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Voltage Linear Transformation Circuit Design 
Lucas R.W. Sanchez, Moon-Seob Jin, R. Phillip Scott, Ryan J. Luder, and Michael Hart 

College of Optical Sciences, University of Arizona, 1630 E. University Blvd, Tucson, AZ 85721, 
USA 

ABSTRACT 

Many engineering projects require automated control of analog voltages over a specified range. We have developed 
a computer interface comprising custom hardware and MATLAB code to provide real-time control of a Thorlabs 
adaptive optics (AO) kit. The hardware interface includes an op amp cascade to linearly shift and scale a voltage 
range. With easy modifications, any linear transformation can be accommodated. In AO applications, the design is 
suitable to drive a range of different types of deformable and fast steering mirrors (FSM’s). Our original motivation 
and application was to control an Optics in Motion (OIM) FSM which requires the customer to devise a unique 
interface to supply voltages to the mirror controller to set the mirror’s angular deflection. The FSM is in an optical 
servo loop with a wave front sensor (WFS), which controls the dynamic behavior of the mirror’s deflection. The 
code acquires wavefront data from the WFS and fits a plane, which is subsequently converted into its corresponding 
angular deflection. The FSM provides ±3˚ optical angular deflection for a ±10 V voltage swing. Voltages are applied 
to the mirror via a National Instruments digital-to-analog converter (DAC) followed by an op amp cascade circuit. 
This system has been integrated into our Thorlabs AO testbed which currently runs at 11 Hz, but with planned 
software upgrades, the system update rate is expected to improve to 500 Hz. To show that the FSM subsystem is 
ready for this speed, we conducted two different PID tuning runs at different step commands. Once 500 Hz is 
achieved, we plan to make the code and method for our interface solution freely available to the community.  

Keywords: Wavefront Sensor, Adaptive Optics, Laboratory Education, Circuit Design, Fast Steering Mirror 

1. INTRODUCTION  
Imaging through turbulence is an inescapable reality for any ground based telescope, and severely degrades image 
resolution. The larger the primary mirror, the worse is the impact on the resolution with respect to the diffraction 
limit. To correct aberrations caused by atmospheric turbulence, AO is necessary. AO systems typically contain three 
main components: a wave-front sensor (WFS), deformable mirror (DM), and fast steering mirror (FSM). These three 
components are interfaced through servo loops which usually operate at kilohertz rates, driven by a control 
computer. Continuous advances in AO technology over the past 40 years as well as reductions in cost are leading to 
an increasing number of applications.2 In the university environment, this manifests in a rising demand for 
educational tools. For these reasons, we believe it is important for our group to develop a functional AO system as a 
teaching device and a research instrument. Our group has acquired an AO kit from Thorlabs, which comprises a 
diode laser, 1:1 relays, a Shack-Hartmann WFS, a pellicle beam splitter, and a Boston Micromachines (BMC) 140-
actuator Multi-DM, as well as all the necessary mounts. We have modified our kit to include an Optics in Motion 
(OIM) FSM to handle larger wave front tilt errors than cannot be addressed by the relatively small stroke of the 
actuators on the DM alone, and to expand the range of AO technologies that may be demonstrated in the teaching 
laboratory.  

Both the FSM and DM are controlled by a computer and some analog circuitry. The FSM provides ±3˚ optical 
angular deflection for a ±10 V voltage swing. The FSM circuitry we designed for the kit was an op amp cascade 
which linearly shifts a 0-5 V voltage range output from a conventional digital-to-analog converter (DAC) card to 
±2.5 V. Two independent channels of the circuit control negative and positive tip and tilt. Additionally, the circuit 
can be modified to control any voltage range, and can be linearly shifted to interface to different DACs and future 
adaptive components we expect to fabricate in our group.5 

We have also written our own custom control software for the kit to maximize its flexibility and productivity as a 
pedagogical tool.3 The real-time components of the software are written in C++ with an interface to a Matlab engine 
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Figure 8. PID tuning set-up 

We began by commanding the mirror with a saw tooth wave, and analyzed the mirror’s step response. We were 
specifically concerned with having a short rise time with negligible overshoot. Steady-state error proved to be 
negligible at this point in our investigation. Since our prime motivation for this experiment was to analyze the 
mirror’s behavior at the typical step responses it would experience in operation, we first had to derive the expected 
atmospheric tilt error the mirror would have to compensate. We intend to deploy the system at the Kuiper 1.5 m 
telescope on Mt. Bigelow, AZ. The typical variance of single-axis wave front tilt in radians is given by the following 
formula:1 

 = 0.184  (5) 

 
where D is the telescope diameter, λ is the wavelength of observation, and r0 is the atmospheric coherence length. 
The typical night-time value of  r0 atop Mt. Bigelow is about 10 cm at 500 nm. Atmospheric tilt that the primary 
mirror sees is magnified by reimaging optics, so to find the required stroke STilt of the FSM we use the following 
equation:1 

 
 = 	 2.5  (6) 
 
where M is the angular magnification between the primary mirror and the FSM, and we assume a maximum stroke 
of 2.5× the standard deviation.  From this equation, we find that the required stroke for the FSM is approximately 
.003° which corresponds to a 20 mV input. This is a relatively small range compared to the mirror’s full potential 
range. This is a rather small voltage by which to assess a step amplitude, so we elected to command the mirror to go 
an order of magnitude above this maximum expected stroke, and oscillate between approximately ±225 mV. The 
final step response after PID tuning is shown in Figure 9. 
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Figure 9. PID tuned response of the FSM to a step-function command showing a rise time of approximately 2 ms. 

The FSM responds with a rise time of 2 ms with no overshoot and rapid settling time. This leads us to be confident 
that the mirror is capable of operation at 500 Hz. We have also tested the mirror at roughly ±3.5 V which 
corresponds to approximately 0.525°. This was done to test the mirror’s correction speed at larger stroke. We began 
by setting all three gains to 0, with the result as shown in Figure 10. 

 

 

Figure 10. Mirror’s step response to a large voltage swing with all PID gains set to zero. 

Optimization proceeded with sequential adjustment of the proportional, derivative, and integral gain terms. Final 
joint optimization of all three led to reduced integral gain and increased proportional gain. The results at each step 
are shown in Figure 11. Even at this large amplitude, the rise time is about 5 ms, implying that the mirror can be 
operated at 200 Hz. 
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Figure 11. FSM step response after successive adjustment of proportional (top left), derivative (top right), and integral (bottom 
left) gains, followed by joint optimization (bottom right). 

3.2 Parallel AO Kit Investigations 

The AO kit contains a 635 nm collimated laser diode, a WFS pre-built by Thorlabs, BMC Multi-DM, a pellicle 
beam splitter, OIM FSM, a phase plate to simulate turbulence, as well as all the necessary relay optics and mounts. 
The arrangement is shown in Figure 12. The software to run the system is a mix of C++ drivers and MATLAB to 
implement the control loop. While computationally inefficient, the architecture is ideal for teaching purposes since it 
exposes the functional components of the loop control in a format that is amenable to ready experimentation. 

We have shown that the FSM can handle a typical step response at 500 Hz. The full AO kit’s present capability is 
described in Jin et al.3 The high-order correction loop is currently limited to 11 Hz by the software, two orders of 
magnitude slower than the speeds necessary for astronomical applications. This is principally because of excessive 
time devoted to data transmission between the MATLAB and C++ components of the code. A second version of the 
code, entirely in C++, is under development to support operation on sky. 

Proc. of SPIE Vol. 10401  1040115-8

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 5/9/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

Eventually
that capaci
AO correc
reconstruct
controller 
test bench 
circuit sim
fabricating

1. Tyson

2. Boston
Introd

3. M. Jin
SPIE 1

4. Electro

5. J. A. R
in an A

6. Nation

y this system w
ity will be in th
ction in many 
tion, the effect
itself.3 Aside f
at the Kuiper 

milar to the on
g in our laborat

n, R. K., Frazie

n Micromach
duction and Mo

n, R. Luder, L. 
10401-52 (201

onics Tutorials

Rice, M. Hart E
Adaptive Optic

nal Instruments

Fig

will be used in 
he fall 2017 se
ways: with a

ts of noise, var
from developin
1.5 m telescop

ne described h
tory.5 

r, B. W., Field

hines Corpora
otivation, Bosto

Sanchez, and M
7) 

s, http://www.e

E. Corral, X. G
cs System,” J. O

s, http://www.n

gure 12. AO syste

4. FUT
a teaching lab

emester at the 
and without th
riations in the s
ng the system 
pe on Mt. Bige
here to control

REF
d Guide to Adap

tion, Adaptiv
on Micromachi

M. Hart, “Con

electronics-tuto

Gou, D. W. Kim
Opt. Fab. Test.

ni.com/white-p

em setup on the 

TURE WOR
b and with prel
University of 

he use of a FS
spatial and tem
as a teaching d

elow near Tucs
l a new protot

FERENCES
ptive Optics, S

ve Optics 10
ines Corporatio

ntrol code for la

orials.ws/opam

m, “Fabrication
. 2017, 1-2 (20

paper/3782/en/

optical bench. 

RK 
liminary succe
Arizona. The 

SM, wavefron
mporal coheren
device, we also
son, AZ. Lastly
type DM with

SPIE press, Bel

1: Overview, 
on, Cambridge

aboratory adap

mp/opamp_8.htm

n and Implemen
017) 

 

ess at 11 Hz sp
system suppor
t control throu

nce of the aberr
o plan to use t
y, we plan to u
h a ceramic fa

llingham, Wash

Tech Revie
e, Massachuset

ptive optics teac

ml 

ntation of a Ne

peeds, its trial 
rts the explorat
ugh zonal or 
ration, and the
the system as a
use a voltage sh
acesheet that w

hington, 1-84 (

ew & Applic
tts, 1-11, (2014

ching system,”

ew Ceramic M

run in 
tion of 
modal 

e servo 
an AO 
hifting 
we are 

(2012) 

cations 
4)  

” Proc. 

Material 

Proc. of SPIE Vol. 10401  1040115-9

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 5/9/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


