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ABSTRACT This paper comprises two studies; the first one provides an advanced and low-cost imple-
mentation for a remote astronomical platform applicable to small and medium-sized telescopes. It has been
carried out for the 14-inch observatory, which includes a Celestron German Equatorial (CGE) telescope at the
Kottamia astronomical observatory (KAO) in Egypt. This integrated control system is based on embedded
systems, internet of things (IoT) technology, row packets communication procedure, and the Transmission
Control Protocol (TCP) based on the Internet Protocol (IP). Using this platform, remote astronomers could
control the whole system, observe, receive images and view them efficiently and safely without any human
physical intervention. The proposed design has been achieved without dependence on commercial control
kits or software. Indeed, many previous studies have focused on this field; however, their area of interest
was limited or non-affordable. The excellence in this practical research is revealed and compared with
others in terms of cost, inclusiveness, and communication speed. The other contribution of this research
is to enhance the performance of the telescope pointing and tracking to be adapted with remote action. It has
been achieved based on the mathematical model of the telescope where two fractional controllers have been
applied, tilt integral-derivative (TID) and integral derivative-tilted (ID-T) controllers. After that, they have
been optimized using a recent optimization algorithm called the peafowl optimization algorithm (POA) and
compared with one of the well-known algorithms, particle swarm optimization (PSO). Simulation results
under the MATLAB/SIMULINK environment reveal that modified ID-T-based POA has minimized the
pointing error sharply. Moreover, compared with previous studies, it has significantly improved the telescope
system characteristics represented in overshoot, settling, and rising periods.

INDEX TERMS Remote telescope, integral derivative-tilted controller, peafowl optimization algorithm.

I. INTRODUCTION

A stronomers and astrophysicists from ancient to now are
interested in sky objects observation, such as stars, plan-
ets, and galaxies translating observed images into discov-
eries [1] and data that analyze the universe’s construction
and our location inside it [2]. The astronomical observa-
tion is performed inside an observatory that comprises a
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telescope, a dome, an image detector, and a weather sta-
tion [3]. The optical telescopes gather emitted light from
visible sky objects then concentrate it using mirrors [4].
Thus, optical observatories are consistently located at distant
sites to offer better seeing, less atmospheric water vapor,
and reduced light pollution [5]. Therefore, the attitude of
developing telescopes to run remotely has grown exponen-
tially to enable astronomers to perform observation from
anywhere, avoiding traveling efforts toward the telescope’s
physical site.
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Remote observation embeds the aspects of traditional
observation such as checking the weather, opening dome
enclosure, pointing the telescope, setting exposure time,
and storing data; however, it is performed over the internet
with the priority of protecting the telescope equipment [6].
Furthermore, it reduces the downtime of the observatory,
minimizes the telescope setting up stress [7], decreases the
operation cost, and the number of personnel required [8].
Moreover, It plays a more critical role in international projects
in astronomical scientific research [9], and it is considered an
easy tool for astronomy education at different levels [10].

Regarding the telescope performance, pointing and track-
ing accuracy is crucial in observing desired targets in the
sky [11]. Moreover, excellent performance is essential to
take advantage of remote telescope [12]. This could be
achieved using intelligent controllers with advanced opti-
mization techniques. Thus, fractional-order (FO) controllers
like tilt integral-derivative (TID) and integral derivative-tilted
(ID-T) will be utilized upon the telescope model using the
MATLAB environment to minimize the error among desired
and reference signals. Subsequently, optimization techniques
based on artificial intelligence; peafowl optimization algo-
rithm (POA) and particle swarm optimization (PSO), will be
the tool for acquiring optimal values of the controller’s gains.

A. LITERATURE REVIEW

Over recent years, remote control technology and sensors
have continually evolved and advanced, giving the facility for
remote observing development [13]. Because of the design of
small and medium-sized observatories not supporting remote
operation [14], several attempts have been implemented to
upgrade them to run remotely at low cost. For instant, Lowa
robotic observatory is considered the first operation of remote
observation in the 1990s [15]. In Spain, the 0.25-meter tele-
scope has been developed to observe remotely in real-time
mode [16] and the Vixen equatorial telescope in Japan has
been modified to be operated via the internet [9]. Moreover,
the Koreans have converted their telescope into robotic using
an embedded controller [17]. Required developments have
been carried out for the MEADE-LX850 telescope to run
remotely [18].

In deed, the earlier developers have utilized commercial
software in remote operation, gathering weather data, and
setting up the telescope. In addition, they have not achieved
a proper alignment which is essential at startup to gain total
control of the telescope, as well as the observatory does not
make a decision automatically whether or not to open the
dome based on the measurements, which is considered a great
risk. Another theoretical analysis has produced in [19] and
has focused on dome automation and protection from bad
weather conditions; although this study provided a low-cost
platform compared to commercial Kkits, it has not been imple-
mented practically.

The CGE telescope comprises two direct currents (DC)
motor drivers that are responsible for pointing it in right
ascension (RA) from east to west and declination (DEC)
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from north to south. The mathematical model of the tele-
scope is based on a set of dynamic equations with nonlinear
coupled differential equations that contain different terms for
moments of inertia, a centrifugal and Coriolis, and a frictional
term. It also includes a gravity term; however, it tends to zero
in case of accurate telescope balance [20].

Studies have been interested in how to force the telescope
to accelerate its motors at a suitable velocity for reaching
the selected target in the desired position by controlling the
telescope’s joint torque. Thus, several controllers have been
applied to keep the telescope pointing in reference trajectory
with minimum error using different optimization techniques
based on artificial intelligence. Based on previous research,
the main conclusion is that the fuzzy logic control (FLC)
strategies have provided moderate performance. However,
FLC has flaws in terms of the rise time (Ry) and the settling
time (7), which are not accepted in the case of robotic
operation.

As shown in Table 1, FLC has been applied and optimized
by a genetic algorithm (GA); even though the Ry was suit-
able, it produced an unacceptable overshoot (Og;) [20]. The
response with Oy, is an impermissible issue due to the use of
a fixed charge-coupled device camera (CCD) on the telescope
while tracking a sky object [21]. Moreover, although FLC
that PSO drives have provided better performance according
to previous techniques followed by proportional-integral—
derivative (PID) controller tuned from FLC, they are not
sufficient as the Ry was inappropriate in case of remote
operation [22]. Furthermore, in the face of system uncer-
tainties, conventional proportional-derivative (PD) and PID
controllers have some difficulty as their defects of high Oy,
and R, are inappropriate.

TABLE 1. Characteristics survey of past research.

Control Rs (s) Ts (s) O, p (%)
Technique RA - DEC RA - DEC RA - DEC

PD-GA 0.392-0.413 0.331-0.485 3.50-3.13
PID-PSO  0.062-0.061  0.400-0.350 22.2-20.0
PID-FLC  0.380-0.380  0.740 - 0.740 0-0
FLC-GA  0.200-0.304 0.331-0.485 0.5-045
FLC-PSO 0.335-0.330 0.750 - 0.600 0-0

B. CHALLENGES

Since the design of small and medium-sized observatories
does not support remote operation [14], the modification
requires extra hardware and software to overcome the absence
of the human attendance [23]. The dome is represented the
main obstacle toward remote operation as a reason for its
manual operation in rotation and shutters handling [24].
In addition, the telescope itself always requires a set up
before any observation using its hand control (HC), and
the focus which has a great impact in image quality [25]
is adjusted under watch without any physical limitations.
Beginning with the hardware, it should be a robust control
system, including a suitable controller, various sensors, and a
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monitoring system. Moreover, the software interface should
provide rapid response, automatic decision making, and sev-
eral modes of operation. Finally, extra sensors, encoders, and
devices like a weather station, monitoring system, and remote
power unit should be installed in the observatory. Concerning
the software interface, small and medium-sized telescopes
depend on commercial products protected by a trademark; as
a result, their accessories and programs are only compatible
with Windows, which is not an open-source operating sys-
tem [18]. Besides, the wireless operation often utilizes Team
Viewer or other visual network computers (VNC) programs
that require a highly stable network bandwidth unavailable
in high-altitude observatories. In addition, it has a critical
defect in data transfer delay as it transfers all events from a
remote computer to a local one. Secure Shell (SSH) software
is widely used in remote operation over Linux operating
systems; nevertheless, it has a complexity in the command
line, which user is often unfamiliar with it [26]. These factors
complicate designing one graphical user interface, which
makes the interface robust and communicated. The solution
to overcome these restrictions is to write a complete code that
manages the telescope and instruments.

Following modification of the telescope efficiency dur-
ing pointing, the major challenge is selecting an efficient
controller and extracting optimal gains using advanced opti-
mization techniques. As mentioned before, astronomical
observation requires precision parameters during observing
via minimizing the error between desired and set positions of
the sky coordinates. Therefore, the utilized controller should
include superior characteristics in terms of its structure and
tuning in order to achieve a minimum error besides eliminat-
ing Oy, with less R and T at the same time.

C. MOTIVATION

A preliminary study concerning transferring traditional tele-
scopes to run remotely efficiently with affordable cost has
flaws in terms of comprehensiveness and expense. Moreover,
it is noteworthy that developers mostly interested in modify-
ing just one item of the observatory, such as the telescopes,
the dome, or the wireless communication tool. Furthermore,
they frequently rely on costly commercial automation kits
and programs. These defects provided a motivation to design
and implement an observatory serviced remote facility beside
keeping the cost affordable. It is an obvious fact that design-
ing a remote control system for astronomical observation
without the use of commercial control systems and software
eliminates expensive budgets involved with the possibility for
modification.

It has been noted that substantial past studies on enhancing
the telescope performance in pointing had yielded limited
benefits. FLC and conventional controllers, which have been
optimized using different artificial intelligence techniques,
have produced either overshoot or long rise time. These two
factors are impermissible in the case of remote observation
that requires a telescope with high-performance [6]. More-
over, these flaws prevent the anticipated advantage of remote
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telescope from being realized, so it has been decided to use
a sophisticated controller to achieve the most satisfactory
outcomes. The authors intend to modify the CGE controller
in the future; therefore, the theoretical study is necessary to
decide which controller will provide the best response.

D. CONTRIBUTION AND PAPER ORGANIZATION

This practical study includes creating a complete control sys-
tem for the telescope, the dome, the camera, the focus system,
and associated devices. It covers all aspects of observation
with self-protection against natural hazards, faults, and inter-
ruptions. Furthermore, no commercial kits or software have
been used, and as a result, the cost was overly small compared
to commercial systems and previous research. Moreover,
remote access is designed based on the Transmission Con-
trol Protocol and the Internet Protocol (TCP-IP) client-server
socket, which perfectly offers numerous utilities that enhance
the performance and security of accessing and transferring
data between the server and clients [27].

The another contribution in this paper is involved in apply-
ing the fractional TID and ID-T controllers. FO controllers
such as TID and ID-T have proliferated due to their flexi-
bility in designing and stability, particularly with dynamical
systems [28]. They include extra tuning parameters compared
with conventional PID controller, which reduces processing
in optimum parameters demonstration [29]. FO controllers
are distinguished with more expanded freedom in tuning for
system stabilizing, so researchers have a great interest in
such controllers [30]. Moreover, the TID family is poten-
tially one of the best FO controllers as it has a robustness
in estimating the parameters of a system with a closed-loop
enhancing the system response [31]. As well as, gains tuning
is performed using different optimization techniques such as
POA and PSO. The POA technique replicates the peafowls
swarm behavior in their foraging, chasing, and courtship,
where a triple group of peafowls (i.e., peafowl cubs, pea-
cocks, and peahens) emulate the behaviors of dynamic swarm
and hierarchy in food searching. It is considered an efficient
exploratory searching operator and adaptive searching as
well [32]. Simulation results and comparison diagrams imply
that the response characteristics of the pointing position have
been enhanced by minimizing the times of overshoot, rising,
and settling.

The outlines starts with the introduction and followed by
the construction and operation of the 14-inch observatory.
After that, the automation process is revealed separately for
each device and remote operation preparation. The section
after that summarizes the overall control system, while the
graphical user interface section comes after. Subsequently,
the CGE telescope model and proposed controller are pre-
sented. The next section is the results with discussion and
finally, a conclusion is provided.

Il. SPECIFICATION OF THE 14-INCH OBSERVATORY
This section provides a detailed description of
the 14-inch observatory before any modification when
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FIGURE 1. The 14-inch CGE telescope.

the observer was unable to perform the observation
remotely.

A. THE 14-INCH CGE TELESCOPE

The 14-inch CGE telescope is located at the Kottamia obser-
vatory at a latitude of 29° 55’ 48" North and a longitude of
31° 49’ 30” East; height = 476 meters, about 70-kilo meters
east of Cairo city [33]. Its optics is a Schmidt-Cassegrain
designed with enhanced coatings for the primary mirror and
the secondary to maximize the reflectivity. The telescope
focal length is 3910 mm and focal ratio of F/11 with alu-
minum tube, while the mount is a computerized German
equatorial type, as shown in Fig. 1 [34]. The driving system
of the telescope depends on two DC motors working together
to point and track sky objects based on integrated optical
encoders with 0.11 arc second resolution [21]. It contains
a control panel with three registered jacks (RJ) ports; RJ-
45 for RA, DEC, and auto guider with two RJ-22 sockets
for global positioning system (GPS) and HC. There are two
built-in limit switches for the mount home position. The HC is
a double-line, 16-character liquid crystal display (LCD); it is
to control the mount and attached GPS manually. There is also
a Recommended Standard-232 (RS-232) port located on the
bottom of the HC for the computer communication [34]. The
focus mechanism depends on adjusting the distance between
the two mirrors by moving the primary mirror over a baffle
tube. This motion is achieved via a bipolar stepper motor
with a hand set (HS) to adjust the focus manually using
two buttons in two directions. This HS is connected to the
computer via the Universal Serial Bus (USB2) protocol to
adjust focus computationally by commercial software named
Micro Touch [35].
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FIGURE 2. The 14-inch Ash dome.

B. ASTRONOMICAL DOME

The astronomical dome is the enclosure of the telescope
and attached devices inside the observatory; it is necessary
to protect them from the horrible weather conditions [36].
The 14-inch telescope dome is a hemisphere steel Ash-dome
shown in Fig. 2 with approximately 5 meters in diameter
and located upon a concrete wall. Dome rotation is driven
via a three-phase, 1370 rpm, and 0.37 KW induction motor.
This motor is fixed on the concrete wall and driven through
a variable frequency drive to control the rotation speed. The
mechanical motion is transferred from the motor to the dome
through a circular iron gear fixed with the dome. The dome
often includes an upper and a bottom shutters to form a
dome slit providing a viewing aperture for the telescope
during observation, even during windy conditions. The upper
shutter is of the “up and over” and driven with a 200-watt
DC motor. Meanwhile, the bottom takes some cranking to
laterally raise and lower the shutter through a 600-watt single-
phase induction motor. The observer uses a selector switch to
rotate the dome left and right and push buttons to control the
shutters [37].

C. IMAGING SYSTEM

The CCD camera is widely used in astronomy; it is an
integrated circuit consisting of a certain number of coupled
capacitors [18]. The utilized CCD camera is SBIG version
STX-16803 with 16 megapixels and a resolution of 4096 x
4096 pixels. It has two chips for imaging and guiding to
enable imaging and self-guiding simultaneously. Cooling
techniques are based on intelligent fans and connect with a
water cooling technique [38]. There is an SBIG FW7-STX
filter wheel equipped with the camera via the inter-integrated
circuit 72C protocol. It comprises 7-position, 50-millimeter
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square filters with an optical encoder for position centering.
Digital interface is available within two different protocols,
USB2 and Ethernet where imaging is performed under win-
dow operating system via a commercial software named
MaxIm-DL.

Ill. AUTOMATION OF THE 14-INCH OBSERVATORY AND
REMOTE OPERATION REHABILITATION

Traditional astronomical observation starts with a weather
condition check by either eye or a weather station. If it
is valid, the observer opens the shutters, switches the light
off, and then points the telescope toward a specified target
in the sky. After that, he rotates the dome to keep its slit
in front of the telescope direction, sets an exposure time
for the CCD camera, and adjusts the focus. The telescope
will track the observed object, which leads to changing its
position, so the dome slit has to follow the new position to
achieve dome synchronization. The sequence starts at the
end of the night with parking the telescope and the dome,
closing the shutters, and switching off all devices. In order
to work toward an efficient remote observation with a robotic
facility is a challenge as various aspects should be considered
for unattended approach [26]. Moreover, it is prohibitively
expensive to retrofit older control systems of the observato-
ries to be operated remotely without direct human control [7].
The remote control system which has to be designed to safely
control the telescope, the dome, the CCD camera, and auxil-
iary instruments [12].

A. TELESCOPE CREATION

As mentioned before, the observer has a choice to point the
telescope manually using the HC buttons or via computer
software as well. However, he cannot adjust the telescope
effectively unless the setting up process is executed manually
via the HC. Setting up the telescope involves two main pro-
cesses; home position and alignment. Equatorial telescopes
should be aligned for accurate pointing and tracking [39];
otherwise, the coordinate values will not be meaningful [40].
Moreover, it conflicts with remote telescope operations. For
instant, the 14-inch MEADE telescope could not receive com-
mands properly except when the telescope is in correct align-
ment at startup, and it is not possible to be performed except
via its HC directly using manual buttons [18]. The alignment
step is achieved by pointing the telescope to two bright
reference stars; however, the observed stars will be shifted
from the center of the image frame. Therefore, the user has to
center them manually and press the Align button on the HC.
By using these steps, the telescope will calculate the pointing
error and store it [41]. In order to overcome this problem,
the key lies in the data transferred between the telescope
mount and the HC; extracting these data packets will be the
solution. In order to obtain these commands that responsible
for setting up the telescope, reverse engineering has become
the convenient solution for extracting the packets transferred
among the HC and the telescope mount while setting up the
telescope. It has been achieved by inserting a computer with
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TABLE 2. Home position packets description.

Packet Response

0x50 0x01 0x10 0xOb 0x00 0x00 0x00 0x00 #
0x50 0x01 0x11 0xOb 0x00 0x00 0x00 0x00
0x50 0x01 0x10 0x12 0x00 0x00 0x00 0x01
0x50 0x01 0x11 0x12 0x00 0x00 0x00 0x01

#
00 or ff
00 or ff

TABLE 3. Last alignment packets description.

Packet

0x50 0x04 0x10 0x04 0x40 0x00 0x00 0x00
0x50 0x04 0x11 0x04 0x40 0x00 0x00 0x00
0x50 0x04 0x10 0x3a 0xc0 0x00 0x00 0x00
0x50 0x01 0x10 0x38 0x00 0x00 0x00 0x00
0x50 0x04 0x11 0x3a 0xc0 0x00 0x00 0x00
0x50 0x04 0x11 0x3a 0xc0 0x00 0x00 0x00
0x50 0x04 0x10 0x0a 0x00 0x00 0x00 0x00
0x50 0x04 0x11 0x06 0x00 0x00 0x00 0x00
0x50 0x03 0x10 0x06 Oxff 0xff 0x00 0x00

Response

FF I

a custom code between them for spying on serial packets for
commands and responses. Table 2 reveals the home position
acquired packets for commands and responses among HC and
the mount. After analyzing them, it has appeared that packets
1 and 2 are sent to move the telescope in two directions;
RA and DEC, then packets 3 and 4 are continually sent with
a “00” response until the exchange to “ff.” This response
indicates that the telescope is at the home position parking.
Command format is as following: 0 x 50 <message Length>
<destination Id> <message Id> <datal> <data2> <data3>
<response Bytes>, where <datal3> are the message data
bytes and If there is empty data byte it must be represented
by zero, while <responseBytes> is the echo back’s byte num-
ber [42]. For instant if the hexadecimal PC command is to get
the HC version, the packet will be in this form; (0 x 50 0 x 01
0 x 110xfe 0 x 000 x 00 0 x 00 0 x 02) and the response
from the HC will be (0 x 04 0 x 03 0 x 23) which is 04.03 in
decimal.

On the other hand, Table 3 displays acquired packets for
the alignment process. These packets set the telescope coordi-
nates to the last alignment correction values. The CGE written
software relies on a communication protocol regarding the
HC that instructs how to send commands to the telescope
and get a response; it does not include the setting up com-
mands. Talking to the mount is based on RS-232 serial com-
mands in row hexadecimal packets covering all HC operating
aspects [40] and has been executed by connecting a serial
cable between the HC and the computer. Furthermore, the
user could send raw commands to the telescope through a
custom graphical window. Eventually, the mentioned packets
will enable the observer to point the telescope efficiently
and read its position in a coordinate system based on motors
positions named setting circles.

The CGE telescope mount receives and sends coordinates
in two different coordinate systems; one of them is through
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the equatorial system, i.e., RA, DEC, which is a widely-used
method of specifying the positions of celestial objects [17]
while the other is axis position coordinates represented in the
setting circle. Because the astronomer often uses equatorial
coordinates during observation, conversion from the equa-
torial coordinates into the axis position coordinates became
necessary to enable the remote observer to point the telescope
normally. Egs. 1 and 2 convert the equatorial coordinates (¢,
8) into horizontal coordinates (¢, v); the horizontal coordi-
nate is a celestial coordinate system that uses the observer’s
local horizon as the fundamental plane. Then Egs. 3 and 4
produce the setting circle positions (j, g) from the horizontal
coordinates [43].

¢ = tan_l[sinH/(cosH sin" —tané§ cosI')], (1)
Y= sin”![sinT" sind + cosT" cosd cos H], 2)
j= tan~[sin ¢/(cos¢ sin" +tanyy cos)], (3)
q= sin"![sinT siny — cosT" cosy cos ¢, @)

where «, §, ¢, and  are the RA, DEC, azimuth, and altitude,
respectively, while I" is the telescope latitude. H is the hour
angle which is a time relation with the RA and calculated
from Egs. 5 and 6 using the local sidereal time (), the current
Julian day (JD), and the telescope longitude (L) [43].

H=8-a. &)
B = [(JD — 2451545)/36525] + L, (6)

where the numbers; 2451545 and 36525 are the JD corre-
sponding to the date of Jan 2000 and the number of days of a
century respectively.

Now, the pointing challenge is achieved; however, the
observer needs to get a mount position in equatorial form.
Therefore, Egs. 7 and 8 convert the axis position coordinates
into the horizontal coordinates then the equatorial coordinates
are calculated from the previous Eq. 3 and 4 to get (H, ).
After that, Egs. 5 and 6 produce the RA («) [43].

¢ = tanfl[sinj/(cosj sin[" —tang cosI)]. @)
¥ = sin"![sin" sing + cosI" cosg cosj]. ®)

The telescope is permanently located at its dome at the
Kottamia observatory, meaning that the alignment process
is performed once by an expert [7]. Meanwhile, during
remote observation, the observer may recall the last align-
ment correction. However, excessive motion during point-
ing may produce tiny pointing errors from mechanical parts
and coupling. Therefore, designing an advanced option for
remote alignment and correction is essential. The pointing
correction starts with pointing the telescope into two bright
stars and then center them in the frame remotely. Equatorial
coordinates, time of pointing, and the axis position coordi-
nates will be stored after the star centering process is fin-
ished. The modified correction procedure will convert these
axis position coordinates into the horizontal coordinates.
By applying a set of transformation equations, the alignment
correction is achieved, and the accuracy of pointing will be
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enhanced sharply [44]. The Mentioned stored coordinates are
performed in Eqgs. 9 and 10 to calculate parameters /2, m2,
n3, L1, M1, and N1, after that the same two equations will
be applied for the second star to calculate [2, m2, n2, L2, M2,
and N2. By making use of all calculated values, I3, m3, n3,
L3, M3, and N3 will be the output from Eqgs. 11 - 14 then T
is estimated as in Eq. 15.

117 [cos 1 cos gl

ml | = | cosy¥l singl |. &)
nl | | sinyl

L1 [cos81 cosal — k(1 — t0)

M1 | = | cosél sinal —k(t1 —10) |, (10)
NT | i sind1

where ¢1 and 0 are the first stars of observing time and
the initial time of starting observation for remote alignment,
respectively; meanwhile, k£ is a constant with a value of
1.002738.

137] 1 [m1 nl —nl m2
mi| = —= | m—in | (11)
w3 YZ|m—mn

Z = (ml nl —nl m2)> + (n1 12 — 11 n2)?

+(I11 m2 — m1 12). (12)
L3] | (M1N1—-N1M2
M3|=—| NIL2—LIN2 |. (13)

N3 | VY | Lim2-mir2
Y =(M1N1—N1M2)?>+ (N1L2—L1N2)
+(L1 M2 — M1 L2)%. (14)

n r nB37ren L2 3!
[T]=|ml m2 m3||Ml M2 M3
nl n2 n3 N1 N2 N3

(15)

Now that, suppose the the remote observer will point the
telescope to a sky object with equatorial coordinates of § and
o at time ¢, the parameters L, M, and N will be obtained
from Eq. 16, then Eq. 17 will give the output of /, m, and n.
Finally, the horizontal coordinates of the acquired sky object
are calculated from Eqgs. 18 and 19.

L] cosé cosa — k(t —10)
M| = | cosd sina —k(t —10) | . (16)
N | sin §
1] L
m|=T|M]. 17
n | N
¢ = tan~'(m/I). (18)
¥ = sin”! (n). (19)

Eventually, the authors integrated the data of HC commu-
nication protocol with the extracted packets using reverse
engineering to create a custom computer program for the tele-
scope. This interface access all aspects of mount functions,
including home position setting, last alignment process, and
remote pointing correction.
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TABLE 4. Focus controller communication.

Pin No  function Type
02 Focus in remotely with certain value Output
03 Focus out remotely with certain value ~ Output
04 Focus in remotely Output
05 Focus out remotely Output
06 Stop motion remotely Output
07 Sense focus in limit switch Input
08 Sense focus out limit switch Input
09 Sense home position limit switch Input
10 TX Wireless Module (RF)

11 RX Wireless Module (RF)

12 Sense focus in bush button input
13 Sense focus out bush button Input
A0 Stepper motor Pin A+ Input
Al Stepper motor Pin A- Output
A2 Stepper motor Pin B+ Output
A3 Stepper motor Pin B- Output
A4 LCD

AS LCD

B. FOCUS SYSTEM DEVELOPMENT

Indisputably, the focus significantly affects the quality of the
astronomical observations, therefore it should be performed
precisely [45]. As described before, the more risky part of the
previous focus mechanism is that it has no physical feedback
as it has been designed for human intervention operations.
Therefore, the observer should have adequate experience to
detect the limits in the two directions of the focus motion.
Furthermore, it restricts the focus range with an estimated
range regardless of the real focus range available despite the
long travel necessary for observing [46].

The proposed integrated control system has been designed
based on a ULN2003A driver for the stepper motor combined
with an Arduino controller. Arduino is a re-programmable
open-source micro-controller, an inexpensive computing
platform that creates an interactive environment with devices
and sensors [47]. Moreover, it is efficient in practical imple-
mentation, particularly in robotic projects [48]. This modified
control system provides manual and computerized operation
with LCD for focus position monitoring. Moreover, physical
feedback is implemented via three limit switches relevant to
mirror motion. Table 4 illustrates the configuration of the
controller pins and their functions to adjust the focus remotely
with adequate accuracy and safely via a graphical interface
that gives all information about the position and switches. The
control system in the architecture shown in Fig. 3 manages all
switches, the LCD, and the wireless communication. It pro-
vides a programmed switching sequence to the stepper motor
driver. The focus controller communicates wireless with the
central control unit to avoid slipping cables out from their
connector after repeated movement of the telescope [49].
It has been established using a 433MHz wireless serial radio
frequency (RF) module that based on the Universal Asyn-
chronous Receiver/Transmitter (UART) technology.

C. DOME AUTOMATION
The dome rotation was driven manually through push buttons
without digital feedback; nevertheless, the shutter’s power
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FIGURE 3. Implemented focus control unit.

feeding exhibited the most challenging issue. The electric
source is fixed at the concrete wall that carries the dome;
meanwhile, the shutters are rotated with the dome. So that the
observer has to connect its cables manually to the nearest out-
let in the wall to power the dome slit; after that, he opens the
shutters completely, then plugs the cables off to start observa-
tion and repeats this sequence after finishing the observation.
As a result, the dome automation starts with designing an
electric mechanism that feeds the shutters automatically.

Standard solutions for supplying rotated objects with elec-
tric power from a fixed electric source are represented in two
techniques. The first is a complete solar cell system with a
battery mounted above the dome from outside with wireless
communication for signals [49]. Another solution is a set of
circular electric conductor bars named slip rings mechanism
with carbon brushes that transfer power to the shutters where
signals are transferred through wires [50]. These two tradi-
tional solutions are not affordable, need excessive mainte-
nance, and are risky. So that our modified technique takes
part of the second solution based on the electric conductor as
indicated in Fig. 4; however, it is inexpensive and prevents
any risk probability. It comprises two platforms; one is fixed
and has the electric source, while the other is rotated with the
dome body. Fig. 4(a) depicts the power platform construc-
tion where the fixed one includes a spring at its base point
for smooth contact and flexibility. It also contains a limit
switch to determine the dome’s home position. Meanwhile,
the rotated one is routed directly to the shutters unit and
isolated perfectly.

The technique concept is shown in Fig. 4(b); at the dome’s
home position determined by a limit switch, the two platforms
are aligned together and contacted. In case of the need to
handle the shutters manually, the observer can use one bush
button, which will rotate the dome to its home position to
transfer power to the shutters. After the open process is
completed, the power is switched off automatically, and this
procedure is repeated when the observation is finished. After
that and based on the Arduino controller, a control system has
been implemented for the remote operation of dome rotation
and shutters units. Moreover, there is a wireless HC for
in-site observation and attended maintenance. A sample from
control units designed and implemented for the observatory
appears in Fig. 5 relative to the shutters. Fig. 5(a) shows the
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FIGURE 4. Electric power platform for feeding the shutters.

internal connection of the controller embedded circuit where
the controller itself is fixed on the back side of the main
card. In order to insulate the controller from the high current
of motors, an intermediate control circuit has been designed
based on switching relays as Fig. 5(b) presents. Since the
dome is represented the core of an astronomical observatory,
its remote control system should be robust with a conve-
nient response to provide reliability, and safe [51]. The dome
position, named dome azimuth (¢), is monitored through
an incremental encoder installed on the rotating dome, and
its position is calculated by converting digital pulses of the
encoder into angular values as in Eq. 20.

360 * (number of applied pulses)

Y= - . (20)
(total pulses per one revolution of the dome)

Dome synchronization is a crucial process in observation; it
means positioning the dome slit at a specific angular point
aligned with the telescope’s optical axis to provide sight to the
sky [52]. Auspiciously, our telescope mounts support base is
established at the center of the dome; subsequently, the ¢ is
equal to the telescope azimuth (¢), referring to Eq. 21 [53].

o =¢+ sin~! (M)’ @D

R

where R is the dome diameter, and d is the shift between
the dome and telescope mount centers. Nevertheless, with
time, an accumulated error will produce a slight shift in
synchronization as a reason for mechanical coupling. There-
fore, the control system automatically senses four limit
switches around the dome diameter to correct this error
and accurately maintain the dome slit synchronized with the
telescope.

In order to guarantee extra protection against any occa-
sional fault during remote observation, mechanical limit
switches detect complete closing and opening. In addition,
a time interval restricts each motion in the dome; if the time
exceeds, the controller gives a remote alarm and stops the
motor to avoid any damage.
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FIGURE 5. Shutters control unit.

D. CCD CAMERA PROCESSING

STX-16803-SBIG CCD camera is used in our developed
observing platform; it has a USB and Ethernet connection.
Besides, the SBIG FW7-STX filter wheel is equipped with
the camera via the I2C protocol. The hypertext transfer pro-
tocol (HTTP) allows the STX camera to be accessed across
various PC platforms without any special driver requirements
using a commands in [54]. Based on this document, the
authors have created a GUI interface that provides all avail-
able aspects controlling the STX. The observer can take a
scientific or guiding image and get information about the
camera and filter wheel. The acquired images are compressed
and sent to the remote observer. In addition, he can change
the image header parameters, such as the observer and object
names.

E. CONTROL SYSTEM OVERALL LAYOUT AND
COMMUNICATION
Fig. 6 depicts a schematic diagram for the overall system
of the 14-inch observatory. The remote observer commu-
nicates the dome server via a peer-to-peer (P2P) socket-
based TCP-IP protocol. The P2P is a network communication
architecture currently considered an efficient technique for
allowing data transmission between custom software [55].
A router with a subscriber identification module (SIM) pro-
vides the observatory with the internet. This SIM includes a
real IP address to enable access from all over the world. The
dome server is a personal computer (PC) installed inside the
dome and connected directly with all the observatory devices
through three communication protocols, RS-232 protocol for
the telescope and USB for both dome units master and focus
system. Meanwhile, the SBIG and monitoring cameras are
connected via the ETHERNET protocol. The monitoring
cameras consist of two movable web cameras with infrared
(IR) to quickly check the dome and devices inside the obser-
vatory as it is necessary for remote observation [52].

It is evident that occupying all PC ports reduces the effi-
ciency of operation; thus, the master unit handles all dome
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FIGURE 6. Observing control system block diagram.

control units wireless via RF. This modified master control
unit handles commands and responses between the server
and all dome instruments, such as dome rotation, shutters,
wireless HC for inside dome operation, a switching control
unit to enable remote switching of all devices on/off, and a
weather station. The design of these units is similar to the
shutters unit based on the Arduino controller and embedded
systems. Since the weather information significantly impacts
the observatory protection [36], a weather station named
Davis Vantage pro2 [56] has been utilized. It has two ways
to access information; one is through commercial software;
another is via a serial communication protocol based on raw
packets, which our interface depends on it [57]. In addition,
another custom weather station based on sensors for tempera-
ture, humidity, wind speed, and rainfall has been designed and
inserted as a backup in case of failure to avoid any weather
damage [58]. Data transmission between the dome server
and the other control units concerning the dome is based on
the dome master unit. It receives data dome from the dome
server and then sends it to the appropriate unit and transmits
responses to the dome server. The communication procedure
has been designed to guarantee the proper transfer of data
between the master controller and other control units. As each
unit has a specific ID, the master ID is MD, RD for dome
rotation, WD for the weather station, HD for wireless HC,
PR for the switching power unit, and SD for shutters unit. The
message packet format is described in a specific sequence:
message source, message destination, message data, message
length, and message response. For instant, if the observer
needs to rotate the dome in the right direction, the dome
master command will be “MD, RD, RDR, 3, ACK,”. RDR
means rotate the dome in the right direction, and ACK refers
to the response type that does not contain information with
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the response “RD, MD, OK, 3, ACK”. Meanwhile, if the
command is to get information such as getting dome azimuth,
the packet will be “MD, RD, GDZ, 3, INF”’ with the response
of “RD, MD, 90, 2, INF”, as apparent the dome azimuth is
90 with a length of two characters.

F. GRAPHICAL USER INTERFACE (GUI)

The interaction design of GUI in this research relies heav-
ily on written computer programs to avoid any restrictions
related to the individual software of devices. Designing
and implementing a custom GUI provides access methods
for modification, keyboard shortcuts definition, and design
interaction window for user [2]. The GUI application of
the 14-inch CGE observatory is a single window covering
all requirements for remote astronomical observing. It also
exhibits visibility for the whole system with a fast display
for the status of attached devices. Furthermore, it has an out-
standing efficiency in making appropriate decisions in case of
risk, such as closing the shutters automatically during lousy
weather. Moreover, each motion in the observatory has a
physical limit and time restriction, and if a motion exceeds its
normal time, the system will detect a fault. This time limit is
essential to protect motors and mechanical parts from damage
in case of the failure of the limit switches. The GUI includes
several modes of operation, such as remote and onsite, beside
an engineering mode in order to overcome technical faults
remotely. In the engineer mode, the remote technician could
set and check critical parameters in case of technical tests,
debugging and fault diagnosis. The remote technician has a
significant facility for violating system limits and directly
commanding the ports.

The GUI structure is eleven tabs, as shown in Fig. 7,
which displays a screenshot from the GUI; each tab displays
current information about the instrument besides a facility for
controlling it. Primarily, this figure focuses on two essential
tabs, a telescope pointing window and a soft buttons for the
dome. The telescope tab depicts the local and the world time;
moreover, it includes a catalog for some sky objects where the
observer has a facility to select from them or enter another
object’s coordinates. After selecting, all transformation and
information of the object will be displayed before point-
ing. The soft buttons tab shows necessary information about
the dome position and direction, shutters status and current
weather station information. Furthermore, It displays a soft
buttons with a full capability to control the dome rotation,
shutters, switching devices and lights besides an emergency
stop button.

IV. ADVANCED SIMULATION STUDY OF THE 14-INCH
TELESCOPE FOR ENHANCING ITS PERFORMANCE

A. TELESCOPE MODEL OF 14-INCH TELESCOPE

The dynamical model of the telescope is represented in some
differential equations with a nonlinear coupled type that
includes a varying inertia term (M), Coriolis and centrifu-
gal term (C), and gravity term (G). The (G) term tends to
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FIGURE 7. GUI screenshot of 14-inch telescope for remote observing.

zero in the case of an accurately balanced telescope and a
frictional term (V). It has been designed upon an assumption
of ignoring the friction at the telescope joints as in Egs. 22,
and 23 [22].

M(©)f + C©,0)+ G6) 22)

M) +N@©,0)+ 14 (23)

where 6, 6, and § are respectively the joint angular term of

position, velocity, and acceleration. Meanwhile, 7 is the input

joint torque, and 7, is the disturbance torque. The telescope

model includes two main input torques 77 and 7> in two

directions, RA and DEC, with two angular positions 6 and

0, in the output as shown in Eq. 24. Equations of inertia

matrix, Coriolis and centrifugal torque, and the Gravity term
are described in detail in [22].

-[2) o-[i) -

6> 0

The 14-inch telescope model is a coupled system; therefore,
it has decoupled by inserting a compensator, and as a result,
a decoupled system can be thought of as a collection of
autonomous single variable systems to produce a linear sys-
tem for enabling different controllers to be used in controlling
the telescope response [59]. The entire input torque for the
telescope’s nonlinear model is made up of a compensator fed
from two parallel controllers signals, where the state variables
61, 62, él, and éz) are processed by a controller that consists
of a state feedback compensator and a linear controller [21].
Authors of [22] have gone over in-depth the equations of the
compensator.

T,

T,

01 01 (24)
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The linearized model comprises the nonlinear telescope
model and the compensator is depicted in Fig. 8, where
U1 and U2 are the controller outputs that will feed the com-
pensator; meanwhile, the output of the compensator reveals
to the input joint torques. The state variables will be returned
to the compensator then the output positions will be the
actual feedback signals to the controllers for RA and DEC,
respectively.

B. PROPOSED ID-T AND TID CONTROLLERS

FO concept is based on the expansion of integer order inte-
gration and differentiation to a fractional order operator.
FO calculus-based controllers such as TID are utilized fre-
quently due to their improved capacity to reject disturbances
and higher sensitivity to changes in model parameters [60].
TID controller is similar to the PID structure; however, the
proportional component is replaced by a tilted component
1/s'/7 to produce a transfer function described in Eq. 25 [61].

_ K K ks 25
M(t)—m-i-?-l- DV, (25)

where Kj, Kp, and Kr express the proportion coeffi-
cients, integral coefficients, and proportional component tilt
gain, respectively. At the same time, n is represented as a
fractional-order positive parameter in the range of 1 to 10.
Block diagram of the TID controller is shown in Fig. 9 where
the coefficients take a direction of feed-forward to ensure ease
tuning as well as optimal response approach beside better
sensitivity to parametric variations of the system [62]. The
input parameter r(t) refers to a reference set value, while
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u(t) represents the controller’s output. The error e(z) is the
estimated difference among r(¢) and actual output of a plant
¥(t). On the other hand, ID-T is a modified version of the
TID, whereas the tilt parameter takes the feedback direction
as Fig. 10 depicts. Furthermore, a derivative filter is inserted
in the ID-T controller, which can be set in the range of [1,
500] [63]. This modified FO controller has been designed
mainly for the power system-related load frequency control
issues due to its capability to minimize the Oy, time. The dis-
tinguishing characteristics of the ID-T give a definite predic-
tion of its efficiency in enhancing the telescope performance.
The ID-T mathematical design is represented in the transfer
function appeared in Eq. 26 [31].

K;

Je(t) — (W

K,
e = (= + Kp )¥(t). (26)

c
S 14 Nc (1/S)
C. PSO AND PROPOSED POA ALGORITHMS
Utilized PSO parameters coefficients are illustrated in
Table 5; however, all mathematical details of PSO are
described briefly in [64].
The POA is inspired by the behaviors and living habits of
a bird named peafowl; their male has extravagant feathers
and harsh calls and is referred to as peacock; meanwhile, the
female is called peahens. Mating and food searching are the
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TABLE 5. PSO parameters.

Maximum number of iterations 50
Particles number (swarm size) 20
Inertia coefficient 1
Damping ratio of inertia coefficient ~ 0.99
Personal acceleration coefficient 2
Social acceleration coefficient 2

most significant aspects of this type of swarm, in which the
POA algorithm is built.

Establishing a mathematical model efficiently for a
peafowl swarm requires dividing it into three groups, the
first is the adult peacock, the second is adult peahens, and
the third group is peafowl cubs. In real-world optimization
issues, every peafowl is rated according to its fitness value,
and initially, there are five solutions, starting with peacock
one and ending with peacock five, respectively. Furthermore,
the first remainder, 30% of individuals, is classified as adult
peahens, while the rest are classified as peafowl cubs. Imme-
diately after finding a food source by peacocks, they will
rotate around it to show off and attract peahens as a way to
mate. The show is represented in tail spreading with dancing
behavior, flapping feathers producing attractive sounds, and
rotating around peahens that have been approached.

Converting peacock behaviors into an appropriate math-
ematical model is primarily based on their rotation aspects,
leading to their fitness estimation during iterations. Peacocks
with a higher fitness mark are more likely to circle the food
source with a smaller circle radius, whereas those with a
lower fitness value are more likely to spin in site with a
broader circle radius. During the whole seeking process,
peahens use an approaching mechanism and an adaptive
searching to dynamically change their behaviors at various
phases. The peacock’s fitness rating indicates the likelihood
of attracting a peahen. Peafowl cubs serve as seeking agents,
randomly exploring for the best-quality food source in the
searching region in a Levy flight distribution, in addition to
approaching male peacocks with good food sources with a
high fitness value, one of the assumed five peacocks. As a
result, the four peacocks will go toward the selected peacock
in a random path within 90 degrees of the line between
peacock one and the other, as shown in Fig. 11.
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Only when the respective peafowls’ fitness is improved,
their placements are modified and updated immediately after
executing the above four peafowl behaviors (namely, peacock
courtship behaviors, peahen adaptive approaching behav-
iors, peafowl cubs adaptive searching behaviors, and interac-
tion behaviors among peacocks). Each peacock is impacted
directly or indirectly by Peacock one, which has the most
fantastic current fitness value, ensuring POA convergence,
avoiding early convergence, and settling for a local opti-
mum. POA will keep the current best solution, and instead
of remaining motionless, the five mentioned peacocks, which
represent the current ideal solutions, will hunt throughout the
surrounding searching space using a rotating dance mech-
anism. During iterations, peahens are interested in local
exploitation in the early stage of the iteration and tend to
elaborate more focus on global exploration in both the mid-
dle and behind the stage, whereas peafowl cubs perform in
reverse order, which can successfully complement each other.
As a result, both local and global explorations are achieved
throughout the iteration, thereby improving the efficiency
and quality of the optimization [32]. The fitness evaluation
is based on the circle radius; the best will circle around the
source of the food in a smaller radius; however, a larger radius
in rotation tends to have poor fitness value as represented
mathematically in Egs. 27 -32.

Xrl
Xpe1 = Xpe1(t) + R (27)
Xl
1.5.Xpeo(t) + R;. r2 <09
Xper = ‘ ||sz|| (28)
Xpea (1) otherwise,
2.Xpe3(t) + Rs. r3 <0.8
Xpe3 = ¢ ||Xr3|| (29)
Xpe3 (1) otherwise,
3. Xpea(t) + R;. rd < 0.6
Xpes = ‘ ||Xr4|| (30)
Xpea(t) otherwise,
5 Xpes(t) + R —5 15 203
D% . .
Xpes = ‘ T 1Xsll 31)
Xpes(t) otherwise,
X, = 2.rand(1, DIM) — 13, (32)

where Xp,; stands for the ith male peacock’s position vector,
i=1,2,...,5; while Rg represents the rotation radius during
circling around; whereas, X, refers to a random vector. || X, ||
is the X, modulus, while Dim is represented the variable’s
numbers. Besides, the radius of rotation Rg is designed to
dynamically change with iterations, which is estimated as

Rs(t) = Rso — Rso — (i/imax)**", (33)

where i and i,,,, represent the current iteration’s number and
the maximum number of iterations. While Ry stands for the
vector of the radius of initial rotation and is calculated from
Eq. 34 based on lower bounds (LB) and upper bounds (UB)
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of the unknown parameters.
Ryo = 0.2(UB — LB). (34)

The mathematical model that describes behaviors of peahens
and the approaching mechanism is represented in

Xpn(t) + 3.10.(Xper — Xpn(2)), 0.6 <rs <1
Xpn() + 3.10.(Xpe2 — Xpu(1)), 0.4 <r5 <0.6
Xpn = { Xpn(t) +3.0.(Xpe3 — Xpp(2)), 0.2 <rs <04,
Xpn(t) + 3.0.(Xpea — Xpp(2)), 0.1 <r5 <0.2
Xpn(t) + 3.u.(Xpes — Xpu(2)), 0 =<rs <0.1
(35)
w=1.1—-0.1).(/ina), (36)

where rs is a uniformly distributed random number in a
range of [0,1] and Xpj, represents the peahens position vector.
Despite the peacocks having a food source in a specific area,
the peafowl cubs in a task as agents are searching randomly
for a better food source in the space of searching. This
searching is defined as a Levy flight that is described in detail
in [65], where each peafowl cub has a specific behavior that
modelled as:

Xpe1(), 08=<rg=<1
Xpeo(t), 0.6 <rg=<0.38
Xspe = { Xpe3(t), 0.4 <r3 <06, (37)
Xpea(t), 02<r3=<04
Xpes(t), 0=<rg <02
Xpcc = Xpec(t) + y.Levy(Xpe1(f) — Xpec (1))
+0.(Xspe — Xpec (1)), (33)

where rg refers to a uniformly distributed random number
within [0, 1], while Xsp. and Xp.c denotes the peacock’s
position vector and peacock cubs, respectively. y and o are
coefficient factors that dynamically change during iterations
and are calculated as follows:

Y = 0.9 —(0.5).(i/imax)*- (39)
o = 0.1 = (0.9).(i/imax)">. (40)

Interaction behaviors among peacocks start as peacock one
has the best food source. The four remaining peacocks will be
motivated to reach it in a random direction within 90 degrees
of the line between peacock one and the others as shown in
Fig. 11 with a mathematical relation as

X1 = Xpet — Xpe2
X2 = X6 — 0 X1y

T T X e x, ! % (41
Xpc2 = Xpeo(t) + . X1 + ro9. ——— Tk
X3 = Xpc1 — Xpe3

X7 % X3

X=X . “2)
Xpez = Xpe3(t) + u.X3 + ri0.——— Xl
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TABLE 6. POA parameters.

Maximum number of iterations (iyqz) 50
Population size 20
Number of independent runs 10
Visibility factor of peacocks 0.2

X5 = Xpct — Xpea

Xrg * X5 X

.CED. 6 3 (43)
Xe

Xpe4 = Xpea(t) + X5 +ri1.——,
(1 X6l

Xo = Xrg —

X7 = Xpc1 — Xpes
Xr9 * X7
Xg = X9 — X xs N (44)
X3

Xpes = Xpes(t) + X7 +rip.——,
IXsl

where X,¢ to X9 are generated four random vectors get from
Eq. 32, and r9 to riy are four uniformly distributed random
numbers on [0, 1]. The above table exhibits a pseudo-cod
of the POA equations while Table 6 describes the selected
parameters for our application regarding POA.

D. SIMULATION PROCESS

Fig. 12 illustrates the executed simulation procedure carried
out upon the telescope model utilizing a hybrid of the ID-T
controller and POA. The figure shows the architecture of two
ID-T controllers including ten gains in two directions; RA and
DEC. Each controller has its own parameters represented in
the reference position (0 ra, Oref.DEC), the actual position
(6ra, Opec), and the error (e(Bgra), e(Bpec)). Meanwhile,
the net telescope error in Eq. 45 is utilized as an objective
function.

Error = e(Ora) + e(BpEC). (45)

Indeed, the choice of performance criterion is the most critical
component in improving system performance to minimize the
error between the desired and actual position angles for RA
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Algorithm 1 POA Algorithm

1: Set POA parameters as Table 6 depicts.
2: Set initial rotation radius (Rgg) from Eq. 34 using LB and
UB in Table 7.
. Initialize position of peafowl population.
: Assign roles based on fitness function in Eq. 45.
FOR i :=1t0 ijqy,
: update u, y, and o via Egs. 36, 39, and 40 respectively.
: Evaluate Xp¢1, Xpc2, Xpc3, Xpea, and Xpcs5 from Egs. 27
-32.
8: FORk:=1to05,
9: Inspect and correct Xp,; to be within a correct range.
10: IF Xp,; fitness is better than Xp.;(t).
11: Xpei(t + 1) = Xpgi.
12: END IF.
13: END FOR.
14: FOR j := 1 to number of peahens,
15: Calculate Xpj, using Eq. 35.
16: Inspect and correct Xpy, to be within a correct range.
17: IF Xpy, fitness is better than Xpy(¢) fitness,
18: Xpp(t + 1) = Xpp.
19: END IF.
20:. END FOR.
21: FORj := 1 to number of peafowl cub,
22: Estimate Xsp. using Eq. 37.
23: Calculate Xp.c using Eq. 38.
24: Inspect and correct Xp.c to be within a correct range.
25: IF Xpc fitness is better than Xp.c(t) fitness,
26: Xpec(t + 1) = Xpec-
27: END IF.
28: END FOR.
29: Evaluate Xpc2, Xpe3, Xpea, and Xpes from Eqgs. 41 -44
30: FORi:=2to5,
31: inspect and correct Xp.; to be within a correct range.
32: IF Xp; fitness is better than Xp.;(t + 1) fitness,
33: Xpi(t + 1) = Xpyi.
34: END IF.
35: END FOR.
36: Based on fitness reassign roles.
37:. END FOR.

and DEC with achieving the best performance characteristics.
Therefore, and because of its benefits in reducing settling
time, the integral time absolute error (ITAE) is used as a
performance criterion; meanwhile, the integral time square
error (ITSE) based control structure generates a large output
signal in response to an unexpected change in the reference
signal [66]. Furthermore, the ITAE produces less overshoot
and oscillations than the integral-of-the-absolute error (IAE)
and integral-of-the-square error (ISE). The applied ITAE
objective function in Eq. 46 is to achieve the optimal con-
troller parameters for optimizing the fundamental telescope
characteristics like maximum Oy, Ry and T [67].

ITAE = / oole(t)|d(t). (46)
0
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FIGURE 12. Block diagram of the telescope model including the ID-T controller based POA.

TABLE 7. Unknown parameters range.

TID ID-T
KT K[ KD n KT KI KD NC n
LB 0 -10 -50 1 -1 -5 -50 100 1
UB 100 10 50 10 1 5 50 500 10

The gains limits of TID and ID-T controllers are established
and determined classically as in Table 7 through extensive
trial and error procedures based on a suggested tuning pro-
cedure in [68] and [69]. In the beginning, K; and Kp are set
to zero, whereas Kt is increased until reaching the minimum
steady-state oscillation. After that, Kp is changed until the
overshoot vanishes, while Kj is adjusted around zero until
reaching a minimum rise time without any overshoot. Con-
cerning n and N, they are limited, as mentioned before, from
[0 10] and [0 500], respectively; however, it has been found
empirically that the minimum limit of N¢ is 100 has achieved
considered performance. These values will be the boundary
conditions for optimization for both PSO and POA.

V. RESULTS AND DISCUSSIONS
An overall view of the 14-inch observatory is shown in
Fig. 13 represented in the telescope, which is considered the

97230

core of observation attached by the SBIG camera, the filter
wheel, and the focus motor. The figure also reveals the dome
rotation unit; it comprises a controller cabinet provided by
bush buttons and an emergency stop for in-site operation. The
controller box, which is responsible for the dome rotation and
transfers power to the shutters unit, is fixed on the left of the
control cabinet. Moreover, the box on the right side comprises
a three-phase inverter drive to adjust the rotation speed. All
mentioned units are connected together in a wire form; mean-
while, they communicate with the server PC wireless.

A sky’s brightest star named Pollux in Fig. 14 has been
observed remotely using the modified CGE control system;
however, it has a shift, as shown in Fig. 14(a). By applying
the procedure of remote pointing correction, the star has been
approximately centered in the middle of the frame, as repre-
sented in Fig. 14(a).

Adjusting the focus of sky objects is essential to pro-
vide an adequate resolution; therefore, Fig. 15 confirms
how the observer can focus celestial images remotely.
Fig. 15(a) shows an observed frame with unfocused stars
that appear stretched. Meanwhile, Fig. 15(b) reveals better
resolution-focused stars with less size and higher quality.

Concerning the issue of dome automation cost, including
control unit, software, and weather monitoring, the study
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FIGURE 13. The 14-inch CGE telescope with attached devices and dome
rotation control unit.

(a) Shifted image (b) Centred image

FIGURE 14. Observed Pollux star with automatic remotely centering using
coordinates transformation procedure.

(a) Unfocused image (b) Focused image

FIGURE 15. Observed sky image before and after the remotely focusing
adjustment.

in [19] has mentioned two commercial companies shown
in the bar chart in Fig. 16. One of them is Diffraction
Limited (DL), with a budget of $10850, while the other is
Explore Dome (ED) is $8222; meanwhile, there is a third
company named Astronomical consultants and equipment
(ACE) which automates astronomical domes for a price of
$6000. In addition, authors in [19] have performed a theoret-
ical estimation for the dome automation budget with $1500.
Indisputably, the dome automation cost based on companies
is so expensive compared with our implemented platform,
which evaluated at $500 under the name of CGE.

Regarding the simulation section, the data in Tables 8§, 9
and 10 depict the results that have been employed with the
MATLAB 2019a platform in an Intel core TM i7- 6500U
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FIGURE 16. Dome automation cost in American dollars for commercial
companies and past research.

CPU, 8 GB RAM Laptop. The telescope system is built with
MATLAB-SIMULINK, whereas POA and PSO codes are
implemented in m files interfacing with the Simulink tele-
scope model to optimize the process. Tables 8 and 9 show the
coefficients optimized values of the TID and ID-T controllers,
which have been obtained based on POA, PSO, and classical
tuning. These values have resulted in the best performance of
the telescope system by minimizing the times of settling and
rising beside removing oscillations, as Table 10 reveals. The
proposed ID-T controller optimized by POA has produced
values as 0.1099 and 0.2050 seconds for R and Ty in the RA
direction. The ID-T tuned by PSO has followed it with a little
difference in the longer time for rising and settling. Although
the TID output has small values as 0.0614 and 0.1796 seconds
for Ry and T in the same direction, it is inconvenient due to
the produced Oy, as of 2.7568 and 5.4947 seconds in POA
and PSO, respectively. Meanwhile, classical tuning for both
controllers has produced poor performance, particularly in Ry
which reached 2.0512 and 1.3137 seconds in TID and ID-T.

Fig. 17 depicts the performance investigation of the tele-
scope position and velocity responses in the RA direction
with a reference angle position is 50 degrees. It is observed
from Fig. 17(a) that the characteristics achieved by the ID-T
controller are better than the TID. On the other hand, the TID
controller performance has produced an Oy, by executing
both algorithms POA and PSO; however, the Oy, is less
in the case of POA. Regarding classical tuning for the two
controllers, although the Oy, is zero, the consumed time to
track the desired position with stability is long.

Simulation results concerning the variations of the velocity
in the arms of RA are revealed in Fig. 17(b). The figure illus-
trates that the velocity generally tends zero immediately after
reaching the desired position. The consumed time in the case
of the TID-based PSO and POA is short; however, it generates
some oscillations due to the Oy, produced before stability.
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FIGURE 18. Bar chart comparing the performance of utilized controllers

In contrast, the ID-T optimized via POA has tended to zero
fast to achieve a stable performance without any oscillations,
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followed by the ID-T-based PSO. Both controllers consume
a long time for stability without oscillations, in the case of
classical tuning.

The bar chart in Fig. 18 compares the characteristics
and performance of the different utilized controllers-based
optimization in the RA direction. It is apparent from the
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FIGURE 20. DEC responses. (a):Position. (b): Velocity.
TABLE 8. TID gains.
RA DEC
Kr1 Kpii Kpr m Kra K2 Kpz n2
POA  70.15 -471 4413 9.82 50.07 -7.26 3524 825
PSO  37.17 -6.02 2341 427 4035 352 4318 276
Classic 50 0.8 40 8 66 0.6 33 42
TABLE 9. ID-T gains.
RA DEC
Kri Kpnn  Kp: Nc1 n1 Kras K2 Kpo Nca n2
POA 022 219 4881 44944 856 0 123 3217 33029 335
PSO  0.02 097 3339 41953 7.96 055 03 2495 35732 827
Classic 0.5 3 13 450 9 0.56 7 13 340 6.5

figure that Ry and 7y in the TID are always smaller than
ID-T except in classical tuning. However, the TID often
produces an Oy, except during classical tuning, and it is
a significant obstacle in observation other than the ID-T,

VOLUME 10, 2022

telescope.

which produces zero Oy, persistently, as shown in Fig. 19.
In conclusion, the proposed ID-T controller-based POA has
exhibited an appropriate enhancement for the 14-inch CGE
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TABLE 10. Performance results.

TID ID-T
POA PSO Classic POA PSO Classic
RA - DEC RA - DEC RA - DEC RA - DEC RA - DEC RA - DEC

Rs 0.0614 - 0.0600
Ts 0.1796 - 0.1777
Osp, 27568 - 1.8419

0.0523-0.0558  1.1879 - 1.1920
0.1739-0.1786  2.0315-2.0512
5.4947 - 2.8240 0-0

0.1099 - 0.1104  0.1659 - 0.1658  0.7109 - 0.7170
0.2050 - 0.2077  0.3049 - 0.3049  1.2795 - 1.3137
0-0 0-0 0-0

The simulation results of the DEC direction are shown in
Fig. 20 with a reference position of 30 degrees. The position
and velocity responses are approximately similar to the RA
direction within a bit of change.

VI. CONCLUSION

This study furnishes a practical and low-cost complete control
system for real-time remote astronomical observation; it is
applicable for small and medium-size telescopes and has been
implemented upon the Egyptian 14-inch telescope. This type
of observation enables astronomers worldwide to expose sky
images remotely for either interaction or robotic operation by
executing a series of sequences besides the onsite operation.
It will increase international cooperation, simplify astron-
omy education, reduce the stress of the telescope setting
and eliminate traveling efforts. Moreover, despite no physical
attendance required, the system is robust enough to protect its
equipment and attached devices with self-interruption options
in case of risk. The construction of this platform is based
on raw packet commands among devices and controllers,
which exponentially minimize time consumption in task exe-
cution. All electronics, embedded circuits, and sensors are
built locally to dispense with commercial automation Kits,
which are custom-made and expensive. A remote server-
client environment has been created via a socket with TCP-1P
protocol which provides high performance and adequate
security level. The GUI is entirely written in Visual basic
under a windows environment regardless any commercial
software to be affordable with modification capability. It is
not only covering all observing features and aspects but also
provides complete monitoring for the whole system precisely.
It is affordable and applicable for other observing systems
without custom requirements, and this is considered the
most significant advantage compared with previous studies
regarding robotizing astronomical telescopes. Furthermore,
the advanced calculations in coordinates conversion have
eliminated the telescope stress in alignment, which require
more experience. Finally, it is a complete integrated system
where the user does not need to use commercial software
to point the telescope, expose sky objects, view fit images,
or communicate to the server computer. The cost is signifi-
cantly affordable compared with commercial kits and other
studies. Regarding the telescope performance enhancement,
a modified fractional controller ID-T has been employed for
the non-linear telescope model to overcome the conventional
controller’s shortage. An advanced optimization algorithm

97234

POA has tuned this proposed controller to enhance the tele-
scope stability significantly in terms of overshoot, rising, and
settling times. This hybrid technique represented in ID-T
optimized POA has achieved stability more than twice the
best of previous studies, particularly in FLC-PSO. Simulation
results refer to the poorness of the TID controller in dimin-
ishing the overshoot and prove how the POA produces more
accurate results than PSO in our case study.

For future work, it is intended to enhance the telescope
pointing efficiency through advanced image processing tech-
niques involving artificial intelligence keeping the observed
sky object inside the frame center. It is based on a continuous
comparison between the observed and standard images in the
catalogs for the same target. The decision toward the best
pointing is based on the distribution of the stars surrounding
the observed target. In addition, simulation results and output
performance of the applied controller are pretty encouraging
to be applied experimentally in the future to adapt the remote
operation to introduce an intelligent product for observing
remotely.
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