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Abstract

:

Magnetic levitation can reduce particulate contamination that occurs during wafer transportation in the semiconductor manufacturing process. This technology radically eliminates contact between the wafer and the transport system, reducing friction, wear, and particle generation. Therefore, it is suitable for achieving high cleanliness in the ultra-fine line-width semiconductor production process and solving the need for particle removal in a vacuum environment. In this study, the roller and linear motion guide components of the wafer transfer system were replaced with a magnetic levitation module, and a robot arm was installed on top to transport a single wafer. A posture controller and a current controller were designed, and test equipment simulating the wafer transfer system was also manufactured and tested. Regarding mover and system identification, a sine sweep test was performed on the motion axis of the five degrees of freedom. Through the obtained system identification, it was possible to design the posture controller more precisely. Moreover, through levitation in standstill experiments and high-speed operation experiments, the wafer transport system can be used to verify dust-free high-speed transport and accurate positioning performance.
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1. Introduction


As semiconductor processes continue to be refined, the requirements for the equipment used in semiconductor manufacturing are becoming increasingly demanding. Since even fine particles can directly cause defects in semiconductors, various efforts have been made to reduce particle contamination.



The main factors contributing to particle generation in wafer transport systems can be summarized as linear motion (LM) guides, belts, cables, cable bays, and lubrication [1,2]. In other words, particle generation in the wafer transport system is caused by friction, abrasion, and lubrication. Particle generation cannot be completely eliminated with contact-based transport systems. Therefore, interest in high-clean transfer systems is increasing in the field of ultra-fine semiconductor manufacturing.



Recently, in semiconductor manufacturing processes, the development of contactless delivery systems has been actively developed due to the importance of particle-free and highly accurate delivery operations [3,4,5,6]. Magnetic levitation technology is considered a highly promising alternative to meet these requirements [7]. Magnetic levitation eliminates contact in the conveying system, minimizing friction, wear, and particle generation. It can also operate stably in a vacuum environment, making it suitable for various semiconductor manufacturing processes [8]. In a study by Yamakawa et al. [9], experiments were conducted to measure the contamination of dust particles during wafer delivery in a vacuum environment. The results showed that the magnetic levitation transport system is highly beneficial for particle-free transportation and exhibits very low outgassing.



Conventional research on magnetic levitation equipment has focused on implementing stages with levitation masses within several kilograms to achieve exceptional motion control accuracy [10,11,12,13]. These advanced magnetic levitation stages hold significant promise for critical semiconductor manufacturing processes, such as photolithography, which demand nanometer-level precision [14,15].



Recently, there have been notable developments in the field, including a high-precision magnetic levitation transfer system capable of enabling long-stroke movements and transporting movers weighing more than hundreds of kilograms [16,17]. Moreover, researchers are exploring various configurations for magnetic levitation transport systems, such as attaching electromagnets and linear propulsion motors to the moving part or fixed rails [18,19,20]. Additionally, real-scale prototypes are being developed to experimentally validate the effectiveness of proposed methods. These efforts aim to further enhance the capabilities and applications of magnetic levitation technology in the semiconductor manufacturing industry.



In this study, magnetic levitation was applied to a wafer transport system by replacing the roller and LM guide. A multi-joint wafer handling robot was installed at the top of the wafer transfer system, and this robot performed precise work, enabling rapid and accurate transfer even under harsh working conditions with extremely high acceleration and deceleration. To ensure control performance even under these challenging operational conditions, a robust controller has been designed based on loop shaping method. Therefore, a controller that precisely controls the five degrees of freedom (5-DOF) of the wafer transfer system was designed to enable high-speed transfer and precise position control by replacing wheels with magnetic levitation modules installed at the four corners. In addition, the stability and reliability of the magnetic levitation was experimentally verified to confirm its applicability in the actual manufacturing environment with a real-scale prototype of a wafer transfer system.



This paper is organized as follows. In Section 2, the system configuration of a magnetic levitation wafer transfer system is presented. The system modeling and control design of magnetic levitation are proposed, and the experimental evaluation of a real-scale prototype of a magnetic levitation wafer transfer system is presented in Section 3. In Section 4, a discussion is presented.




2. System Configuration


The magnetic levitation wafer transfer system controls the 5-DOF motion, excluding propulsion, and the linear synchronous motor (LSM) handles the linear drive. Figure 1 illustrates the concept of the wafer transfer platform, multi-joint robot arm, and magnetic levitation transfer system. The robot arm is installed on the top, and the magnetic levitation units and propulsion system are positioned at the bottom relative to the aluminum base. On the left side of the circled diagram, the current controller, the posture controller, the isolation board, and the oscilloscope for real-time magnetic levitation control and measurement are located. To mitigate the influence of wire tension from electromagnets (EMs) and gap sensors, the wires were configured with extended lengths to ensure minimal force transmission. Consequently, the impact of wire tension can be considered negligible. In the forthcoming system operation, electric power will be provided through the wireless power supply method, allowing the effects resulting from wiring to be disregarded.



To control magnetic levitation, magnetic levitation modules are placed at the four corners of the aluminum base. As shown in Figure 2a, four magnetic levitation modules generate four attractive forces (   f 1  ∼  f 4   ) for vertical control and four attractive forces (   f 5  ∼  f 8   ) for horizontal control. Figure 2b illustrates four gap sensors (   c 1  ∼  c 4   ) for measuring the z-axis airgaps and four gap sensors (   c 5  ∼  c 8   ) for the x-axis airgaps measurement. Based on the structural analysis of the base, the center of gravity (CG) of the mover can be calculated, and the 5-DOF posture can be calculated. The posture controller generates a 5-DOF force reference (  F x  ,   F z  ,   M x  ,   M y  ,   M z  ) based on the 5-DOF posture information. The generated 5-DOF force is converted into eight force (   f 1  ∼  f 8   ) reference inputs and applied to each electromagnet module.



The proposed magnetic levitation module, which includes x- and z-axis EMs and gap sensors, and a guide rail, is shown in Figure 3a. To implement the x- and z-axis EMs in a single magnetic levitation module, each flux path is orthogonalized to eliminate the effects of magnetic interference. The x-axis EM generates a closed flux loop in the   X Y   plane, and the z-axis EM produces a closed flux loop in the   X Z   plane. The z-axis EM was designed in a dual-coil configuration, and the x-axis EM was divided into three coils to enable a simultaneous reduction in backcore thickness, core volume, and weight. The maximum force required by the EM was determined through dynamic analysis by simulation. The experimental results demonstrated that the power consumption of the EM remained within 150 W during stationary levitation. Additionally, even after extended periods of operation, the temperature was maintained below 40 °C. The magnetic flux density distribution in the landing state, which is the condition for applying the maximum current of the z-axis EM, is shown in Figure 3b. In this case, the magnetic flux generated by the z-axis current constitutes a closed loop in the   Z X   plane, and it can be stably driven without magnetic saturation within the maximum magnetic flux density of   1.5   T. The total mass, moment of inertia, and distances from the CG to the EM modules are presented in Table 1.



To control the magnetic levitation, both a higher-level controller for posture control and a lower-level controller for current control of the EMs are necessary. Figure 4 illustrates the arrangement of power and signal lines for connecting the controllers and the test plant. The main power line of   180  V  d c     is supplied to the current controller, and the control power of   24  V  d c     is supplied to the isolation board and gap sensor converter. An additional   5  V  d c     power is supplied to measure the acceleration of the mover, and the acceleration sensor is placed at the center of the mover. The host PC controls the posture controller (dSPACE) using the MATLAB/Simulink-based plant model. Thanks to the utilization of a validated and user-friendly MATLAB/Simulink-based experimental environment, the development time of control systems can be significantly expedited. The force references (   f 1  ∼  f 8   ) calculated by the posture controller are converted into current commands and transmitted to the current controller, and the force of the EM is produced by the applied current of the current controller. In terms of airgap sensing, the inductive gap measuring sensor (AEC’s PU-05) has been selected. An interface board was also developed to facilitate the transmission of current references to the current controller (Copley’s JSP-180-30).




3. Magnetic Levitation Control System


3.1. System Modeling


	
EM Model



According to previous studies [21,22], the attractive force generated by the EM can be written as


   f n  =    μ 0   N 2  A  4      i n   c n    2   



(1)




where    μ 0  = 4 π ×  10  − 7     H/m is the vacuum permeability, i is the applied current, and c is the airgap. The values of the number of turns N and pole area of EM A that are used are summarized in Table 2.



	
Dynamic Equation



The dynamic equation of the magnetic levitation wafer transfer system can be described by Newton’s equation for translation and Euler’s equation for rotation. Newton’s equation represents the relationship between the force acting on the center of mass of a rigid body and its acceleration, while Euler’s equation represents the relationship between the moments acting on the center of mass of a rigid body and the time derivative of the angular momentum.


     ∑ F = m a       ∑  M G  =   H ˙  G      



(2)







The developed magnetic levitation wafer transfer system is mechanically symmetric about the x- and y-axes, so the coordinate system used is the principal axes of inertia, and the products of inertia can be neglected:    I  x y   =  I  x z   =  I  y z   = 0  . Therefore, the angular momentum is expressed as follows:    H G  =  I x   ω x   i ^  +  I y   ω y   j ^  +  I z   ω z   k ^   . By substituting the time derivative of the angular momentum and the attractive force generated by EMs into Equation (2), the dynamic equation of the magnetic levitation wafer transfer system can be summarized.


     m  x ¨  =  f 5  −  f 6  +  f 7  −  f 8  +  F  d x         m  z ¨  =  f 1  +  f 2  +  f 3  +  f 4  +  F  d z          I x    θ ¨  x  −  (  I y  −  I z  )    θ ˙  y    θ ˙  z  = d  (  f 1  +  f 2  −  f 3  −  f 4  )  +  M  d x          I y    θ ¨  y  −  (  I z  −  I x  )    θ ˙  z    θ ˙  x  = w  (  f 1  −  f 2  +  f 3  −  f 4  )  + h  ( −  f 5  +  f 6  −  f 7  +  f 8  )  +  M  d y          I z    θ ¨  z  −  (  I x  −  I y  )    θ ˙  x    θ ˙  y  = d  ( −  f 5  +  f 6  +  f 7  −  f 8  )  +  M  d z       



(3)







The y-axis motion of the magnetic levitation wafer transfer system is controlled by an LSM, and the 5-DOF motion excluding the y-axis motion is precisely controlled by the magnetic levitation units attached to the four corners of the magnetic levitation wafer transfer system.



To design a linear controller, the dynamic equation Equation (3) is linearized. The simulation results show that the nonlinear terms are relatively small compared to the linear terms (   I x    θ ¨  x  ≫  (  I y  −  I z  )    θ ˙  y    θ ˙  z   ). Thus, the linearized dynamic equation is sufficient for obtaining meaningful interpretation results. The linearized motion equation can be expressed in the following matrix form:


     q ¨     =   M   − 1   B f +   M   − 1   d          =   M   − 1   u +   M   − 1   d     



(4)




where


     q =      x   z    θ x     θ y     θ z      T        f =       f 1     f 2     f 3     f 4     f 5     f 6     f 7     f 8      T        d =       F  d x      F  d z      M  d x      M  d y      M  d z       T        M = diag     m   m    I x     I y     I z            B =         1    − 1    1    − 1      1   1   1   1         d   d    − d     − d          w    − w    w    − w     − h    h    − h    h          − d    d   d    − d            u = B  f =       u x     u z     u  θ x      u  θ y      u  θ z       T  .     











The q matrix represents the movements of the 5-DOF of the magnetic levitation wafer transfer system, the f matrix represents the attractive forces generated by the EMs, the d matrix represents the disturbances, the M matrix is the inertia matrix, the B matrix represents the geometric installation information of the EMs, and the u matrix is the decoupled control input that is used to achieve a desired output.



	
Kinematics



The 5-DOF motion of the magnetic levitation wafer transfer system is measured by the gap sensors installed at the four corners. To control the system, a process of reconstructing the 5-DOF motion based on the measured sensor signals is carried out. The motion of the electromagnet module 1 (EM1) can be expressed as    r →   E M 1    based on the inertial reference coordinate. And, it can also be expressed as the sum of the center of gravity motion    r →   C G    and the relative motion with respect to center of gravity    θ →  ×   r →   E M 1 / C G     [23]. The relationship between the 5-DOF motion of the magnetic levitation wafer transfer system and the gap sensor measurements installed at the four corners is determined by the following kinematics.


    r →   E M 1   =   r →   C G   +  θ →  ×   r →   E M 1 / C G    



(5)







For example, the relationship between the 5-DOF motion of the magnetic levitation wafer transfer system and the gap sensor measurements in EM1 is


       r →   E M 1       =  ( x  i ^  + y  j ^  + z  k ^  )  +  (  θ x   i ^  +  θ y   j ^  +  θ z   k ^  )  ×  ( − w  i ^  + d  j ^  − h  k ^  )            =  ( x − h  θ y  − d  θ z  )   i ^  +  ( y + h  θ x  − w  θ z  )   j ^  +  ( z + d  θ x  + w  θ y  )   k ^      



(6)







As shown in Figure 3, the z-axis motion measured by Gap Sensor 1 in EM1 can be expressed as follows:    c 1  =  c 1  −  c  0 z   = z + d  θ x  + w  θ y   . Similarly, the x-axis motion measured by Gap Sensor 5 in EM1 can be expressed as follows:    c 5  =  c 5  −  c  0 x   = − x + h  θ y  + d  θ z   . By repeating the same process for EM2, EM3, and EM4, the relationship between the 5-DOF motion of the magnetic levitation wafer transfer system and the gap sensor measurements installed at the four corners can be obtained as follows:


     Δ c = Tq     



(7)




where


      Δ c  =       Δ  c 1      Δ  c 2      Δ  c 3      Δ  c 4      Δ  c 5      Δ  c 6      Δ  c 7      Δ  c 8       T        T =      1   d   w       1   d    − w        1    − d    w       1    − d     − w        − 1      h   d     1      − h     − d       − 1      h    − d      1      − h    d         











The T matrix represents the geometric installation information of the gap sensors. Conversely, the 5-DOF motion of the magnetic levitation wafer transfer system can be reconstructed from the measured gap sensor signals using the pseudo inverse.


     q =  T +  Δ c     



(8)







	
Block diagram



Figure 5 shows the block diagram of the feedback control system of the magnetic levitation wafer transfer system. The input of the dynamic equation is the decoupled control input  u  and disturbance  d , and the output is the 5-DOF motion  q . The 5-DOF motion of the magnetic levitation wafer transfer system is measured by the gap sensors   Δ c   installed at the four corners, and the sensor noise is included in the measurement process. The measured sensor signal is reconstructed into the 5-DOF motion, and the difference  e  between the reference and the measured 5-DOF motion is calculated and utilized as the input of the feedback controller. The output of the feedback controller is the required force and momentum   u ref   that are used to achieve the desired 5-DOF motion. By using the pseudo inverse of the  B  matrix and the EM model, the required current for each EM   i ref   is calculated. This calculated current is utilized as the input of the current controller and affects the 5-DOF motion of the magnetic levitation transfer system through the EM model and  B  matrix related to the installation information of the EMs. The left green box is the discrete control part, and the right pink box is the continuous physical system.







3.2. Feedback Controller Design


Assuming that the control bandwidth of the current controller is sufficiently fast compared to the magnetic levitation control bandwidth, the sensor noise is small, and the fluctuation of the 5-DOF motion is not large so that the nonlinear term of the dynamic equation can be ignored, and the block diagram can be simplified as shown in Figure 6. Furthermore, the magnetic levitation feedback controller is designed as follows:


  u = C (  q ref  − q )  



(9)




where


  C = d i a g (     C x     C z     C  θ x      C  θ y      C  θ z      )  











A key feature of this controller structure is that there is no coupling term between the DOFs, so it can easily implement independent control characteristics for each DOF. In this study, a proportional–integral–derivative (PID) with a low-pass filter control structure is used. By combining the dynamic equation Equation (4) and the feedback controller Equation (9), this model can be expressed as follows by utilizing the Laplace transform.


   q ¨  =  M  − 1   C  (  q ref  − q )  +  M  − 1   d ⟶  s 2  Q =  M  − 1   C  (  Q ref  − Q )  +  M  − 1   D  



(10)




The above equation can be expressed as


  Q =   [  s 2  I +  M  − 1   C ]   − 1    M  − 1   C  Q ref  +   [  s 2  I +  M  − 1   C ]   − 1    M  − 1   D  



(11)




where


  C  ( s )  =  k p  +  k i   1 s  +  k d    N s   s + N    











Equation (11) can be used to obtain the transfer functions for each DOF. For example, the transfer function for the x-axis is


  x =   # 2   # 1    x  r e f   +   # 3   # 1    F  d x    



(12)




where


     # 1 = m s   4  + m N s   3  +  ( k   p  + k   d  N )  s   2  +  ( k   p  N + k   i  )  s + k   i  N       # 2 =  ( k   p  + k   d  N )  s   2  +  ( k   p  N + k   i  )  s + k   i  N       # 3 = s   3  + N s     











The equation labeled   # 1   is called the characteristic equation, which reflects various feedback control characteristics such as the stability and response. In this study, the controller is designed to achieve a control bandwidth of approximately 10 Hz, a phase margin of more than 30 degrees, and a gain margin as large as possible. The feedback controller is designed to meet the desired system requirements by adjusting the control gain using the loop shaping technique. Loop shaping is a well-known systematic control system design method that can be used to achieve the desired control performance, stability, and robustness by shaping the loop transfer function of the control system [24]. In the low-frequency range, the magnitude of loop gain is closely related to control performance in terms of external disturbance attenuation and tracking performance. In the high-frequency range, the magnitude of loop gain is closely related to control performance in terms of sensor noise attenuation.



After completing the controller design on a MATLAB simulation, a sine sweep test was performed to verify that the developed feedback controller works properly in the actual physical system. The sine sweep test is an experiment that analyzes the frequency response of the developed feedback control system by examining the relationship between the input and output. In the sine sweep test, a chirp signal is added to the reference. The amplitude of the chirp signal applied was ±0.01 mm, and the frequency was set to gradually change from 0.1 Hz to 100 Hz over 300 s. During the test, the reference, error, and output were measured.



Figure 7 shows the reference and output measured by conducting a sine sweep test on the x-axis. Figure 8 shows the frequency response characteristics based on the measured reference, error, and output estimated by the MATLAB System Identification Toolbox. Figure 8a represents the frequency response curve between the reference and output, which corresponds to the complementary sensitivity function. This graph shows that the control bandwidth of the designed feedback control system is approximately 10 Hz. Figure 8b represents the frequency response curve between the error and output, which corresponds to the loop gain. This graph shows that the gain margin is infinite and that the phase margin is approximately 30 degrees. The reason for the negative gain margin is the presence of an unstable zero within the transfer function. Through various trial and error processes, the desired frequency response characteristics and satisfactory control performance were achieved. Similar processes were performed for other DOFs (z,   θ x  ,   θ y  ,   θ z  ), and feedback controllers were designed to achieve control bandwidths in the range of 10-20 Hz, similar to the x-axis case.




3.3. Experimental Evaluation


3.3.1. Magnetic Levitation at Standstill


The control performance of the developed magnetic levitation wafer transfer system was verified through experiments under various conditions. Figure 9a is the transient response characteristic result for the magnetic levitation under the conditions of the initial-take-off-landing state. In the case of a linear controller, the levitation control performance in a transient region may deteriorate since the operating point is further away from the equilibrium point. To minimize this effect, ensuring robustness against the modeling errors and ensuring sufficient relative stability, such as gain margins, are important. The control inputs for the 5-DOF motion of the system are shown in Figure 9b. To achieve a smooth transient response, the reference signal from the landing state to the levitation state was set to gradually change in the form of a ramp rather than a step. As a result, as shown in the figure, the system smoothly converges to the steady state without significant overshoot during the state transition. After the state transition is complete, the 5-DOF variation is ±0.0048 mm, ±0.0072 mm,   ± 1.29 ×  10  − 5     rad,   ± 1.40 ×  10  − 5     rad, and   ± 8.54 ×  10  − 6     rad for the x-, z-,   θ x  -,   θ y  -, and   θ z  -axes, respectively.



System characteristics can be analyzed based on the force and moment applied to each DOF in the steady state. For example, the weight of the system can be estimated from   F z  , and the CG can be estimated from the applied moment acting in the steady state. An analysis of   F z   confirmed that the actual weight was approximately 225 kg, similar to the design values specified in Table 2. Additionally, the analysis of   M y   confirms that the CG is slightly shifted in the x-direction. In fact, this system has a center of gravity deflected by approximately 20 mm in the   − x  -direction according to the robot’s posture and mass distribution inside the control box, which were not considered during the initial design.




3.3.2. Magnetic Levitation under Driving Conditions


An experiment was conducted to observe the control performance of the magnetic levitation while the system maintained magnetic levitation and moved in the y-axis driven by the LSM. Figure 10 shows the 5-DOF fluctuation of the magnetic levitation wafer transfer system when it travels a distance of D = 1100 mm with an S-curve motion profile [25,26] under a maximum speed of   V max   = 1500 mm/s and a maximum acceleration of   A max   = 3060 mm/s. During the driving process, the maximum fluctuations in the x, z,   θ x  ,   θ y  , and   θ z  -directions were ±0.097 mm, ±0.101 mm,   ± 6.37 ×  10  − 4     rad,   ± 2.97 ×  10  − 4     rad, and   ± 7.48 ×  10  − 4     rad, respectively. These results represent a very satisfactory control performance. In this system, during the acceleration and deceleration periods, inertial moments are generated due to the height difference (h) between the point in which the thrust force is generated and the center of gravity, as shown in Figure 11. This leads to significant oscillations in the   θ x  -direction of the magnetic levitation wafer transfer system, and these oscillations are considered external disturbances. To overcome these external disturbances, we attached an accelerometer to the moving base as shown in Figure 4, to measure the actual acceleration in the y-axis. Furthermore, we took into account the height difference between the point at which the thrust force is generated and the center of gravity, which we know in advance. By multiplying the actually measured acceleration and height difference, external disturbances were roughly predicted to minimize the effects of external disturbances. Thanks to this, it was experimentally confirmed that control performance was significantly improved.



Table 3 summarizes the maximum fluctuations in the 5-DOF of the magnetic levitation wafer transfer system. Through these experimental results, it was confirmed that the developed magnetic levitation wafer transfer system with a robust feedback control design can achieve a high-accuracy magnetic levitation control performance during the state transition initial takeoff from the landing state and high-speed operation conditions.






4. Discussion


Research on conventional magnetic levitation equipment has focused on implementing stages in which the levitation mass is within several kilograms. The model developed in this study is a high-precision transfer system that can transport a mover weighing more than 200 kg by implementing magnetic levitation without particle contamination. A magnetic levitation module, a posture controller, and a current controller were designed and manufactured, and a robot arm was installed on top to transfer single wafers. To verify the performance of the magnetic levitation system, system identification for each 5-DOF axis was performed through the sine sweep test of the mover. The results demonstrated that the system achieved a control bandwidth of 10–20 Hz for 5-DOF axes and precise operation for all 5-DOF in both fixed and high-speed tests. The maximum z-axis pore displacement during static levitation was measured at ±0.0072 mm and slightly increased to ±0.101 mm during high-speed operation. Gap displacement during static levitation will contribute to the precise positioning of the wafer, and gap displacement during high-speed levitation is sufficient to transport the wafer without slipping.




5. Conclusions


In conclusion, this study developed a high-precision magnetic levitation transport system that can safely and efficiently transport movers weighing more than 200 kg without particle contamination. The developed magnetic levitation module, posture controller, and current controller proved to be very effective in achieving stable levitation and precise control. In addition, the 5-DOF model of our system showed excellent performance in both static and high-speed operation, allowing accurate control of each axis. As a next step, it is necessary to study the stability of the levitation control according to the confirmation of the magnetic levitation characteristics that are based on the movement of the robot arm and the load change, which will contribute to improving the practical applicability and productivity of wafer transportation in the semiconductor manufacturing process.
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Figure 1. Prototype of a magnetic levitation wafer transfer system. 
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Figure 2. Magnetic levitation forces and airgap measurements: (a) Magnetic levitation forces; (b) Airgap measurements. 
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Figure 3. Electromagnetic field analysis of the magnetic levitation unit: (a) EM module; (b) Magnetic field analysis. 






Figure 3. Electromagnetic field analysis of the magnetic levitation unit: (a) EM module; (b) Magnetic field analysis.



[image: Applsci 13 09482 g003]







[image: Applsci 13 09482 g004] 





Figure 4. Diagram of the power and signal line connections. 






Figure 4. Diagram of the power and signal line connections.



[image: Applsci 13 09482 g004]







[image: Applsci 13 09482 g005] 





Figure 5. Block diagram of the feedback control system of the magnetic levitation wafer transfer system. 
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Figure 6. Simplified block diagram of feedback control for system identification. 
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Figure 7. Experimental results of the sine sweep test in the x-axis: reference and output measurements. 
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Figure 8. Estimated frequency response curves based on measurement data from the sine sweep test in the x-axis: (a) Reference vs. Output; (b) Error vs. Output. 
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Figure 9. Experimental results related to the transient response from the landing state to the magnetic levitation state: (a) 5-DOF fluctuations; (b) Control inputs. 
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Figure 10. Experimental results of the magnetic levitation wafer transfer system under driving conditions. 
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Figure 11. External disturbance caused by the height difference between the point in which the thrust force is generated and the center of gravity. 
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Table 1. Major mechanical parameters of the magnetic levitation wafer transfer system.
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Parameters

	
Description

	
Values






	
m

	
Total mass

	
213.9 kg




	
   I x   

	
Mome