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Abstract. We describe the details of telescope control system design for
the 50/80 cm Schmidt telescope at the Aryabhatta Research Institute of
Observational Sciences. The overall control hardware architecture fea-
tures a distributed network of microcontrollers over controller area network
for interfacing the feedback elements and controlling the actuators. The
main part of the hardware is a controller whose final objective is to provide
position control with 10 arcsec accuracy and velocity control with
1 arc sec/s accuracy. For modeling and simulation, the telescope param-
eters were experimentally determined. A linear proportional integral (PI)
controller was designed for controlling the twin-motor drive mechanism
of the telescope axes. The twin-motor drive is provided with differential
torque for backlash-free motion reversal. This controller is able to maintain
negligible rms errors at all velocities. At higher speeds over 2 deg/s, the
PI controller performs with peak errors less than 1%. Whereas at fine
speeds, depending upon the preload on bearings, limit cycles are exhib-
ited due to nonlinear friction posing control related problems. We observed
that the effect of nonlinear friction dynamics can be reduced by reducing
the preload on the drive bearings and the peak errors at fine speeds using
a linear controller can be maintained within 25%. © 2013 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.0E.52.8.081607]
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1 Introduction

The 50/80 cm Schmidt telescope at Aryabhatta Research
Institute of Observational Sciences (ARIES) is an f/1 equa-
torial system with a usable aperture of 50 cm diameter.' Each
of its axes is driven by two torque direct current (DC) motors
and the motion is sensed by an on-shaft absolute encoder and
an incremental encoder coupled through a friction roller. By
applying unequal torque on the two motors, backlash-free
motion reversal can be achieved. This telescope being rela-
tively small, a simple distributed control architecture based
on low cost microcontrollers is being developed. For small
systems, an embedded controller reduces the design com-
plexities and offers reasonably good performance. The dis-
tributed control system based on microcontrollers has been
used in many telescope and mirror control systems.”™

The heart of the hardware system is the axis controller
whose objective is to provide accurate tracking and pointing
in sky. As tracking performance in a telescope is most criti-
cal, in this paper we discuss in detail the velocity control
aspects of the axis using a low cost controller based on a
dsPIC microcontroller. The final objective of the controller
is to track the sky at a constant speed of 15 arc sec/s with an
accuracy of 1 arcsec/s (4.85x 107 rad/s). For modeling
the electromechanical telescope system, mechanical param-
eters were determined experimentally and electrical param-
eters were used from the motor datasheets. The telescope
axis model is approximated using a linear model lumped
mass model and a standard tuning chart is used for obtaining
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the proportional integral (PI) tuning parameters. The tele-
scope model is simulated in Matlab with a set of suitable
tuning parameters and the performance at higher speeds
was compared with the actual response of the setup. In prac-
tice, the inherent nonlinearities present in the system, like
friction, backlash and commuting effects, lead to deviation
from the desired behavior and start dominating the response
at low speeds. At slew speeds over 2 deg/s, the PI controller
performs accurately within an error band of 1%. The effect of
nonlinearities become very prominent at fine speeds and
limit cycles are introduced due to nonlinear dynamics of
friction.® These undesired behaviors may be reduced elec-
tronically using an additional nonlinear compensator.” We
preferred first reducing the friction mechanically by reducing
the preloads (normal loading) on the drive bearings. This
reduced the effect of nonlinearities and resulted in significant
improvement in the linear controller tracking performances.

Most of the embedded controllers offer dedicated hard-
ware modules for interfacing different sensors, generating
waveform for the actuators and performing serial communi-
cation. A set of prototype boards based on 8 and 16 bit PIC
microcontrollers comprising the telescope control hardware
has been designed. Both RS232 and controller area network
(CAN) functionalities for communication have been imple-
mented on each board. Currently, the basic telescope control-
ler using five boards interfaced to PC directly through five
RS232 serial ports are enabled for characterizing tracking,
pointing and focusing performances. This basic system
provides PI control for slew, set, guide, fine and tracking
motions, interfaces with the encoders and controls the step-
per motor of the focusing system. A remote PC hosting the
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graphical user interface (GUI)-based telescope control soft-
ware is used only for exchanging the user commands other-
wise the telescope controller operates stand-alone. This
software developed under Microsoft Visual C++ runs multi-
ple threads for hosting GUI, hardware communications and
data logging service.

The paper is organized as follows: we present the over-
view of the telescope structure and mechanism in Sec. 2,
and the control electronics and hardware aspects are dis-
cussed in Sec. 3. In Sec. 4, we discuss in detail the design,
parameter estimation and performance of the PI controller
at different velocities, while an overview of the software
aspects is given in Sec. 5 and finally concluding remarks
are presented in Sec. 6.

2 Overview of the 50/80 cm ARIES Schmidt
Telescope

2.1 Telescope Structure

The telescope as shown in Fig. 1 is located in the Northern
hemisphere at a latitude of 29°22" and a longitude of 79°27"
and supported on an off-axis equatorial mount. For smaller
telescopes, equatorial mount is preferred as it simplifies the
drive and servo controller design. If the polar axis is aligned
accurately, the tracking can be achieved by controlling the-
right accession (RA) axis alone. The off-axis tube is counter
balanced by dead weights and gear box mounted on the other
side. Inside the tube, at the prime focus a 9 um pixel, 4 K x
4 K Kodak IMGX 16801E charge-coupled device (CCD)
providing a pixel-scale of 3.6 arc sec /pixel will be used.

2.2 Drive Mechanism

The gearbox and hence drive mechanism for both RA and
declination areidentical. The RA gear (Figs. 1 and 2) box hous-
ing is anchored to the south pillar with the help of stiff torque
arms.® Direct drive motors on the axes without an intermediate
gearbox offer backlash-free motion but control at low speeds
become difficult due to friction dynamics and commutation
problems. Usually for such systems, a hydrostatic bearing

Bearing Polar Axis

Declination Axis

North Pillar |
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arrangement is preferred to minimize the nonlinear static
and coulomb friction. In our case, as the accuracies are reason-
able, complexities and cost of hydrostatic bearings are avoided
and the telescope is supported on hydrodynamic roller bear-
ings. The axes are driven via a three stage gear train
(27:113, 21:123 and 17:250) providing an overall reduction
of 360.489:1 between each motor and the output shaft.
Motors are directly mounted on the input gear shafts to
avoid use of couplings. To avoid backlash in the gears, each
axis is driven by a set of two identical motors coupled to the
bull gear of polar axis through two identical gear trains.
Between the two motors the backlash angle is approximately
42 degandsince the gearbox is symmetrical, the backlash angle
between each motor and the main axis bull gear is approxi-
mately 21 deg. The two motors provide unequal torque to
the bull gear such that if one motor leads the motion in forward
direction, the other motor applies a counter torque lagging the
motion by the backlash angle, and vice versa for the reverse
direction. This technique ensures that teeth contact is never
lost between any of the gears during motion reversal and
thus a dead zone is avoided. A friction roller assembly is avail-
able on the top of the gear box for mounting an incremental
encoder. This arrangement allows backlash-free accurate
velocity measurements through a reduction of 735:30 (or
1:24.5). For position measurements, an absolute encoder is
mounted directly on the extended shaft of the main axis at
the center of the gearbox. Provisions have been made for
mounting incremental encoders or tachometers directly on
the four motors and auxiliary encoders at the bottom of the
two gear boxes through a reduction of 1:10.8. Table 1
shows the mechanical specifications of the telescope. These
specifications are used for designing the PI controller.

3 Electronics and Hardware Design

3.1 Telescope Control System

The overall telescope control system is broadly divided into
stand-alone telescope control hardware and PC based soft-
ware for user command. The controller hardware consists

(b)

Fig. 1 The 50/80 cm Schmidt telescope: (a) schematic of the telescope, (b) actual telescope installed at ARIES.
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Fig. 2 RA gear box with the control components.

of multiple low-cost PIC microcontrollers performing tasks
like interfacing the encoders, providing a linear PI control
action to the axes, controlling the focus etc. Currently, for
testing the basic functionality, dedicated RS232 ports on
the boards are used. The final telescope control architecture
would be implemented as a distributed network on the CAN
bus. Although the number of controllers appear to be higher,
most of the hardware and embedded software design for the
boards have been kept common. This facilitated simplicity in
design and development whereas efforts were required only
for implementing specific functionality.

3.2 Control Components

Each axis is driven by two hollow shaft QT-3124
Kollmorgen brushed permanent magnet torque DC motors.

Table 1 Design parameters for the RA and declination drives.

These motors are available in a frameless pancake configu-
ration, i.e., large diameter and a narrow width, and assembled
directly on the gear shaft. The motors operate at 24 V DC and
are capable of continuously providing stalling current of 6 A.
For velocity feedback 4.608 million ppr Gurley series 8 X 60
incremental encoder is used. Through a reduction it provides
an overall resolution of 0.011 arcsec accurate upto
0.05 arcsec. A 29 bit RCN829 Heidenhein hollow shaft
absolute encoder provides direct measurement of the output
shaft position at a high resolution within an accuracy
of 0.5 arcsec. Each motor is coupled to a CP-850
incremental encoder which functions as a digital tachometer.
Also a 17 bit A25s Gurley absolute encoder with an accuracy
of +15 arcsec is mounted with a 1:10.8 reduction, which
acts as an auxiliary encoder for cross checking the position
values generated by the on-shaft main encoders.

The focus mechanism slides on a precise THK ball screw
arrangement which travels 5 mm/revolution. The mecha-
nism is coupled to a Superior Electric KM062 bipolar step-
per motor using a timing belt and pulleys offering a reduction

Polar Declination of 1:2. The motor has a incremental shaft encoder for posi-
Parameter axis axis Units tion measurement and a PCA-116 series linear variable dif-
Inertia 225106 579 % 105 N mms2 ferential transformer (LVDT) is used for referencing. The
motor and on-shaft encoder undergoes four full rotations
Stiffness 3.08 x 10° 2.46 x 10° N mm/rad generating four index pulses in the range +5 mm. At
0.9 deg per half step the housing can be positioned with a
Lock rotor frequency 5.96 10.37 Hz resolution of 6.25 ym.

Slewing speed 12.583 12.583 rad/s 3.3 Schematic of the Controller
Angular acceleration 12.583 12.583 rad/s? The main components of the controller hardware include
pulse width modulation (PWM) based PI controllers for
Load torque at start 933 316 N mm the twin-motor drives, interfacing electronics for the
encoders, bipolar stepper motor controller for focusing,
(C;%L;/r:;er torque 233 79 N mm power amplifiers for the motors, and a communication sys-
. tem. Owing to similar mechanical drive systems, the control-
Starting torque 1166 395 N mm ler hardware design remains the same for both RA and
Running torque 791 186 N mm declination axes. Currently, pointing is implemented with
the help of slew, set, guide, fine motions requiring user
Optical Engineering 081607-3 August 2013/Vol. 52(8)
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Fig. 3 The schematic of the axis controller.

intervention. These set of velocities for both axes and
tracking velocity for RA are maintained constant with the
help of the PI controller. The schematic of the axis controller
and focus controller are shown in Figs. 3 and 4 respectively.
Each motion controller is implemented on a separate
dsPIC30f3011 microcontroller running an incremental PI
control algorithm in PWM mode.® It provides the control sig-
nal for both the motors on two of its PWM output channels.
For driving the two motors, two IRF250 power MOSFETSs
along with the driver stage are used to amplify the PWM
signals. For reducing the mechanical backlash, the PWM
duty cycles on the two channels are adjusted such that
100% of the control effort is applied on the forward direction
motor and 10% to 25% on the reverse direction motor. In
case of the linear controller, the effect of applying opposite
torque using second motor is accounted simply using super-
position. Each motor is connected between 24 V DC supply

and the drain terminal of MOSFET with a 0.1 ohm resistance
between the source terminal of MOSFET and ground. The
voltage across the resistance is filtered and captured using
analog to digital converter (ADC) channels of the dsPIC
for determining the motor armature current. The ADC mod-
ule is synchronized with the PWM module using an interrupt
to capture the samples during the PWM falling edge where
the motor current peaks. The encoder feedback module of
dsPIC is used for capturing encoder pulses from the incre-
mental encoder for estimating the velocity. The interrupt rou-
tine is used to ensure a fixed sampling time of 5 ms.
Another set of boards are developed using PIC18f4480
microcontroller to interface the on-shaft Heidenhein position
encoders on synchronous serial ports. The encoder provides
serial data packets on the bidirectional EnDat2.2 interface,
which is decoded by the microcontroller for determining
the absolute shaft position. The position measurements are

Incremental
Encoder
ABZ ) .
Ene i Driver Bipolar
Lagle Full
for H-Bridge Stepper
Generator S e g oppe
Focus |ADC|-- LYDT -
Controller Circuit
2 KHA
Sine

Communication

CAN RS232

1

To RS232 Hub

Fig. 4 The schematic of the focus controller.
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displayed on GUI and used for setting soft limits on the tele-

scope extremes.

For controlling the focusing mechanism, a single
microcontroller board was developed around PIC18F4431.
Its encoder feedback module is used for interfacing the

incremental encoder on the motor shaft. The controller

also generates a square wave at a 2 KHz frequency on its

PWM channel. This is filtered using an active bandpass filter
and amplified to obtain a fundamental 2 KHz sine wave for
the primary coil of the LVDT. The output of the LVDT is
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sampled by a 10 bit ADC channel of the controller and com-
bined with the index pulse of the encoder for absolute ref-
erencing. The bipolar motor is driven by a dual H-bridge in
half stepping mode and consumes 1.2 A per coil at 4 V DC
during operation. To prevent generation of heat during hold-
ing, the motor is kept in regenerative mode through the free-
wheeling diodes.

3.4 Message Timing and Communication

All boards consist of peripherals for CAN interfacing, asyn-
chronous serial communication (RS232) and serial debug-
ging and programming. For the board with PIC18F4480,
the inbuilt CAN controller is used whereas for rest of the
controller boards, a MCP2515 CAN controller is used.
The final distributed telescope controller would have over
sixteen microcontroller boards on the CAN bus as shown
in Fig. 5. A CAN-to-USB board has been developed on a
PIC18F4550 for putting the commanding PC on CAN
bus. The communication bandwidth requirement between
the commanding PC and hardware is very low, therefore
the USB device is configured as a simple plug and play
human interface device (HID).

CAN is a standardized reliable system from real-time
communication and has been successfully used in many tele-
scope systems and subsystems.*'> A CAN bus supports upto
1 Mbit/s for a total bus length within 40 m. The distributed
boards allow modularity, scalability, use of low cost micro-
controllers, easy debugging, and possibility of locating the
boards closer to the sensors. Modularity and scalability
allows independent development as well as the addition of
other boards as nodes to the existing network. Currently,
10 nodes providing position and velocity measurements
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Normalized Parameters

for the two axes, velocity measurements for the four DC
motors, digital display unit, along with USB-to-CAN node
were tested in lab. The data word size per board is 8 bytes,
first byte representing the device type. A total of 64 bytes are
exchanged between the USB-to-CAN controller and the
interfacing PC. The CAN network is yet to be implemented
on the telescope.

For the purpose of telescope testing and characterization,
only the PI controller boards, position measurement boards
and focus controller board implementing the basic function-
alities are utilized. These boards are independently con-
nected to an 8 port RS232 hub for PC interfacing. Time
stamped data packets each containing 25 sets of 10 ms
samples of PI control effort, telescope position, telescope
velocity, ADC counts and focus position are continuously
transferred to the interfacing PC at a fixed interval of
250 ms on five RS232 serial ports. The data is displayed
on the GUI and continuously logged in the PC.

4 PI Controller Design and Performance

For reducing errors at different speeds and achieving control
at fine speeds, it is necessary to develop a suitable feedback
controller. For example in Fig. 6, we compare the system
velocity responses at higher speeds in both an open loop con-
dition and a closed loop control condition at reduced bearing
preload. Without a feedback controller, the peak error
reaches up to 15% and also limit cycles are more prominent
whereas the feedback control improves the performance and
limits the peak error close to 7%. As the oscillations are both
due to imbalances and friction and in the open loop without
using a controller, it is not possible to reach speeds below
100 arcsec/s due to excessive friction. In Fig. 7, we

Moving East to West at 600 arcsec/sec
2 T T T T T T
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1.6“ 1
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‘ Closed loop response

7% error band

Set point
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Fig. 6 (a) Open loop response at high speed, (b) closed loop response at high speed.
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compare the system velocity responses at 100 arc sec/s in
both open loop conditions and closed loop control conditions
at reduced bearing preload. Here again in absence of a feed-
back control, the errors are quite high and some low fre-
quency oscillations close to 0.05 Hz are riding on the
velocity response whereas the feedback control filters out
the low frequency errors and also reduces the error band.
Although lower speeds can be achieved using a controller,
the control system characteristics changes at such speeds
as the effect of friction dynamics and disturbances due to
imbalances in the gears become more pronounced.

The 50/80 cm ARIES Schmidt telescope is required
to continuously track the sky at a very low speed of
15 arcsec/s maintaining an accuracy of 1 arcsec/s. At
such low speeds, the dynamics of friction starts dominating
the overall response of the system. The response becomes
highly nonlinear, making it difficult to control using a linear
controller. The nonlinear model of the telescope is given by
the following set of equations:

v =L"T4+ Ri+ Kp0;®@ @)
K notort = J@ + Tfriction, 2
Tiction = 000, + 610, + 6, 3)
. |a)|
0, =w——-0 @)
) g(w)
oy * g((U) = TC + (TS - Tc)e_(‘w‘/w:)s, (5)
Moving East to West at 100 arcsec/sec
2 T T T T T
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0.61 ‘J ‘ l'd l 1
H |
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(a)
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where v is the applied voltage, i is the armature current R and
L are the armature resistance and inductance respectively,
K otor 18 the motor constant, @ represents the angular veloc-
ity of the motor and @, represents the micro-displacement. J,
is the reflected moment of inertia at the motor shaft and
T'iction, 18 the reflected friction at the motor shaft. 6, o,
65, T, T¢, o, are the six parameters of the LuGre model
for friction'® and & is the empirical parameter. The function
g(v) captures the Stribeck effect.'* By reducing the preload
on the bearings, the effect of friction can be reduced to
an extent such that a linear controller starts providing a rea-
sonable performance. A discrete time PWM-based PI con-
troller is designed for the lumped mass model based on
the electromechanical parameters of the telescope. The trans-
fer function of linear time invariant second order model
describing the telescope axis model reflected at the motor
shaft is given by:

Klno[or
w J,L ©)
v_IlsR 5 (R, ® R ’
— m s + Z + —_=r s _|_ _Lr _|_ mOlOr

where J,, 03 and T, are the inertia, linear viscous friction,
and stiction respectively reflected at the motor shaft. In Eq. 6
only, the stiction and the viscous friction components of fric-
tion are considered and the term 7T,L /K is neglected as the
inductance is very small. Discretization at a sampling rate of
At introduces a dead time of Az/2. The overall system can be
represented using a second order system plus dead time
model and standard tuning rules of PI control can be
applied."
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Fig. 7 (a) Open loop response at low speed, (b) closed loop response at low speed.
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Fig. 8 (a) Friction characteristics at high bearing preloads, (b) friction characteristics at reduced bearing preloads.

In the controller hardware design, the incremental linear
PI control algorithm'® of the following form is implemented
using dsPIC30f3011 microcontroller, which ensures a
bumpless transfer between different speeds during pointing
operation.

Ek = (a)sp _wk)
AUy = K, (Ey — Ex_y) + K;(Ey)
Uk = Uk + dUk

Error = setpoint-output
Incremental PI control
Control effort to plant

Here E is the error representing difference between the
desired velocity wy,, and the actual velocity wy, Uy represents
control command at kth instant, 6U represents incremental
control command, K, and K; represent the P and I gains
respectively. The duty cycle of the pulse width modulator
is modulated using the control effort U. To prevent integral
wind-up, upper and lower limits are imposed on the Uy
before loading the PWM duty cycle register. During the
design, torsional effects and all inertias that are small com-
pared to the load are neglected.

To perform simulations and for tuning the controller, tele-
scope parameters were experimentally determined using
various test inputs. During telescope installation, the normal

different steady state velocities and measuring the corre-
sponding motor armature current.’ The following parameters
(Table 2) of the telescope were obtained from the friction
characteristics.

As the inertia of the system was reduced, it was estimated
by performing a rundown test.'” In a rundown test after
reaching a steady state speed, the input torque is set to
zero for obtaining the deceleration characteristics as shown
in Fig. 9. As the applied voltage and electrical model of the
motor are known, copper losses in the armature can be cal-
culated. From the deceleration curve and friction character-
istics, the moment of inertia was determined'’ to be J =
1.76 x 10® N-mm sec?. Using the estimated parameters, the
telescope model with PI control was first simulated on
Matlab simulink as shown in Fig. 10 and the simulink
response for higher velocity of 600 arc sec/s is shown in
Fig. 11. Since the friction is mostly linear at these speeds
and the approximated linear model is valid, the response of
the actual telescope and simulated model are similar. For

Table 2 Estimated parameters of the telescope about the RA axis.

Parameter Low preload High preload Units
loading on the bearings were high, resulting in excessive fric-
tion. The normal loading on the bearings was reduced and 6 67 x 102 113x 102 Nms/rad
also some of the dead weight was removed around the decli-
nation axis of the system for reducing the moment of inertia. Te 229 217 N'm
The telescope friction parameters are determined at both
actual and reduced preload conditions by fitting the LuGre Ts 621 1490 N'm
friction characteristics in the torque velocity map as shown Vs 4% 104 7 % 10~ rad/s
in Fig. 8. This map is obtained by running the telescope at
Optical Engineering 081607-8 August 2013/Vol. 52(8)
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Fig. 9 Characteristics of the rundown test. (a) Steady state velocity versus friction torque map, (b) velocity versus time deceleration characteristics.

lower velocities, our simulation results showed oscillations
due to stiction which may be reduced by reducing the PI
gains. But at low gains, the actual system exhibits stick slip
motion hence we preferred keeping the gains high. Since the
errors are low at higher speeds where the telescope operates
in linear regime of friction, if may be possible to improve
the low speed performances by reducing friction-induced
nonlinearities.

The response of the actual system with a controller keep-
ing current loop open and velocity loop closed for different
velocities are shown in Figs. 6, 12, and 13. Near the tracking
speeds, the limit cycles exhibited by nonlinear friction
dynamics become more prominent and results in a jittery
motion. During excessive preload, the peak errors introduced
by the jitters at tracking speeds under PI control are very
high. The performance improved when the bearing preload
was carefully reduced avoiding excessive axial ply which is
shown in Fig. 13 and the peak error comes down to 25%. At

higher speeds of 600 to 1000 arc sec/s, the peak errors are
within the 2% to 7% range as the the telescope operates in the
linear viscous friction regime. The error band improves at
even higher speeds and we found that the peak errors are
within 1% at slew speeds in the range of 1 to 3 deg/s.'®

5 Software Design

5.1 Overview of the Software

The telescope control software was developed in Visual C++,
which basically provides a GUI and communicates with the
control hardware. It is capable of communicating with each
board directly using multiple serial COM ports as well as
with the USB-to-CAN board on USB port. The commands
sent to and controller data continuously received from the
telescope are logged at a desired interval in ASCII format.
Since multitasking software especially performing hardware
communications is prone to breakdown, each function is
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Fig. 10 Simulink block diagram for the linear telescope model.
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implemented separately in a multiple software thread. This
provides robustness against communication hardware errors
or buffer overflows. When the GUI is launched, more than
ten software threads handling communication over several
serial ports, a USB port, logging service and GUI are
launched and remain active. Multithreading also provides
modularity and scalability falling in line with the advantages
of the distributed telescope hardware architecture. The GUI
offers several floating dialog windows which can be dragged
to an extended PC monitor.For device-to-device communi-
cation, a CAN interface is provided and preliminary tests

Moving East to West at 1000 arcsec/sec

2 T T T T T T T T
1.8f 1
1.61 1
1.4 | J
W Velocity resposne
@ ﬁ e Set point
Q
@
€
©
S
a
°
(]
N
g 0.8
g
4 Voltage control
0.6/ 1
0.4} 1
0.2 —— Control Variablef]
- = =Control Effort
—— Set point
0 1 1 1 1 1 v . T
0 2 4 6 8 10 12 14 16
Time (sec)
(a)

18

Normalized Parameters

were conducted by sending and receiving 8 bytes
per board upto a transfer rate of 1 MHz. The PC picks up
CAN messages using USB-to-CAN board configured as a
HID device.

5.2 Software Aspects

When the software is launched, the main console (Fig. 14) is
selected for powering up, manual pointing at preset speeds,
tracking and monitoring the telescope parameters. During
the power on process, communication with the hardware
is performed for a health check. The status window displays
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Fig. 12 The controller response at high speeds with reduced preload. The dashed line is the control effort and horizontal line is the desired speed.
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messages related to the user command sequences, messages
exchanged with the hardware, system response and errors.
The console can be locked, which greys out the buttons
to prevent any accidental issue of command. Currently
dome and weather stating control hardware have not been
implemented but the features have been implemented and
tested in the lab on RS232 ports.

A separate console is launched for operating the focus
housing (Fig. 14). The stepper motor can either be moved in
single steps by using = 1 buttons or moved to a desired position
directly by selecting the set position and clicking on
Move To button. Virtual LEDs provided on the console start
blinking when the motor is running. The motor power OFF
button provides holding operation by putting the stepper
motor on regenerative mode and Control Power OFF
completely frees the motor. The LVDT and encoder values
are displayed in the text windows and refreshed every 250 ms.

For monitoring other parameters of the telescope useful
for maintenance and troubleshooting, two maintenance con-
soles have been provided (Fig. 15). The first console is
used for alignment of the absolute encoders, i.e., when
the telescope position is determined using a reference star,
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offsets can be applied on the encoders to match the know
telescope position. In the second console, the individual
motor currents and the tacho signals can be monitored.
The tacho readings and the telescope velocity measurements
are used for displaying the gear reduction in runtime and
logged for analysing the backlash in the gear boxes. Also
the auxiliary position encoder readings and its difference
from the on-shaft encoder readings are displayed. The aux-
iliary encoder is used for the purpose of cross checking. This
can also be statistically combined with the true encode read-
ings for generating a better position estimate.

The user command sequence, device status, sensor data
and errors are continuously displayed in text windows
and simultaneously logged in four separate ASCII files by
the data logging software thread. It continuously displays
the speed, position and current data and stores it on the
hard disk in ASCII format. The rate of log generation can
be set as per the need, which is usually kept high during
maintenance procedures. One of the key advantages of
developing software in-house is the available flexibility
for immediate modification, bug fixing and continuous
improvement.
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6 Conclusion

As the Schmidt telescope is a small system requiring a rea-
sonable performance, a telescope controller comprising a set
of simple low-cost controller boards was developed. For such
a telescope, we favored in-house component-level design of
hardware and software to enable effectiveness in mainte-
nance and upgradation activities. Modularity and scalability
is maintained in both hardware and software using separate
board and communicating thread respectively for each spe-
cific task. The CAN functionality is implemented on the
boards and tested in the lab; it will be implemented on the
telescope at a later stage. For modeling and simulation,
the telescope parameters are estimated experimentally and
the axes are controlled using a linear PI controller. At higher
speeds, the telescope operates in a linear viscous friction
regime of friction and hence exhibits much lower levels of
error. Both open loop and closed loop performances are com-
parable at these speeds. There are some control issues at low
speeds due to friction dynamics and the open loop perfor-
mance degrades at low speeds and closed loop control
becomes necessary below 100 arc sec/s. These performances
were at a reduced preload and the open loop response shows
clearly the effect of nonlinear friction. It was observed that
the effect of friction lessened on reducing the bearing preload
on closed loop performances at low speeds. As a result, the
linear PI controller with the system approximated to a SOPD
model provided a reasonably good performance at low
speeds like tracking speeds keeping the peak errors within
25%. As the telescope equipped with CCD detector provides
a pixel-scale close to 3.6 arc sec/pixel, it means the object is
sampled in 7.2 arcsec?. Considering the wide observing
field of the telescope and its large sampling region, a
25% error rate in tracking without an autoguider may be
acceptable. The optical performance of the system is yet
to be determined, which would help in evaluating the overall
performance. The telescope is in a testing phase with the
prototype boards and efforts are underway for developing
a nonlinear friction compensator to further improve the accu-
racies. In our previous work we have already characterized
the friction present in the system; with the help of the addi-
tional encoders installed on the telescope, we would also like
to characterize backlash in the gear system and explore non-
linear compensation techniques.
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