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Closed Feedback Loop Control System for EXOhSPEC

• EXOhSPEC, the Exoplanet High-Resolution Spectrograph
• Focus on high-resolution spectrometry and precise radial velocity 

measurement.
• Design prioritizes efficiency by minimizing optical components. 

Objectives:
• Project targets environmental stability with a designed control 

system.
• Utilizes off-the-shelf sensors in a feedback loop to calibrate the 

spectrograph.
• IDS3010 Displacement Measuring Interferometer provides 

picometer-level displacement measurements. Integration of 
additional sensors: BME680 for pressure and humidity, PT104 for 
temperature.

• Compact, low-cost, and efficient high-resolution spectrograph. 

Fig 1. Internal structure of the Modified EXOhSPEC along with 
IDS and BME680 integrated

Introduction
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System Overview

• EXOhSPEC (Spectrograph) Jones et. al.,2021

• Box1(Housing the Spectrograph)

• Box2(Housing the Box1)

• Attocube’s – 

• Laser Interferometer (IDS3010)

• Environmental Compensation Unit (ECU)

• Electronic components:

• Microcontroller(Arduino Nano)

• BME680 Sensor (Temperature, Pressure and Humidity)

• Peltier Based Temperature Sensor – 4 channel
Box 2Box1
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https://iopscience.iop.org/article/10.1088/1538-3873/abc7ee
https://www.attocube.com/en/products/laser-displacement-sensor/displacement-measuring-interferometer
https://www.attocube.com/application/files/6316/1979/3697/displacement-sensors-ecu-download_2.0.pdf
https://store.arduino.cc/products/arduino-nano
https://randomnerdtutorials.com/esp8266-nodemcu-bme680-sensor-arduino/
https://www.stoerk-tronic.com/fileadmin/erp/dokumente/datenblaetter/en/900001_030.pdf


Temperature Analysis: Box2
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Fig. Outer Box Temperature Characteristics in 2 different regions
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Fig. Peltier-104 Temperature Sensor 4 channel
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https://www.picotech.com/data-logger/pt-104/high-accuracy-temperature-daq


The thermal coefficient of expansion (or contraction) can be calculated using the formula:

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝛼 =
𝐹𝑖𝑛𝑎𝑙 𝑃𝑎𝑡ℎ 𝐿𝑒𝑛𝑔𝑡ℎ − 𝐼𝑛𝑡𝑖𝑎𝑙 𝑃𝑎𝑡ℎ 𝐿𝑒𝑛𝑔𝑡ℎ

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑃𝑎𝑡ℎ 𝐿𝑒𝑛𝑔𝑡ℎ × (𝐹𝑖𝑛𝑎𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 − 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)

From the data collected, we have, 

Uncompensated or Initial Path Length(L1) = 1.01375730e+12 pm

Compensated or Final Path Length(L2) = 1.01375583e+12 pm

Initial Temperature(T1) = 20.7 °C; Final Temperature(T2) = 20.5 °C

Plugging the values, we get, 𝛼 = 7.25025605241059e-06 K−1

That is close to mean coefficient of thermal expansion of Stainless Steel 304, with which our 

box2 is made up of 17.25e-06 K−1.

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝛼
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Methodology

The key steps in the closed-loop feedback control system:

• Initiation

• Data Acquisition

• Sensor Data Processing

• System Calibration

• Spectral Data Reception

• Feedback Loop

• End the process after desired iterations.
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Preliminary Test Results

BME680 Temp Analysis 

• Problem:
• ρ = ρ0 (1 + αΔT), 

where ρ0 represents the original resistivity, 

α is the temperature coefficient of resistivity, and

ΔT is the temperature change.

• Solution: 
• Change sampling rate

Fig (a) Circuit Design of Nodemcu ESP8266 a microcontroller development along with BME680 sensor, (b) Temperature (°C) vs Time
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Fig. (a) Position vs Time (Raw Data): Raw IDS displacement data over 2 hours, revealing trends in optical path changes.
(b) Moving Average Smoothing: High-frequency data smoothed with moving averages, enhancing trend visibility. (c) Temperature, Pressure, Humidity vs Date & Time 

f(OPL) ∝ f(T,H,P)

Dependencies(Problem)? ---> Need Calibration (Solution)

ΔPressure ∝ ΔOPL
1hpa -> 0.4 μm 

12
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Glass Slip Variation Experiment

𝑺𝒆𝒍𝒇 𝑴𝒊𝒙𝒊𝒏𝒈 𝑰𝒏𝒕𝒆𝒓𝒇𝒆𝒓𝒐𝒎𝒆𝒕𝒓𝒚

slip1
slip2 Laser 

Interferometer

0.92 μm
1.19 μm

0.27 μm

• Initial experiment use 0.12-0.16mm glass slip1. • Repeated experiment using slip 1 + slip 2

• Outcome: Not Robust in extreme, found undocumented 
feature as per the manufacturer documentation.
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(Yuanlong F.,2011)

https://ro.uow.edu.au/infopapers/3630/


Calibration Technique
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(Edlen, 1996)
(Ciddor,1999)

https://www.semanticscholar.org/paper/Refractive-index-of-air%3A-new-equations-for-the-and-Ciddor/169f63a902024ed32c3e759e71e77a460b75be90
https://www.semanticscholar.org/paper/Refractive-index-of-air.-2.-Group-index.-Ciddor-Hill/0bbeec40b9988b033ffd3d69bae923b3b464b51c


Refractive Index of Air

• Changes in environmental condition during the measurement are the largest source of error in interferometry.

• By modified empirical Ciddor/Edlen equation,

    

where, T (0 to 35°C) is temperature, P(50kPa to 120 kPa) is pressure, H(0 to 100%) is relative humidity . Now using the 

values and plugging into the equation.

Will solve for Lcompensated, as Lcompensated is the geometric optical path length,

Lcompensated = Luncompensated x 
𝜂𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑎𝑖𝑟

𝜂𝑎𝑖𝑟
 = Luncompensated x 

1.0002713938

𝜂𝑎𝑖𝑟
 

(https://emtoolbox.nist.gov/Wavelength/Edlen.asp)
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ECU vs BME680 Test
Parameters BME ECU Δ change

Temperature (°C) 22.61 20.63627 1.97373

Humidity (%rh) 40.11 35.04 5.07

Pressure (hPa) 1013.47 1011.87 1.6

Fig. BME680 and Attocube Environmental Compensation Unit

Parameters BME Accuracy ECU Accuracy PT104 Accuracy

Temperature (°C) ±1 ±0.1 0.001

Humidity (%rh) ±2% ±2%

Pressure (hPa) ±1 ±1
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Refractive Index Comparison

T, H, P, RIT, H, P

https://www.attocube.com/application/files/6316/1979/3697/displacement-sensors-ecu-download_2.0.pdf


ECU vs BME680 Refractive Index Analysis

Correlation between BME_Edlen and ECU_rIndex: 99.78% ± 0.06% 

29/04/2024
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Results and Analysis

• Geometric Path Length, or GPL 
(Expected/Compensated)

• Optical Path Length, or OPL 
(Measured/Uncompensated)

• 𝐺𝑃𝐿 =
𝑂𝑃𝐿

𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝐼𝑛𝑑𝑒𝑥
 

• Residual (or, Feedback Signal)                       
= Measured – Expected 

• Shows Residual trends correlation with 
Pressure change.

• Our adapted Model compensated the 
Pressure term.

f[GPL{f(T,H,P)}]

f[Residual{f(T,H,P)}]

29/04/2024

Measured

Expected

0.4 μm



Future Work

PHASE 1: Equipment Orientation and System Introduction 

• Familiarize with system components, and execute basic code for IDS using Python 
language

PHASE 2: Closed-Loop Feedback System Development 

•Establish the foundation for the closed-loop system using IDS, BME680, and Peltier 101

•Integrate BME680 with ESP8266, design a webpage interface, and implement refractive index 
correction.

PHASE 3: System Integration and Optimization 

•Assemble the integrated setup and conduct preliminary tests.

•Precisely calibrate optical components, implement Nano-HS3M, and conduct experiments for 
system validation.

PHASE 4: Advanced Integration and Testing

•Subject the system to environmental robustness testing.

•Enhance interferometer configuration, refine calibration, and conduct extensive testing with 
various light sources.

Fig. XYZ precision piezo nano-
positioning system with picometer 
positioning resolution, Nano HS3M

• Implement Feedback Signal
• Box2 Integration: Implement the system within Box 2 and assess its stability with the developed algorithm.
• Pressure Stability: Integrate a pressure valve mechanism into Box 2 for consistent pressure levels.
• Implementing Real-time Monitoring, building web interface/app.

Fig. Real Time Monitoring Web Interface for Spectrograph 
Functionalities and Sensor Control

Key Milestones

Completed

Completed

In Progress
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