
Journal of Electronics and Informatics (ISSN: 2582-3825)  
www.irojournals.com/iroei/    

 

Journal of Electronics and Informatics, September 2026, Volume 8, Issue 3, Pages 287-300 287 
DOI: https://doi.org/10.36548/jei.2026.3.007 

Extended version of article received from International Conference on Smart Innovations in Engineering & Technology (ICSIET 2026) 

Received:06.06.2026 received in revised form:08.07.2026, accepted:25.07.2026, published:07.08.2026  
© 2026 Inventive Research Organization. This is an open access article under the Creative Commons Attribution-NonCommercial International (CC BY-NC 4.0) License 

Design, Implementation, and Experimental 

Validation of a Low-Cost Autonomous 

Coelostat System for High-Stability White-

Light Solar Imaging 

Rajalingam M.1, Krishnasamy P.2, Ravindra B.3,  

Sagayanathan K.4, Madan Mohan Kemkar P.5 

1Indian Institute of Astrophysics (IIA), Kodaikanal Solar Observatory (KSO), Kodaikanal, India. 

2Sree Vinayaka Enterprises Pvt. Ltd., Kodaikanal Solar Observatory (KSO), Kodaikanal, India. 

3,4,5Indian Institute of Astrophysics (IIA), Bengaluru, India. 

E-mail: 1rajalingam@iiap.res.in, 2ksoiiap01@gmail.com, 3ravindra@iiap.res.in, 4ksnathan@iiap.res.in, 5pmmk@iiap.res.in 

Abstract  

This research work presents the design, implementation, and experimental testing of a 

low-cost autonomous coelostat. The coelostat uses a two-mirror system to keep the reflected 

sunbeam in a fixed position, while compensating for the Sun’s apparent motion in the sky. The 

coelostat control system is realized using a dsPIC33FJ128GP802 microcontroller in 

combination with a Raspberry Pi computer-based user interface, implementing an open-loop 

predictive tracking algorithm based on the NREL Solar Position Algorithm (SPA). With the 

introduction of the proposed design, there is no need for moving telescopes or optical sensors 

for feedback, therefore, the mechanical complexity and alignment of the optical components 

can be reduced significantly. A prototype of the coelostat with three gear-reduced axes of 

stepper motors (1:410) was developed and tested outdoors. A maximum beam displacement of 

less than 1 mm at a 3 m projection distance was observed, resulting in a tracking accuracy of 

0.5–1.0 arcmin. These results prove that the proposed coelostat is compact, reliable, and 

affordable instrument for solar white light imaging and spectroscopy as well as educational 

applications. 
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1. Introduction 

Solar white-light imagery is mainly used in observing photospheric phenomena like 

sunspots, faculae, and granules. Monitoring the above photospheric phenomena plays an 

important role in studying solar activity, long-term solar variability, and educating the general 

public [1], [2]. Monitoring the above photospheric phenomena plays an important role in 

observing the solar activity and space weather, as well as educating the general public.  

Effective solar imagery needs precise correction for earth's rotation in order to keep the 

solar image stable for a long period of time. Such setups are relatively expensive, need periodic 

adjustment, and might cause mechanical vibrations leading to poor stability of the images 

during long-term observations [3].  

A coelostat provides a convenient and efficient way of reflecting the sun’s rays onto an 

immovable optical axis by using two plane mirrors. As the mirrors move but the telescope and 

other instruments remain in place, the entire optical system is simpler and more stable and 

easily combinable with other equipment such as imaging and spectrographic devices [4], [5]. 

This architecture is particularly attractive for compact observatories, educational facilities, and 

public outreach installations where reliability, ease of operation, and low maintenance are 

important design considerations. 

The recent progress in embedded controls, embedded instrumentation and autonomous 

tracking algorithms has facilitated the realization of compact solar tracking systems. Besides, 

some recent works have successfully demonstrated new and better prediction and sensorless 

algorithms that achieve reliable tracking without the need for optical feedback sensors [6], [7]. 

In particular, the SPA of NREL is able to predict with great accuracy the position of the sun 

using astronomical calculations. This together with precise gear-reduced stepper motors allows 

the prediction-based tracking of the sun continuously in an open-loop manner without any 

optical feedback sensors. 

However, despite all these advances, there have been only few studies regarding 

compact autonomous coelostats for presenting the sustained white light imaging of the Sun. 

Most studies are about photovoltaic trackers or larger-scale heliostats and solar telescopes that 
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are too costly for use in compact learning environments. Also, there has not been enough testing 

for stability of the beam over sustained periods of time. 

This research study reports on the development of a low cost autonomous two-mirror 

coelostat system for highly stable solar white-light imaging. The system incorporates the use 

of three separately controlled, gear-reduced stepper motors actuated by a dsPIC33FJ128GP802 

digital signal controller. In addition, a Raspberry Pi graphical user interface is used to monitor 

and control in real-time the motors of the proposed system and also to display live observations 

of the sun and its globally referenced images. Sun tracking is performed using an in-built 

implementation of NREL’s SPA algorithm, which allows the use of open loop predictive 

control with no computational errors. Experimental testing was conducted under clear sky 

conditions at the Kodaikanal Solar Observatory. Measurement of beam displacements during 

long observational time intervals reveals a sub-millimeter beam stability at a projection 

distance of 3 meters which corresponds to an angular tracking accuracy of 0.5-1.0 arc-minutes. 

Therefore, the proposed approach demonstrates reliable long-term sun tracking while being 

low cost and robust in nature. 

2. System Design and Methodology 

The proposed autonomous coelostat system enables constant and stable imaging of the 

Sun using white light, whereby the constant output optical beam is retained despite the apparent 

diurnal motion of the Sun. In contrast to traditional equatorial and altazimuth telescope 

mounting, where the whole optical system has to keep moving, the proposed solar tracker 

retains the position of the Sun through orientation control of two plane mirrors. Consequently, 

the telescope, imaging device, projection system, and additional optical systems can be held 

still for the whole duration of observation. 

The architecture of the designed system is depicted in Figure 1. The design involves 

four parts: an opto-mechanical coelostat device, a motion control module, a computer for 

supervision, and a graphical user interface (GUI). The motion control in real time is 

implemented using dsPIC33FJ128GP802 digital signal controller, whereas the supervision is 

carried out by Raspberry Pi, which involves human-computer interaction and visualization. 
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Figure 1. Block diagram of the autonomous coelostat system 

Three stepper motors are powered separately by the embedded controller using Rhino 

motor drivers. The stepper motors control the rotation of the primary mirror and the rotation of 

two perpendicular axes of the secondary mirror and enable the degrees of freedom needed to 

keep the reflected beam stationary [10]. The motor drivers provide regulated current pulses, 

whereas the gear reduction systems enable the angle resolution needed for accurate positioning 

of the mirrors. A serial connection allows communication between the Raspberry Pi and the 

embedded controller for transmitting commands and system data. 

 

Figure 2. Optical configuration of the proposed coelostat. 
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The optical configuration of the designed coelostat is shown in Figure 2. Solar radiation 

enters the system and is reflected from the main mirror (M1), which corrects the apparent 

movement of the Sun. Then the light beam is directed by the secondary mirror (M2) along a 

certain optical axis. All optics except the mirrors are not moving when the device tracks the 

Sun, which reduces the level of structural vibrations and allows avoiding the alignment of the 

telescope multiple times. 

There is a beam splitter located in the optical path, dividing the reflected beam into two 

separate beams. One of the beams produces the image of the sun using the white light on the 

projection screen, which is used in education and public relations, while the other produces a 

beam directed at a diffraction grating towards a stationary telescope used in spectroscopy. 

Thus, this configuration allows performing imaging and spectral measurements 

simultaneously, without any extra mechanisms for moving the system. The positioning of the 

mirrors depends on the law of reflection, where the normal line to the mirror divides the angles 

of incidence and reflection. 

Apparent Sun Positioning can be determined through the NREL’s SPA, which gives a 

very accurate measurement of solar azimuth and Zenith angles considering corrections for 

astronomical and atmospheric effects. The positioning algorithm uses the geographical 

coordinates of the observer, the date and time, and calculates the instantaneous sun position, 

which is then used to determine the necessary mirror positioning for the dual mirrors coelostat 

geometry. Due to the high level of computational accuracy of the SPA, tracking effectiveness 

is mainly limited by the mechanical properties of the positioning system. 

             The coelostat uses an open-loop predictive tracking approach [8] wherein the mirror 

angles are updated based on the computed solar angles without any optical feedback system. 

At the time of functioning, the computer determines the position of the Sun and sends out 

commands for adjusting the mirrors based on the mirror angle values. The motor steps are 

determined based on the mechanical transmission ratio of the drive mechanisms used. The 

controller produces synchronized pulse train to move the mirrors and thereby corrects the solar 

motion. The angular motion of the Sun being roughly constant at 〖15〗^∘ h^(-1), minor 

adjustments can be made continuously to ensure that the beam is steered. A ratio of 1:410 

ensures that there are enough degrees of freedom to adjust without any errors due to the tracking 

process. 
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3. Mathematical Modeling 

The apparent position of the Sun is determined using the National Renewable Energy 

Laboratory (NREL) Solar Position Algorithm (SPA). The embedded implementation computes 

the solar hour angle, solar declination, and solar zenith angle from the geographical location, 

date, and time. These parameters are subsequently transformed into the required mirror 

orientations to maintain a stationary reflected beam. 

The solar hour angle is expressed as 

𝐻 = 15(𝐿𝑆𝑇 − 12), (1) 

where 𝐿𝑆𝑇 is the local solar time expressed in hours. The solar declination angle is 

approximated by 

𝛿 = 23.45∘sin⁡[
360

365
(𝑑 − 81)] (2) 

where 𝑑 denotes the day of the year. 

The apparent position of the Sun is represented by the solar zenith angle (𝜃𝑧) and solar 

azimuth angle (𝛾𝑠), which are computed using the NREL’s SPA. The solar zenith angle is given 

by 

cos⁡𝜃𝑧 = sin⁡𝜙sin⁡𝛿 + cos⁡𝜙cos⁡𝛿cos⁡𝐻 (3) 

where ϕ is the observer's latitude, δ is the solar declination angle, and H is the hour 

angle. The corresponding solar azimuth angle is obtained from 

𝛾𝑠 = tan−1⁡(
sin⁡𝐻

cos⁡𝐻sin⁡𝜙 − tan⁡𝛿cos⁡𝜙
) , (4) 

The solar zenith and azimuth angles obtained from the SPA provide the fundamental 

inputs for determining the required mirror orientations and have been widely adopted in 

precision solar tracking applications [9]. 

For the two-mirror coelostat, the orientation of each mirror is determined according to 

the law of reflection, where the mirror normal bisects the angle between the incident and 

reflected rays. Let s denote the unit vector corresponding to the incident solar ray and o denote 

the desired outgoing beam directed along the fixed telescope axis. The mirror normal vector is 

therefore expressed as 

n =
s + o

‖s + o‖
, (5) 
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where n is the unit normal vector of the reflecting mirror. This vector formulation 

enables direct computation of the mirror orientations required to maintain a stationary reflected 

beam as the solar position changes throughout the day. 

The tracking accuracy of the system is evaluated by relating the angular pointing error 

of the mirrors to the displacement of the projected solar image. For a projection screen located 

at a distance L, the beam displacement is 

Δ𝑥 = 𝐿 ∙ tan⁡(2Δ𝜃) ≈ 2LΔ𝜃 (6) 

where Δ𝜃 represents the mirror pointing error. Since the tracking errors are very small, 

the small-angle approximation can be applied, 

Δ𝑥 ≈ 2𝐿Δ𝜃. (7) 

For a stepper motor having an output angular resolution 𝜃step , the worst-case 

quantization error is approximated as 

Δ𝜃step =
𝜃step 

2
, (8) 

which represents the maximum positioning uncertainty associated with one motor step. 

The angular positioning capability of the coelostat is determined by the stepper motor 

resolution and the mechanical gear reduction. The prototype employs stepper motors with a 

fundamental step angle of 1.8° and a gear reduction ratio of 1:410. The resulting mechanical 

resolution is 

𝜃𝑟 =
1.8∘

410
= 0.00439∘, (9) 

which corresponds to 

𝜃𝑟 = 0.263⁡arcmin. (10) 

Converting to arcminutes: 

0.00439 × 60⁡ = ⁡0.2634⁡arcmin (11) 

The worst-case quantization error is half-step: 

Δ𝜃step =
0.00439°

2
× 60 = 0.1317⁡arcmin (12) 
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Considering that the optical correction is shared by the two-mirror configuration, the 

effective tracking resolution of the system is approximately 0.13 arcmin, which is substantially 

smaller than the apparent solar motion of approximately 15∘h−1. Consequently, the system is 

capable of producing smooth incremental mirror adjustments while maintaining a stable 

reflected beam during continuous operation. 

4. Experimental Setup  

The concept of an autonomous coelostat was built and tested experimentally in outdoor 

operational modes to confirm its ability to perform tracking and provide optical stabilization 

and autonomy in operation. As seen in Figure 3, the design includes the optical assembly of 

two mirrors, electronic control devices, the motorized mechanism for motion and the 

controlling computer in one compact unit for white-light solar observations. The mechanics 

were designed to ensure sufficient rigidity to minimize vibrations. 

 

Figure 3. Stepper motor with 1:410 gear reduction assembly used in the coelostat. 

The experiments have been carried out at the Kodaikanal Solar Observatory, Tamil 

Nadu, India, where the geographic location of the observatory has served as an input for the 

NREL’s SPA. Before conducting the test, the optical components have been aligned so that the 

output beam would be established along the axis of the telescope. Once the alignment was 

done, the system ran independently. 
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Figure 4. Installed coelostat system in museum environment. 

 

Figure 5. Graphical user interface for coelostat control. 

As illustrated in Figure.5, tracking was monitored using a graphical user interface 

(GUI) specially designed and implemented on the Raspberry Pi platform. This GUI not only 

shows the position of the sun, orientation of the mirrors, state of the motor, and system mode 

but also provides means of manual positioning, tracking, and emergency control. In the 

meantime, the GUI allows monitoring of the real-time projection of the sun's image during 

operation. 
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Figure 6. Reference solar image with Active Region labelling.  

 

Figure 7. Experimental projection setup. 

The experimental arrangements are illustrated in Figure 6 and Figure 7. The reflected 

solar beam was directed at a stationary screen situated roughly 3 m away from the optical 

components. The position of the projected solar image was tracked using a reference grid. As 

both the screen and the telescope did not move during the experiments, the movement of the 

projected solar image reflected the total tracking error of the coelostat.  
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           The prototype was tested continuously under clear sky conditions to analyze the 

system's stability and ability to track autonomously. During all the experiments, the controller 

inside the device adjusted the mirror positions based on the coordinates calculated by the 

program, while the supervisor computer monitored the work of the system. In addition to 

measuring the displacement of the beam, the experiment included a qualitative evaluation of 

the optical system's work. 

5. Results and Discussion 

Experimentation was carried out to determine the tracking precision, beam stability, 

and autonomy of the developed autonomous coelostat. The autonomous coelostat was operated 

for a long period of time after the completion of the initial optical calibration stage where the 

controller updates the positions of the mirrors according to the coordinates of the sun calculated 

by the NREL’s SPA. The solar beam reflected off the mirrors remained aligned to the optical 

axis throughout the entire experiment without any need for manual adjustment. 

Quantitative results related to the performance of the proposed system are presented in 

Table 1. According to the measurements carried out experimentally, the designed coelostat 

provided stable solar tracking, with the maximum displacement of the beam being less than 1 

mm at a projection distance of about 3 m, which corresponds to tracking accuracy of 0.5–1.0 

arcmin. 

Table 1. Tracking performance summary 

Parameter Value 

Projection distance 3 m 

Beam displacement <1 mm 

RMS stability 0.5–1.0 arcmin 

Motor step angle 1.8° 

Gear reduction ratio 1:410 

Effective motor resolution 0.13 arcmin 

As shown in Table 1, the measured value of the beam displacement was well within the 

acceptable threshold for stable projection of solar images. The discrepancy between the 

theoretical resolution (0.13 arcmin) and the measured tracking accuracy (0.5–1.0 arcmin) is 

mainly due to real mechanical restrictions such as gearbox backlash, bearing play, flexibility 

of the structure, and mirror misalignment. The accuracy of computations in the SPA algorithm 
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being far superior to the mechanical resolution of the prototype, the total pointing error depends 

mainly on mechanical features of the tracker. 

Figure 5 and 6 provide examples of typical white light images of the sun obtained using 

the tracker during the autonomous mode operation. The projected solar image did not exhibit 

any wobble or distortion during the tracking phase. Likewise, the graphical user interface 

provided in Figure 4 consistently provided the calculated positions of the sun and mirror angles 

throughout the entire process, ensuring that the connection between the supervisor computer 

and embedded control computer was continuous. 

One of the distinguishing features of the proposed system design is that the only moving 

parts will be the two reflecting mirrors used to track the sun, and the telescope, screen, and 

other optical equipment will not move at all. The advantage of such an arrangement is that it 

reduces the mechanical complexity, avoids the need for constant re-alignment of optics, and 

allows other instruments such as spectroscopes to be easily incorporated into the system. 

6. Conclusion  

The development, implementation, and testing of an efficient and cost-effective 

autonomous coelostat have been successfully accomplished for perofming continuous white-

light imaging of the Sun. The proposed approach utilizes an optical setup with two mirrors 

along with the embedded control algorithm that employs the NREL’s SPA and precise gearing 

stepper motor drives to keep the reflected beam fixed. The experimental analysis shows stable 

autonomous tracking with the maximum displacement of the beam not exceeding 1 mm at the 

projection distance of 3 m, corresponding to the tracking accuracy of about 0.5-1.0 arcmin. The 

good correspondence between analytical model and the experimental results indicates the 

efficiency of the proposed concept, showing that any remaining tracking error is caused mainly 

by the mechanical imperfections rather than computation accuracy. The stationary optical 

configuration makes instrument installation much easier. Due to its simplicity, reliability, and 

cost-effectiveness, the developed coelostat can be successfully applied in solar observatories 

and educational establishments, as well as in public outreach. 

Acknowledgment  

The authors gratefully acknowledge Mr. Udayakumar and the mechanical team - Mr. 

Kannan, Mr. Ravi, and Mr. Prabhakaran as well as the museum staff members of the 



                                                                                                               Rajalingam M., Krishnasamy P., Ravindra B., Sagayanathan K., Madan Mohan Kemkar P. 
 

Journal of Electronics and Informatics, September 2026, Volume 8, Issue 3  299 

 

Kodaikanal Solar Observatory, for their valuable assistance and support throughout the work. 

The authors also thank Mr. Saikat Das, Mr. Prasobh, Mr. Ananda T., and Mr. Francis Xavier 

Rozario J. from the Indian Institute of Astrophysics, Bangalore, for their valuable support in 

the mechanical design, fabrication, assembly, and installation of the coelostat system. 

References 

[1] Jha, Bibhuti Kumar, Manjunath Hegde, Aditya Priyadarshi, Sudip Mandal, B. 

Ravindra, and Dipankar Banerjee. "Extending the Sunspot Area Series from 

Kodaikanal Solar Observatory." Frontiers in Astronomy and Space Sciences 2022, 

vol. 9, 1019751. 

[2] Liewer, P., A. Vourlidas, A. Thernisien, J. Qiu, P. Penteado, G. Nisticò, R. Howard, 

and V. Bothmer. "Simulating White Light Images of Coronal Structures for 

WISPR/Parker Solar Probe: Effects of the Near-Sun Elliptical Orbit." Solar Physics 

2019, vol. 294, no. 7, 93. 

[3] Webster, John G., and Halit Eren. Measurement, Instrumentation, and Sensors 

Handbook: Two-Volume Set. CRC press, 2018. 

[4] Oh, Seung Jin, Spencer Dutton, Stephen Selkowitz, and Hyun Joo Han. "Application 

of a Coelostat Daylighting System for Energy Savings and Enhancement of Indoor 

Illumination: A Case Study Under Clear-Sky Conditions." Energy and Buildings 

2017, vol. 158, 173-186. 

[5] Stoynov, Lou A. "System Development and Studies on Utilization of Concentrated 

Solar Beam Radiation for Polymer Processing." PhD diss., Queensland University of 

Technology, 2006. 

[6] Zhu, Dawei, Zhoupeng Shen, Jianjun Li, Hailong Zhang, and Enrong Wang. "An 

Improved Sensorless Solar-Tracking Control Strategy for PV Power Generation based 

on MPPT." Journal of Electrical Engineering & Technology 2025, vol. 20, no. 6, 

3823-3839. 

[7] Jamroen, Chaowanan, Chanon Fongkerd, Wipa Krongpha, Preecha Komkum, 

Alongkorn Pirayawaraporn, and Nachaya Chindakham. "A Novel UV Sensor-based 



 Design, Implementation, and Experimental Validation of a Low-Cost Autonomous Coelostat System for High-Stability White-Light Solar Imaging 

ISSN: 2582-3825  300 

 

Dual-Axis Solar Tracking System: Implementation and Performance Analysis." 

Applied Energy 2021, vol. 299, 117295 

[8] Chowdhury, Muhammad EH, Amith Khandakar, Belayat Hossain, and Rayaan 

Abouhasera. "A Low‐Cost Closed‐Loop Solar Tracking System based on the Sun 

Position Algorithm." Journal of Sensors 2019, vol. 2019, no. 1, 3681031. 

[9] Reda, Ibrahim, and Afshin Andreas. "Solar Position Algorithm for Solar Radiation 

Applications." Solar energy 2004, vol. 76, no. 5, 577-589. 

[10] Cho, Yun-Hang, Gianni Heung, Yakov Bobrov, Joseph Middleton, Josh Brownlow, 

Gary Verth, and Viktor Fedun. "Sunbyte: An Autonomous Pointing Framework for 

Low-Cost Robotic Solar Telescopes on High Altitude Balloons." Experimental 

Astronomy 2024, vol. 57, no. 3, 27. 


