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Abstract

This project centers on the creation of a versatile programmable sensor interface system. It accom-
modates various sensors, covering analog sensors’ resistive, current, voltage, and capacitive measure-
ments. Additionally, it supports 12C, SPI, and UART protocols for digital sensors. Sensors can be effort-
lessly integrated into their respective ports within the system. Data is stored locally in the microcontroller,
allowing the Raspberry Pi to be configured for data collection, analysis, and internal storage. Moreover,
the system offers the option of establishing a WiFi connection for remote data access.

This innovative system holds significant promise in the field of environmental monitoring. It cov-
ers many digital 12C environmental sensors, including the TSL25911FN Digital Ambient Light Sensor,
MPU9250 Motion Sensor, LTR390-UV-1 UV Sensor, and SGP40 VOC Sensor. Additionally, various SPI-based
environmental sensors like the BME280 measure temperature, humidity, and air pressure. Notably, the
BME280 also supports 12C mode. The system’s analog sensor ports are primarily dedicated to custom-
designed sensors currently under research, in addition to available analog options such as the Capacitive
Soil Moisture Sensor.

Beyond environmental sensing, this interface system has far-reaching applications in many indus-
tries and research fields. Biomedical research, automotive testing, geology, and seismology monitoring
are prominent beneficiaries of this technological breakthrough. By seamlessly integrating sensors and
providing robust data processing capabilities, this project substantially contributes to ongoing environ-
mental monitoring and protection efforts. It offers a comprehensive solution for monitoring air, water,
and soil pollution levels.

1 Introduction

We have engineered an advanced interface solution characterized by its adaptability in accommodating a
diverse array of sensors. Our framework encompasses the fundamental infrastructure for interfacing with
sensors, both analog and digital, thereby affording users the capability to integrate a broad spectrum of
commercially accessible sensor technologies seamlessly.

In numerous application domains such as automation, medicine, health diagnostics, environmental assess-
ment, and air quality monitoring, there exists a critical demand for the precise measurement of essential
parameters. So, systems have been meticulously engineered to detect environmentally significant gases
and track temperature and humidity levels using an amalgamation of environmental sensors (e.g., temper-
ature, gas detection, moisture). To monitor individuals at risk, physiological sensors (e.g., heart rate, Blood
pressure) and motion sensors become imperative. By incorporating enhanced flexibility in the selection of
sensors, these systems are adept at furnishing such vital information to the end user or a designated indi-
vidual tasked with monitoring the user.

Our proposed solution entails the creation of a system capable of receiving both analog and digital inputs
and converting them into digital output. This system exhibits versatility in accommodating a diverse range
of analog sensor categories, including resistive, capacitive, voltage, and current sensors. Additionally, dig-
ital sensors are compatible with UART, SPI, and 12C communication protocols. Furthermore, the system is
designed with a programmable interface to afford users a high degree of customization and adaptability.
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Our system simultaneously accommodates both analog and digital sensor inputs. The Resistive interface
can handle sensors within the 5K to 100 KS2 range, achieved with minimal hardware requirements of only
two resistorsand 2 PMOS componentsintegrated into a single IC. Meanwhile, the Capacitorinterface extends
support to sensors ranging from 1 F to 1000 uF, interfaced directly with the same microprocessor.

Voltage sensors with an output voltage within 5V can be readily integrated. Since most sensors in our survey
operate below 5V, direct interfacing with the ADC pins is feasible. Furthermore, most commercially available
current sensors are equipped with an I-V converter, allowing for seamless integration akin to voltage sensors.
On the other hand, for digital sensors, our interface can handle up to 512C sensors, 4 SPI sensors, and 2 UART
sensors.

2 Goals

The programmable sensor caters to a variety of simple solutions for applications, including Power Monitor-
ing, Materials Studies, Noise and vibration Testing, High Voltage Testing, Biomedical Research, Automotive
Testing, Sonar, Radar and Ultrasonics, Geology/Seismology Monitoring. Our solution is to develop a system
that takes in analog input and converts it into digital output. We aim to add flexibility to this system so that
certain features like data modeling and prediction algorithms can be incorporated soon. We intend to make
this digital output accessible in a user-friendly manner so that all can understand the applications of this
system and can have a much broader scope.

Other Objectives:
+ Separate channels for Resistive, Capacitive, and Digital-based sensors.

« Using WiFi-based transfer in Raspberry Pi for sending data to other devices connected to the WiFi net-
work/cloud.

« GUI at the end user to provide flexibility to select the channels.

+ Improving the range of resistive & capacitive sensors while using minimum hardware and consuming
less power.

3 System Architecture and Design

Component

Use

Raspberry Pi - 4B+

Waveshare ADS1263 10- Ch 32-Bit ADC
CD4052 4 Channel Multiplexer IC

5K(), 16K(2 resistors

HCF4007UB DUAL COMPLEMENTARY PAIR

1AT41 General-Purpose Operational Amplifiers

1K, 10K and 1.2MQ) resistors
TL082 JFET-input Operational Amplifiers

12C sensor ports(5)
SPI sensors ports(4)
UART sensors ports(2)

Microprocessor used to store, process, and transfer
data over WiFi.

Used for reading analog data from sensors

Used for multiple digital SPI, I2C sensors

Used in resistive interface circuit

Used for PMOS - complementary switches for different
resistive loads

Used for Op Amp based buffer: for connecting to ADC
to reject noise from ADC to interface circuit

Used in capacitive interface circuit

Used for Op Amp based buffer: to prevent loading af-
fect

To gather information from any I2C-based sensor.

To gather information from any SPI-based sensor.

To gather information from any UART-based sensor.

To incorporate digital sensors, we have used a couple of Multiplexers(one each for SPI and 12C) to connect
multiple sensors simultaneously to collect different types of information in a parallel fashion. The UART
sensors are connected directly to the UART ports.
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Figure 1: Overall system architecture: Analog and Digital

Voo

‘ GFIO

Raspberry Pi 4 B+ > | }—4—
pberry GFIO |

ADC

UM G
UM 81

(P AMP BUFFER :

External value {ex:
Pressuer,
Temperature)

anuejEsay I0aIag

Figure 2: Resistive interface system: circuit level implementation

In Fig. 2, We have used a basic voltage divider circuit with a sensor as a resistive load, and complementary
PMOS-based switches for changing the top resistance to extend the measurement range. GPIO pins of Rasp-
berry Pi control the MOS switches, and the voltage divider equation, i.e. determine the resistance of the
sensor,

RLoad
Vouw=Vpp - —m——— 1
Out pp RLoad + RTop ( )
The equation is simplified further into,
R,
RLoad = % (2)
VOut

Thevoltage sensed at the resistive divider is read through ADC, and since we know top resistance and output
voltage, we can calculate load resistance.
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The circuit can measure resistances in the range of 5K(2 to 20 K2 for top resistance of 5 5K(2. It can extend
from 20 KS2 to 100 K2 if the top resistance is switched to 16 K.
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Figure 3: Capacitive interface system: circuit level implementation

In Fig. 3, we use a simple RC circuit to calculate the capacitance value. A buffer is placed at the junction
between the resistor (R) and the capacitor (C) to isolate the specific node from the impedance of the subse-
quent circuit.

Initially, the GPIO pin of the Raspberry Pi is set to low for a certain amount of time, ensuring that the ca-
pacitor discharges completely. Then, the GPIO pin is set to high ( 3.3V ), causing the capacitor to charge
exponentially.

The equation for the voltage across the capacitor is the above RC circuit is given by:
V()= Vo x (1-e7c)

where Vy = 3.3 V.

When the GPIO input pin is set high, the system captures the start time using the 'clock_gettime’ function
in the C programming language. Subsequently, when the voltage across the capacitor reaches 2 volts, the
system records the end time.

Hence, from the above equation, we can find the value of C as all other values are known. As the time con-
stant of the circuit cannot be arbitrarily low, three different values of resistors are used to cover the range of
1 pF to 1000 uF.

4 Addressing Challenges

The Key challenges were:

+ Static Power consumption when using an interface with direct path from Vpp to ground.

+ Long range of values for Resistive circuits.
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Noise due to Raspberry Pi supply to the interfacing circuits.
+ Noise dependent on sampling rate from ADC to the interfacing circuit.
+ Loading affects the node present between the Resistor and Capacitor.

+ Ensuring that the capacitive interface circuit works for a wide range

We have used PMOS switches for only the potential divider circuit when measuring the resistance value and
switching it off when not in use. For a Longer range of values and retaining accuracy, we have used 2 top
resistances with complementary PMOS switches, such that we get a larger range.

We have used decoupling capacitors for noise rejection from the Raspberry Pi supply. We have used an Op-
Amp-based buffer circuit to isolate the ADC from the circuit.

To accommodate the loading effect, we isolated that node using a JFET-input op-amp-based buffer because
the JFET-input op-amps have very high input impedance. To ensure that the capacitive interface circuit
works for a wide range, we used three different resistances to adjust the time constant of the circuit.

5 Performance Evaluation and Testing Results

The resistive sensor interface circuit has been tested using LDR (Light Dependent Resistor).

p-205800.1920x1080_scro | Program endtance : 11703.115436515185
-7l.\ar.gz pi@raspberrypi:~/Desktop/Analog $ sudo python3 resistive.py
| ID Read success
| REG_MODE2 success
| REG_REFMUX success
REG_MODE@ success

REG MODE1 success
N : 2.3274580948089523

: 11065.849915494093

Figure 4: Resistive results: Idle condition - ambient light - 10 K2 + 2 K2
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Figure 5: Resistive results: Light condition

The capacitive sensor interface is tested for three different capacitor values, i.e., 1 uF, 100 uF, and 1000 uF.
The resistance values taken are 1.2 M(2, 10 KS2, and 1 K2, respectively, to ensure that the time constant is
sufficiently high. The values of the capacitor obtained through the designed circuit and code are 1.049 uF,
109.21 pF, and 959.66 wiF, all of which are within £5% of the values obtained through LCR meter.

The Digital sensor interface was tested directly by running the Python code on the Raspberry Pi. The figure

below gives the output of the sensor connected to channel 1. It also shows that there is no sensor connected
to channel 4.

pl@raspberrypi: python test.py
Please select a channel number: 1
distance for channel 1: 11.50"CTraceback (most recent call last):
File "/home/pi/Desktop/test.py”, line 26, in <module>
time.sleep(0.2)

KeyboardInterrupt

pl@raspberrypti: python test.py
Please select a channel number: 4
Channel 4

pl@raspberrypti: I

Figure 6: Digital sensor results

6 Concluding Remarks and Avenues for Future Work

Concluding Remarks:

+ Our Programmable system ensures easy data accessibility via WiFi with the help of the inbuilt Rasp-
berry Wi-Fi Chip.

« Multiple sensors can be connected at once with the help of 4:1 MUX).

+ The data collected is high-resolution as the analog sensor data is converted to 32-bit digital data.

« We have covered three basic and standard communication protocols- UART, SPI, and 12C.



ESPC 2023 Project - Programmable Sensor-System /7

Avenues for Future Work:

+ Extending the Core software to other kinds of microcontrollers, like RISC-V-based or ARM-based.

+ Expanding the capacitance interface circuit’s measurement range to include values as low as a few
tens of pico farads while simultaneously enhancing measurement accuracy.

« Making a PCB hat by integrating resistive, capacitive, and digital sensor interfacing circuits for con-
necting with Raspberry Pion ADC.

+ We plan to keep a host of default sensors(covering a wide range of common parameters), and for con-
figuring other custom sensors, the user will be allowed to add header files to the Raspberry Pi and
configure the sensors

7 Availability

Source Code URL: GitHub Repository
Demo Video URL: Google Drive Link


https://github.com/Tanish25/University-of-Helsinki-ENVIRONMENTAL-SENSING-PROJECT-COMPETITION
https://drive.google.com/drive/folders/1F1HZ7R0EZ-J-HIvwdJC4jyJnoMsKw6Hl?usp=sharing
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