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Abstract

This project is concerned with the design of the control system for the accurate positioning of the spherical rotor of an ultrasonic motor equipped with piezoelectric actuators. The motor is intended to be used for trajectory following of flying objects as well as to support human articulations (shoulder, knee) of handicapped. 

The ultrasonic motor has 3 stators with piezoelectric actuators in a horizontal arrangement to support and transmit motion to the spherical rotor. The rotor has a bar attached to it which moves in a spherical fashion. To determine the position of the bar, two optical encoders are used and their signals are input to a computer which calculates the 3 phases to be applied to each stator. A control algorithm is proposed which integrates a complex structure of geometrical relations with a PID controller to compute the phases which should be in the range between –90º and 90º. Experimental results show that the rotor bar achieves the desired spatial positions and follows desired trajectories with fast response and good accuracy even in the presence of external disturbances. These results demonstrate the feasibility of ultrasonic motors to perform positioning tasks with high degree of precision, robustness and autonomy.
.
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1. Introduction
With the creation of new materials there is a significant interest to develop new types of motors and actuators for different and varied applications. One of the novel  actuator  is the ultrasonic motor which  uses piezoelectric elements which transform electrical energy into mechanical motion. 

Since ultrasonic motors do not generate magnetic fields, they can be used in places that should not be affected by magnetical influence as is the case of medical equipment. Also ultrasonic motors offer the possibility to work with rotors which can rotate in  linear or spherical fashions.

Figure 1 shows an application of ultrasonic motors in which they work as articulations of a human support system that help elderly and handicapped to walk. This project is presently develop by Universidad Peruana de Ciencias Aplicadas UPC from Peru and Tokyo University of Agriculture and Technology from Japan.
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2. Objectives
The objective of the project is to design and test the control system for spatial positioning and trajectory following of the spherical rotor of an ultrasonic motor. The control system should be easy to implement in real time, and present good positioning accuracy as well as robustness even in the presence of external disturbances. 

3. Ultrasonic Motor

The ultrasonic motor is a novel type of actuator that uses mechanical vibrations in the ultrasonic range (above 20KHz) as its driving force. To produce the vibrations, the motor uses piezoelectric ceramics which expand or contract (oscillate) in accordance to an applied voltage. These piezoelectric actuators work as the stator of the motor generating traveling waves that transmit motion to the rotor. 

According to how the piezoelectric elements are arranged, linear or rotatory motors can be configured. Figure 2 shows a stator with piezoelectric elements in a disk-type array. The stator is supplied with two voltage signals of the same amplitude and frequency (about 50 KHz.) but with different phase. By varying the phase, the direction of rotation of the generated traveling waves can be modified to obtain different motion characteristics of the rotor.

Figure 3 shows a top view of the spherical ultrasonic motor used in this project. The motor has 3 disk-type stators separated 120º in a horizontal arrangement to support and transmit motion to the spherical rotor which has a bar attached to it. By controlling the phase of the voltage signals applied to each stator, the spherical rotor can rotate in any direction (except the Z-axis) and the bar can be positioned to point any desired position or to follow any spatial trajectory. Ultrasonic motors have the following advantages: (a) little influence by magnetic fields, (b) low-speed-high-torque characteristics, (c) holding torque, (d) fast response, (e) hollow structure, (f) compact size, and (g) quiet operation. At present, one-dimensional-motion ultrasonic motors are being used in cameras and video-cameras (to control de zoom), in nuclear magnetic resonance equipment, in Maglev trains and so on.
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4. Control System

The structure of the ultrasonic motor and its control system is shown in figure 4. It can be noted the 3 stators and the spherical rotor with its attached bar. To determine the position of the bar, two optical encoders are used and their signals are input to a computer through a counter board to determine rotor angles θ1 and θ2 . A novel control algorithm is proposed which integrates a complex structure of geometrical relations with a PID controller to compute every stator phase which should be limited to the range between  -90 deg. to 90 deg. 

The computed phases are sent to the motor driver through a digital I/O board. The driver generates the voltage signals with the required phases and applies them to each stator of the motor, closing the control loop. An external timer board is used to provide the “clock” for real time control. 
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The general structure of the control algorithm is shown in figure 5. Given the measured angular position θ1 and θ2 , they are compared with the desired position d1 and d2 to determine the desired direction of motion of the rotor. To obtain this direction of motion, each stator should generate traveling waves of the proper direction and intensity. This direction can be determined so that the vectorial sum of the 3 vector components of each stator equals to the desired direction of motion of the rotor. Afterwards, the intensity of each vector is determined by a PID controller to assure a smooth and accurate motion of the rotor.



The process to compute the stator phases is shown in figure 6, where it is noted that, first, the normalized motion vector of the stators r1, r2 and r3 are computed, and then a PID controller is used to regulate the intensity of the vectors which are equivalent to the phases to be applied to each stator and should be in the range between –90 deg. and 90 deg.



5. Experimental Results 
To verify the validity and effectiveness of the proposed control strategy, several experimental tests for positioning and trajectory following were carried out. It was found that suitable values for the PID controller are KP = 90, KI = 600, KD = 0.

5.1 Positioning control

In order to analyze the temporal response of the motor, it was controlled to achieve different fixed or variable positions along the X-axis.

Figure 7 (a) and (b) shows the response of the rotor angle and stator position (mm), respectively, for a desired position of X = 4 mm. It can be noted that the rotor achieves the desired position in short time and with zero steady-state error.

Figure 8 (a) shows the response of the rotor position (mm) for a desired sinusoidal position of 2 Hz. and 5 mm of amplitude. Again, it is noted that the rotor follows closely the desired position. The stator phase shown in figure 8 (b) is inside the range of –90 deg and 90 deg.
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5.2 Trajectory Control
The control strategy was applied so that the rotor describes trajectories of arbitrary shape. Figure 9 shows the actual trajectory of the rotor for a desired square trajectory of 10 mm of side. It can be noted that the rotor follows well the trajectory with a minimum error of +- 1 encoder pulse. Similar results were obtained for desired trajectories of polygonal shape.

To verify the robustness of the control system to external disturbances, the rotor was disturbed by an external impulsive force, while it was controlled to describe a square  trajectory, as it is shown in figure 10. It can be noted that  the rotor is able to correct the negative effect of the disturbance and return to the desired trajectory.
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The experimental results demonstrate that the rotor reaches desired positions and describes desired  trajectories with fast response and good accuracy, even in the presence of external disturbances.

These results demonstrate the viability of ultrasonic motors to be used for spatial positioning and trajectory following with accuracy, robustness and autonomy.

6. Conclusions

The ultrasonic motor is a novel actuator that uses ultrasonic vibrations produced by piezoelectric elements. The motor has nonlinear and saturation characteristics that make it a system difficult to control.

A control strategy was proposed which integrates geometrical calculations with a PID controller to determine the phases to be applied to each stator.

Experimental results show that the rotor bar achieves the desired positions with fast response and good accuracy even in the presence of external disturbances. Also, it was found that the bar can follow desired spatial trajectories of arbitrary shape. These results demonstrate the feasibility of ultrasonic motors to perform positioning tasks with precision, robustness and autonomy.

Research goes on to replace the optical encoders with Hall effect sensors to determine the angular position of a magnetized rotor. With this, the size of the motor and measurement system can be reduced even more.
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Figure 1: Mechatronic device with ultrasonic motors
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Figure 2:  Stator with traveling waves





Figure 3:   Ultrasonic motor 
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  Figure 4. Block diagram of controlled system
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Figure 7 : Response for a 4 mm step 





Figure 8 : Response for a sinusoidal signal
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Figure 9 : Square trajectory control 








Figure 6 :Computation of the stator phases





Figure 10: Effect of external disturbance
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Figure 5: General structure of  control algorithm
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