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Overview


The purpose of this article is to discuss the design and creation of a simple, relatively low cost drive system for precisely controlling the angle of an optical surface.  There are several applications for which precise angular changes in an optical element are desired.  For example controlling the angle of a mirror gives angular control of the optical path.  Scanning of an optical surface such as a mirror or grating are common applications of this.  A diffraction grating monochromator like the one found in the University of Arizona physics department’s advanced lab is another example where two coupled angular drives move two gratings, giving 0.1Ǻ spectral resolution.

Depending on the range of motion required and budget considerations different driving techniques can be used.  Lead screws with riding nuts, ball screws with bearing packs, and worm devices are three common mechanical means of controlling linear motion.  Mechanical angular control is generally accomplished using a linear drive coupled to a pivoting system.  Stepper motors are used for precise changes in position. And gearboxes are often used to increase step resolution. The resolution of a mechanical drive also depends on the resolution of the lead screw, the stepper motor, and the drive module.  Important qualities of a drive system include linear motion over the entire range of motion, high resolution steps, high tracking accuracy, good repeatability, and smooth motion.  
System Design and Operation
This article describes a high resolution, electromechanical, computer controlled drive system which is based on a hinged sine bar drive.  This translates linear steps from a lead screw and stepper motor into stepped angular change of a mirror.  For an ideal sine bar drive the mechanical attachment to the optical element is normal to the element, and the line from the lead screw pushing point, C, to this mechanical attachment, A, should be perpendicular to the optical axis.  This is shown in Figure 1.  In this setup, the lengths a and b are 50mm, while X is adjustable from 50-100mm. 
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General hinged sign bar drive system.  (Golnabi)
 (left is an ideal design, right accounts for design errors)  
A is a fixed point, B is a hinge, C is a movable pivot.  

For the ideal setup the angle θ is given by Equation 1.  For the more realistic case θ is given by Equation 2, which accounts for the non-linearity due to angle error δ as well as difference in distances a and b.
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Equation 2) 





Where, r2 = a2 + b2 – 2Xdsinδ, (Golnabi)

The larger δ becomes, the larger the non-linear error percentage becomes.  For X equal to 100mm, if δ is equal to 5mrad, the error is close to 0.5%, while for δ equal to 10mrad gives an error of 1%.  This can be seen in Figure 2.  Similarly for X equal to 100mm, if the difference between lengths a and b is 5μm the error in linearity would be 0.46%, while if the difference equals 200μm the error would be only 0.07%.  This can be seen in Figure 3.  The overall design and tolerances for each dimension were chosen to give less than a 1% error in linearity for this system.  
Figure 2)
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Figure 3)
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The dynamic range of this system is controlled by two electro-switches which disconnect the drive motor when they contact two adjustable screws in the drive nut.  The “Sanyo Denki, 104-7550-140” five-phase stepper motor was chosen.   This motor performs 800 steps/turn.  The linkage between the stepper motor and the lead screw is made with a flexible coupling.  The thread resolution for the lead screw and geometry of the opto-coupler is set up so the optical device rotation is only 1/1125th the rotation of the stepper motor.  So the drive motor to create a 23.3° rotation in the optical element, with 51200 steps, using an 800step/turn motor.  A computer is used to control the driving motors steps, and a custom Matlab program was created for this application.


The threads of the lead screw are oiled, and the entire mechanical system is build on an adjustable stage.  The stage itself has an angular range of 360° and a resolution of 1°.  For a known number of steps, a measurement of the linear laser motion reflecting off the mirror onto an imaging plane is used to find the exact angular change per step.  The stepper motor is fan cooled to room temperature to avoid thermal effects.  The general setup is shown in Figure 4.
Figure 4)
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System Performance


An angular change of 0.0005° per step is measured for the 23.3° full range.  Tis is equivalent to a 8.7mrad/step angular change.  The reproducibility of this angular change per step is found to be 0.22% for the full scan range.  Limiting the scan range to smaller angles improves the linearity of the system, which increases the repeatability.  For the full 23.3° the beam deflection per step is relatively linear with a correlation factor of 0.9995, while for 11.658° the linear correlation factor is 1.  See Figure 5.  When the motor and optical element are driven backwards similar results are found, and the system hysteresis effect is found to be 1.71%.  See Figure 6.
Comparison

This is better performance than can be achieved by the best conventional stepper-motor-driven rotation stage.  (Golnabi)  The typical resolution for a manual rotation stage is 2-3 arcmin, which is about 0.03°. (Standa)  Motorized systems with angular resolution of 0.0002° are available but cost between $4,000 and $17,000.  (Newport 1)  A 30° full range, motorized mount with 0.001° resolution costs a minimum of $4,000.  (Newport 2)
It is important to note that this paper addresses the critical parameters for an efficient motorized rotation mount, but does not provide detailed design schematic or Matlab programming details.  

Figure 5)
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Figure 6)
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Potential System Improvements

System performance can be improved by using a rigid connection between the stepper motor output shaft and the lead screw.  Furthermore using a greased ball screw will improve smoothness and improve repeatability for the system.  Stepper motors with drivers are available up to 5000 steps/turn.  (AMCI)  However, all of these will increase system cost and add complexity to the system. (Golnabi)
Figure 7)
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