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ABSTRACT

The project aims to provide low cost access to planetariums,
especially to the schools of the country. The purpose is to
educate and motivate the youth to explore and know about
the night sky. Visit to a planetarium is expensive and seldom
do we get a chance to see one. On the contrary, clear skies
can still be observed away from the cities, but with the lack
of proper knowledge base to rely on for stargazing, the
experience becomes obsolete. Open Sky Planetarium is a
project that seeks out schools to provide them with an
educational tool to introduce kids to the night sky through a
planetarium-like experience under an open sky. This is
achieved by making the equipment low-cost, thus making it
affordable and accessible to all schools to play a planetarium
show in their own locality. It also aims to keep the operation
of the equipment and the application as user-friendly as
possible.



INTRODUCTION

Open Sky Planetarium makes use of Stellarium- an open
source software that simulates stars in real-time and can be
used as an on-screen planetarium. The tool has a LASER
pointing device that guides the user through the stars and is
controlled by an application supported by Stellarium. The
idea is to calibrate the device by setting at least two stars as
references and then any star can be guided to by the means
of Stellarium and the OSP plugin built for it. The OSP plugin
also provides the user with a script engine that can be used
to write scripts with background audio to be played during
the planetarium show.



STELLARIUM

Stellarium is open source software that simulates the night
sky and displays a number of stars in their position at a
particular time. The night sky simulated is specific to various
locations; hence anybody can view the sky in their location in
Stellarium to refer to actual objects in the sky while
stargazing. The database in Stellarium is comprehensive: it
contains the equatorial coordinates of an object in the sky in
reference year J2000, from which the data is calculated to
simulate the object in its position at any particular point of
time. The objects in the Stellarium sky move just as the
objects in the real sky do: the simulation mirrors the actual
sky. There are also various sky cultures so that people from
all parts of the world can use the software hassle-free.

Fig 1: Stellarium Window



MATHEMATICS INVOLVED IN PLUGIN FOR STAR
TRACKING

We Dbasically transform equatorial spherical coordinate
system to horizontal spherical coordinate system. As sky can
be considered as sphere with stars on it, we use spherical
coordinate system.

X

Fig 2: Spherical Coordinates

Spherical coordinate system deals with angles only hence it is
useful for stepper motor driving and compatible with the
data received from the Stellarium (which are also in terms of
angle).

To define spherical coordinates, we take an axis (the polar
axis) and a perpendicular plane (the equatorial plane), on
which we choose a ray (the initial ray) originating at the
intersection of the plane and the axis (the origin O). The
coordinates of a point P are the distance r from P to the
origin; the angle © (zenith) between the line OP and the
positive polar axis; and the angle ¢ (azimuth) between the
initial ray and the projection of OP onto the equatorial



plane. The range of ¢ is from 0 to 2rt (360°), and the range of
© is from 0 to 1t (180°).

To transform from Cartesian to spherical coordinates and
vice versa, we use the transformation equations

X =r sinBcosd

y =rsin® sing,
Z=rcosO,

r= (XZ + yZ + 22)0.5’

O = tan-1(z/(x*+y*)*),
¢$ = tan-1(y/x).

Spherical coordinates with r = 1 (unit vector) are called as
vector cosines.

EQUATORIAL COORDINATE SYSTEM

Z, (Celestial North Pole)
A Celestial Object

Celestial Equator

X, (Vernal Equinox)

Fig 3: Equatorial Coordinates System
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In the equatorial coordinate system, Earth’s equator is the
plane of reference. Earth’s axis of rotation points to the north
and south celestial poles. The celestial sphere is as large as
the known universe, and Earth is at the center of this sphere.
The celestial poles do not move as Earth rotates. For an
observer standing at Earth’s equator, the celestial poles are
on opposite horizons at exactly the north and south points,
and the celestial equator passes overhead going exactly from
the east to west horizon.

Declination -The declination symbol 6, (lowercase "delta",
abbreviated dec) measures the angular distance of an object
perpendicular to the celestial equator, positive to the north,
negative to the south.

Right Ascension-The right ascension symbol o, (lowercase
"alpha", abbreviated RA) measures the angular distance of an
object eastward along the celestial equator from the vernal
equinox to the hour circle passing through the object. The
vernal equinox point is one of the two where the ecliptic
intersects the celestial equator. Analogous to terrestrial
longitude, right ascension is usually measured in sidereal
hours, minutes and seconds instead of degrees, a result of
the method of measuring right ascensions by timing the
passage of objects across the meridian as the Earth rotates.
There are (360° / 24h) = 15° in one hour of right ascension,
24h of right ascension around the entire celestial equator.




HORIZONTAL OR ALTAZIMUTH
COORDINATE SYSTEM

Z, (Zenith) a Celestial Object

Horizon|

Y, (East)
X, (South)

Fig 4: Horizontal Coordinates System
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The horizontal coordinate system is a celestial coordinate
system that uses the observer's local horizon as the
fundamental plane. It is expressed in terms of altitude (or
elevation) angle and azimuth.

In practice, the horizon can be defined as the plane tangent
to a still liquid surface such as a pool of mercury. The pole of
the upper hemisphere is called the zenith. The pole of the
lower hemisphere is called the nadir.

There are two independent horizontal angular coordinates:

e Altitude (h), sometimes referred to as elevation, is the
angle between the object and the observer's local horizon.

For visible objects it is an angle between 0 degrees and 90
degrees.



e Azimuth (A), that is the angle of the object around the
horizon, usually measured from the north increasing
towards the east

MATRIX TRANSFORMATION

Relationship between horizontal coordinates and equatorial
coordinates can be derived by the following way.
Transformation from equatorial coordinates to horizontal
coordinates is expressed in matrix form as follows

/] \ Tll le TIS ( L ( L \
m|=|I, T, T,||M|=[T| M
M) L, Iy Ii]\N &,

Transformation from horizontal coordinates to equatorial
coordinates is expressed as follows. This is inverse form of
above equation.

£ [
M | = [T ]_1 m
.. n

Where |, m, n vector cosine of an object in horizontal
coordinate system

i

Ch

m

cosf cosQ

cos@sm @

¥ sin @

L, M, N vector cosine of an object in equatorial coordinate
system



L) (cosdcos(or—k(t—t,)
M |=

N | sin d

cos o sin(or —k(t —t,)

STEPS INVOLVED IN MATRIX TRANSFORMATION

: Equatorial Coordinates Telescope Coordinates
Reference | Observation
i Right o Horizontal Elevation
Star Time _ Declination
Ascension Angle Angle

Star 1 5] o; 51 QO 9;

Star 2 5 a; 6, 0, 0,

Star 3 t3 o3 IO ¢s 05

Right Ascension and Declination — these values are from
Stellarium of the star pointed.

Horizontal Angle and Elevation Angle- these values are given
by arduino according to the steps moved for calibrating.

Time - these are the system time.

As we know,

Y [coscone’ "L\ (cosdcos(a—k(t—t,)
m |=| cos@sin @ M |=| coso sin(ex —k(t—1t,)
n sin @ L 4 sin &
Hence,
- "cosB, cos @, "L\ (cosd, cos(o, —k(t,—1,))
m, | =| cosB, sin @, M, | =] cos0, sin(a; —k(t, —t,))
sm@, N, sin 9,
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o, — "L, (cosd,cos(ar, —k(t,—1,))
=g - [ cos, sin @, ] M, |=| cosd, sin(a, —k(t, —t,))
n- sin 6. AV sin d,

g cosf, cos@, L ‘cosd, cos(or, —k(t, —1,))
m, |=| cos6, sin ¢, M, |=| cosé, sin(a; —k(t; —t,))
7 sin@; . . sin O

Let T be the transformation matrix to convert |, m n

horizontal vector cosines to L, M, N equatorial vector cosines.
Then,

L /8
m, | =[T]| M,
Fi N,

/fz Lo
1, — [T] M
1, N,
/2 S
n, = [T] M,
15 N

fl 'f2 IJ ‘['1 L 2 LE
m m, m,|=|T|M, M, M,
W, B, 1 N, N, M,

[T]l=|m m, m,||M, M, Mg

1, n, Ly
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We can also calculate transformation matrix from two sets of
horizontal and vertical spherical coordinates the third point is
calculated as below.

Cross product of two vectors are done to get the third vector

' h!
myn, — nm,

?‘1 ™\ P‘g ™
OF; =OF, xOP, =| ml, —In, OPF, =| m, OF, = | i,
\ Nymy —myl, 1y ) My

0 B
Fig 5: Vector cross-product

Making OP;5 a unit vector

4 " g "
I mn, — nym,

1

msy | =— } - =x| ml, —In,
&) | N —am, ) (ol —4n,) 0w, —ml,) @y )
L. ‘M\N,—-N,M,"
M, |=— : l : x| NL,-LN,
N, | NOLN, =NM)* + (VL LN + (LM, ML) | p oy oy

Once transformation matrix is calculated then we can
calculate further horizontal vector cosines of any star by
multiplying its equatorial vector cosines (which is provided by
Stellarium open source software) to the calculated
transformation matrix T.

The horizontal vector cosines can be converted to horizontal
coordinate system (azimuth and altitude) by following way
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© =tan(m/l) Azimuth
®=sin™(n) Altitude

NEMA1/

This is a bipolar stepper motor. This 4-wire bipolar stepper
has 1.8° per step for smooth motion and a nice holding
torque. The motor was specified to have a maximum current
of 350mA so that it could be driven easily with an Adafruit
motor shield for Arduino (or other motor driver) and a wall
adapter or lead-acid battery.
Technical details:
® 200 steps per revolution, 1.8 degrees
e Coil #1: Red & Yellow wire pair. Coil #2 Green &
Brown/Gray wire pair.
Bipolar stepper requires 2 full H-bridges!
4-wire, 8 inch leads
42mm/1.65" square body
31mm/1.22" square mounting holes, 3mm metric
screws (M3)
® 5mm diameter drive shaft, 24mm long, with a
machined flat
e 12V rated voltage (you can drive it at a lower
voltage, but the torque will drop) at 350mA max
current
® 28 o0z*in,20 N*cm, 2 Kg*cm holding torque per
phase
e 35 ohms per winding
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Reasons for selecting NEMA17 for our system
e More reliable than servo motors.
e Low cost with respect to maxima motors
e Sufficient to meet the torque requirement

MICROCONTROLLER SETUP

The Arduino Nano is a small, complete, and breadboard-
friendly board based on the ATmega328; offers the same
connectivity and specs of the UNO board in a smaller form
factor. It has 14 digital input/output pins (of which 6 can be
used as PWM outputs), 6 analog inputs, a 16 MHz quartz
crystal, a USB connection, a power jack, an ICSP header and a
reset button.

Fig. 6 Arduino Nano

We have used following pins of the Arduino Nano:

e Digital pin 7 ,8,9 are used as pulse pin ,direction pin and
enable pin respectively for first motor
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Digital pin 10,11,12 are used as pulse pin ,direction pin
and enable pin respectively for second motor

Digital pin 3 (PWM) to turn on/off and control the
intensity of laser

Digital pins 2,4,5,6 are used to turn on/off relays.

Supply ground, pulse —ve, direction —ve and enable —ve
is connected to ground.

Suppl
- +
r O (o]
(o] 0O - +
Le 8
)
| - 0 0
—0 On o
(o) 0O
1 99 1l13 o
o3,
2 4 0 Nano 8
0O
O LM2596
OJ_O O Step Down
r—O O
d o

IRF540

Fig. 7 Control Circuitry
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HARDWARE SETUP

“ ',éf-' Z » .

‘MOTOR DRIVER

o . woue \MOTOR DRIVER | IS =, y
| AV . . .
9‘() Micro-stepping driver
” 1A AARE x

Motors arrangement

in pan-tilt mode SmW green LASER

Micro-controller

board 4 Relay module

15

Fig 8 Hardware Setup

NEMA17 WITH A4988

For initial testing purposes, we connect NEMA17 with one
motor driver called A4988 [1]. Following are some important
features of this driver:

e Simple step and direction control interface

e Five different step resolutions: full-step, half-step, quarter-
step, eighth-step, and sixteenth-step Adjustable current
control to set the maximum current output with a
potentiometer

e Intelligent chopping control that automatically selects the
correct current decay mode (fast decay or slow decay)

e Over-temperature thermal shutdown, under-voltage
lockout, and crossover-current protection
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e Short-to-ground and shorted-load protection

An A4988 motor driver has 16 pins including the motor driver
input ranging from 8-35V. Following diagram presents the

connection of one NEMA17 with A4988

ALOBB
‘ Ol e B -
2 {ypp Ep (135
3 o WL 108 3 {4p =rFEP LA
8|42 3 {14 mESET L3
J| -2 5 24 Ms3 |12 arduino_nano
&1 6 {28 M52 AL L x VIN 20
1 7 lgNp  Msi |10 —2 | px GND 22—
B | yMOTENABLE 2 —3 {ReseT  RESET 2B
U1 5 {GND +5v 22
CON1 —3 1 A0 26
— [ |
= pe —7 1y A2 24
oy 5 s S D5 A3 %
g D6 AL |22
BARREL_JACK 10 07 AS 21
11 1 pg a6 20
AL988 12 1 pg a7 H2
L IGND DIR |18 13 1 p1o AREF [-18
2 ypp sTEP L2 —14 1 b1y 3v3
S 3 1p  SIEEP LA 151 p12 D13 |16
s -% % RESET i—g U3
3 2A M53
=L b {5 Ms2 (11
P3 7 _GNp  Ms1 L0
8 | YMOTENABLE |—2

Ub

Fig 9: Circuit Diagram for connecting A4988 with Arduino Nano

NEMA17 WITH 2DM542

The current set-up involves NEMA17 stepper being driven by
2DM542 [2] micro-stepping drivers. These drivers have
advanced control algorithms, which can bring a unique level
of system smoothness, provide optimum torque and mid-
range instability. Following are the significant features of
2DM542:

e Multi-Stepping inside, small noise, low heating and smooth
movement

® Torgue compensation in high speed

e Variable current control technology and high current
efficiency
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® Accelerate and decelerate control inside,

® Great improvement in smoothness of starting or stopping
the motor

e Optically isolated input and compatible with 5V or 24V

e User-defined micro steps

® Micro-step resolutions and Output current programmable
e Over current and overvoltage protection

e Automatic detection, flexible selection of pulse edge count
mode.

A 2DM542 has six control signals namely ENA-, ENA+, DIR-,
DIR+, PUL-, and UL+. In addition to this, there are four pins
namely B-, B+, A-, and A+ which are dedicated for motor pins.
For the driving input, we have two pins namely V and GND.
Following diagram presents the connections of micro
stepping driver with NEMA17:

s 5w iy il

2DM542
Driver

| ‘
|
|
; I
| !
|
| :
: I
|
I
| !
I v
! . ]
: I [
i : PUL-
|
: Pulse [ —
: Signal [ & *:l;
- | DiR=
| |
|
|
: I
| '
T
| x
: I
|
i
| !
|
| :
: I
[
|
| )

Controller

VGG

Direction =
Signal 5 *: {
ENA-
Enable
Signal

Fig 10: 2DM542 Micro-stepping driver
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BUCK CONVERTER (LM2596) FOR 24V TO 3.8V

The green laser used in this project operates on 3.3V, 300mA
[3]. Thus, we use a buck converter module based on LM2596
[4] to extract 3.8V from the main supply of 24V. Next, this
output of 3.8V from LM2596 module is fed to LASER via a
MOSFET IRF540 [5]. In order to toggle the state of LASER, we
connect one digital pin of Arduino to the gate (G). A higher
value of 3.8V (than 3.3V) is selected so as to counter any

drop across the terminals of IRF540. The connections can be
visualized from the diagram given below:

J2 11
- [SE L (Vine — Voutr |3 ;]
- 2 T \ 4
7 QP Vi Vout

Laser_Terminal
StepDown

upply

c

»

i

F

PWM Pin
of Arduino

Q1
IRFS40N

SATET Jo

Fig 11: Laser Intensity Control

CONNECTIONS FOR DIGITAL VOLT AMP METER

In order to calculate the current drawn by the proposed set-
up of Open Sky Planetarium, we use a digital volt amp meter
[6]. This meter is able to read voltage between 0-100V and

current ranging from O to 10A. The connections of this meter

with our set-up can be visualized from the diagram given
below:
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10A Below Ameter do not need extra shunt.
can measure current directly

Postive ] =
+ 1
—d W o 1 4]
e - f "l-:

Power Supply coM
DC 4.5-30V v-Calibration

A=-Cadibration

The device
under test

m—

Negative

R

Must Be Cut Off
Fig 12: Volt-amp circuit connection

POWER CALCULATION FROM VOLT AMP
METER

The volt amp meter gives the voltage and current
simultaneously. Thus, we perform the following test cases to
evaluate the power requirement.

Test case I:

Input: 24V from SMPS

Load: LASER only

Readings from the volt amp meter:

Voltage: 24.5V

Current: 0.06A (at the maximum intensity of LASER)

Test case II:

Input: 24V from SMPS

Load: One NEMA17 (with 2DM542) and LASER
Readings from the volt amp meter:
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Current: 0.21A (during motor's movement and LASER's
maximum intensity)
Voltage: 24.5V

From the 2" test case, it can be inferred that the current will
go upto 0.3A with both of the motors connected. It may be
pertinent to note here that motors run one by one in the
current set-up. So, at any given time, one motor will be
running along with the LASER. Hence, with both of the
motors connected and LASER in ON state, the power can be
calculated as

Power = 24.5*0.3W = 7.35W < 10W

LI-ION BATTERIES REQUIREMENT

The current set-up needs 24V and 1A at full load. In order to
derive this power, we connect an RPS i.e. Regulated Power
Supply to the loads. Since RPS might not be easily available,
we propose to run the set-up by rechargeable Li-ion batteries
[7]. Following are some of the advantages associated with Li-
ion batteries:

1. Relatively shorter charging time

2. Light weight

3. Ability to run for 400-500 cycles

CURRENT SPIKE

Inrush current, input surge current or switch-on surge is the
maximum, instantaneous input current drawn by an
electrical device when first turned on. The selection of over
current protection devices such as fuses and circuit breakers
is made more complicated when high inrush currents must
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be tolerated. The over current protection must react quickly
to overload or short circuit faults but must not interrupt the
circuit when the (usually harmless) inrush current flows.
When an electric motor, AC or DC, is first energized, the rotor
is not moving, and a current equivalent to the stalled current
will flow, reducing as the motor picks up speed and develops
a back EMF to oppose the supply. While brushed motors
present essentially the winding resistance. The duration of
the starting transient is less if the mechanical load on the
motor is relieved until it has picked up speed.

An inrush current limiter is a component used to limit inrush
current to avoid gradual damage to components and avoid
blowing fuses or tripping circuit breakers. Negative
temperature coefficient (NTC) thermistors and fixed resistors
are often used to limit inrush current. NTC thermistors can be
used as inrush-current limiting devices in power supply
circuits when added in series with the circuit being protected.
They present a higher resistance initially, which prevents
large currents from flowing at turn-on. As current continues
to flow, NTC thermistors heat up, allowing higher current
flow during normal operation. NTC thermistors are usually
much larger than measurement type thermistors, and are
purposely designed for power applications.

Fixed resistors are widely used to limit inrush current. These
are inherently less efficient, since the resistance never falls
from the value required to limit the inrush current.
Consequently they are generally chosen for lower power
circuitry, where the additional ongoing power waste is minor.
Inrush limiting resistors are much cheaper than thermistors.
They are found in most compact fluorescent lamps (light
bulbs).
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They can be switched out of the circuit using a relay or
MOSFET though, after inrush current is complete. Hence
relay was used with 69 ohm resistance. Current spike
decreased from around 3.7ampere to 0.74 ampere. To
further decrease the spike current resistance can be
increased. Now SMPS can be used because it has 24V/2A
rating.

FEEDBACK MECHANISM FOR OSP

1. Using MPU6050 which consists of a 3-axis gyroscope and
a_3 axis accelerometer:

The gyro measures degrees per second (°/s) while the
accelerometer measures acceleration (g's) in three
dimensions. Both output the measurements as an analog
signal. Both of these are converted to degrees using suitable
coding.

Angle measurement through gyro:

First we have to translate quids (a number from 0-1023) into
something useful (this is for an ADC with a 10 bit resolution,
for example this should be 4095 (2712-1=4095) for 12 bit
ADC). To do this, just use this simple equation:

gyroRate = (gyroAdc-gyroZero)/sensitivity - where gyroAdc
are the readed value from our sensor, gyroZero is the value
when it is stationary (this is done in the code - look in the
"Setup" section) while sensitivity is the sensitivity found in
the datasheet, but translated into quids.
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If we look in the two gyros datasheets [9] and [10] we will see
that the sensitivity is 3.33mV/0/s for the 4xOUT. To translate
these into quids is pretty easy: sensitivity/3.3*%1023.

So in this example we get:

0.00333/3.3*1023=1.0323.

NB: to translate mV to V simple just divide by one thousand.

The final equation will look like this:
gyroRate = (gyroAdc-gryoZero)/1.0323

The result will come out as degrees per second (0/s). To
translate this into degrees you have to know the exact time
since the last loop. Fortunately, the Arduino got a simple
command to do so: millis(). By using that, one can calculate
the time difference (delta time) and thereby calculate the
angle of the gyro. The final equation will look like this:
gyroAngle += gyroRate*dtime/1000

Angle measurement through accelerometer:

The accelerometer measures the acceleration (g's) in three
dimensions. To translate the analog readings into degrees we
simply need to read the axis and to subtract the zero offset
like so:

accVal = accAdc-accZero

Where accAdc is the analog reading and accZero is the value
when it reads Og - this is calculated in the start of the code,
look in the "Setup" section. The zero value can also be found
in the datasheet [8]. We will see that the zero voltage at Og is
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approximately 1.5V, to translate this into quids, we again
have to use this equation: zeroVoltage/3.3*1023.

So in this example | get:

1.5/3.3*1023=465.

We can then calculate the pitch and roll using the following
equations:

pitch = atan2(accYval, accZval)+PI

roll = atan2(accXval, accZval)+PI

To convert it from radians to degrees we simply multiply the
result by 57.295779513082320876798154814105 - this is
predefined in the Arduino IDE as RAD_TO_DEG.

Unfortunately, the gyro drifts over time. That means it
cannot be trusted for a longer time span, but it is very precise
for a short time. This is when the accelerometer comes in
handy. It does not have any drift, but it is too unstable for
shorter time span.

Now for precise measurement of angle both these values are
considered.

There are two methods for finding out the precise angle:

a. Using a Complementary Filter: It's a very simple method
but it’s not as precise as the other methods (i.e. Kalman
filter). Our aim is to find whether Complementary Filter will
be able to meet our desired accuracy of <0.1 degree.

We use a digital low-pass filter on the accelerometer and
digital high-pass filter on the gyroscope readings
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angle = 0.98 *(angle+gyro*dt) + 0.02*acc — We can choose
any number but the sum must be 1.

b. Kalman filter: Kalman filter [11] [12] is an algorithm which
uses a series of measurements observed over time, in this
context an accelerometer and a gyroscope. These
measurements will contain noise that will contribute to the
error of the measurement. The Kalman filter will then try to
estimate the state of the system, based on the current and
previous states, that tend to be more precise that than the
measurements alone. [13]

2. Using Encoders:

For our required precision of <.1 degree Angle
encoders of 3600 PPR can also be used. PPR is the number of
pulses generated for a complete revolution of 360 degree.
(i.,e. 1 pulse for .1 degree). It can measure angles upto .1
degree accurately but the price of each encoder is around
%3584 [14] and we need to use two encoders; one for the
pan motor and the other for the tilt motor.

Arduino code [15].

3. Using Resolver:

A resolver with a 14 bit RDC(resolver to digital
converter) can be used to measure angle of rotation with a
max error of .01 degree. But it is facing the same problem as
the encoders i.e. It is expensive (9000 per piece) [16] and
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we need to use two of them; one each for pan and tilt

motors.
Open Sky Planetarium
Calibration ScriptEngine About
Navigation Initializ
control of  e— e — dmtl.a 1ZIng
Speed control for Setti
L etting reference
precision in ' stars
reference setting
Switching Displaying vertical
LASER ON " and horizontal
positions
9
Fig 13: OSP Plugin
Click Select Device
)
Start Calibration
v
Select a star —
4 |Repeat 213 timesl
Set Reference (Wait for confirmation message) —
v
Select a desired star to point the LASER to
v
Click GoTo

Fig 14: Flowchart
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