 
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Figure 12. Cartridge transport robot in multi-probe wafer-inspection system. 
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Figure 13. Tracking and synchronization errors. 
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Figure 14. Tracking and synchronization in time domain. 
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Figure 15. Comparison for tracking and synchronization error in each system. 
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