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Modular GC: A Fully Integrated Micro Gas Chromatography System

Shaunak Manurkar

(ABSTRACT)

Gas Chromatography (GC) is one of the most important and widely used tools in analytical
chemistry. However, they are bulky, have a longer measurement cycle, and consume a high
amount of power. Micro-Gas Chromatography ( GC) is portable and energy-efficient, which
allows onsite, real-time biological, forensic, and environmental analyses. This thesis presents
a ready-to-deploy implementation of microfabricated gas chromatography ( GC) system ca-
pable of separating complex samples. We describe robust, modular, and scalable hardware
and software architecture based on Real-Time Operating System (RTOS) and Python Graph-
ical User Interface (GUI) integrated with various microfabricated devices to realize a fully
functional GC system. A sample heater for headspace injection, microfabricated separation
column ( SC), a Photoionization Detector (PI-D), and a flow controller unit are integrated
with the modular hardware and software to realize a fully functional Vacuum Outlet GC
system. We have designed a novel auto-calibration method for temperature calibration of
the microfabricated devices which does not require changing the electronic circuitry or re-
programming the device. The vacuum outlet GC setup is tested with various mixture of
analytes. For these experiments, an average relative standard deviation (RSD) for retention
time repeatability of 2.5% is achieved. Data processing techniques for raw chromatograms,
including baseline correction and peak detection, are implemented on a microcontroller board
and tested extensively as a part of this work. A novel algorithm for multidimensional anal-
ysis for the identification of co-eluting compounds in complex samples is implemented with

a prediction accuracy of 94%.
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(GENERAL AUDIENCE ABSTRACT)

Toxic volatile organic compounds (VOCs) such as benzene and toluene found in gasoline
and xylene used in ink, rubber, and leather industries are of concern as they are present
at elevated concentrations due to their higher vapor pressure. Sufficient exposure to these
toxicants, even at lower concentrations like 100 parts-per-billion-volume (ppbv), may cause
adverse health effects. Gas Chromatography (GC) has been the established method for
assessing the presence and concentration of VOCs in the environment. Traditional GC
systems are bulky, power-hungry, expensive, and require expert supervision for analysis.
Recent research in microelectromechanical systems (MEMS) has reduced the size of the GC
components, also called micro-GC ( GC), while improving the performance. The majority
of the research and development of GC is aimed at advancing microfabricated components
such as preconcentrators, separation columns, and gas detectors. However, the integration
of these different components is an important topic that requires more investigation. In this
thesis, we present a robust and scalable software and hardware architecture that can be used
to develop a portable and modular GC system. The thesis discusses different experiments
to calibrate various microfabricated devices, which are then used to build a fully modular

GC system. We show the separation capacity of the modular GC system by passing
complex compounds like kerosene and diesel. As the chromatogram from the GC system
has noise, the second part of the thesis explores data analysis techniques such as baseline
correction, peak detection. These data analysis tools are used to filter the noise, detect

relevant peaks in the chromatograms, and identify the compounds in a complex sample.
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Among the various analytical methods, gas chromatography (GC) is the most commonly
used for separating and analyzing compounds that can be vaporized without decomposi-
tion. Gas chromatographs are frequently used with mass spectrometers (GC-MS), which is
considered one of the most powerful and accurate tools to separate and identify chemical
components. In this technique, samples are first collected from the field through trap-based
systems such as sorbent tubes or canisters. Then trained technicians analyze the sample in
a laboratory environment. This process takes a considerable amount of time as it requires
manual intervention and multiple steps, like sampling, storage, and shipping, before analysis.
Thus, it is prone to higher losses and longer measurement cycles. High-performance GCs
are developed, but the instruments are bulky and expensive, which seriously hinder their
applications [8]. Steered by the ever-increasing demands for on-site and real-time chemical
analysis of a wide range of complex mixtures, interest in developing portable analytical in-
struments has significantly increased in the past few decades. The on-site chemical analysis
presents numerous advantages as compared to the laboratory-based measurements. On-site,
real-time measurements a) reduce analysis and turnaround time for time-sensitive decisions,
b) minimize the contamination in the composition of the sample owing to several processes

such as evaporation, adsorption, degradation, and oxidation.
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To develop compact, low-power, and field-portable GC instruments, considerable research
has been conducted over 40 years. Advances in commercial, field-deployable GC instrumen-
tation have led to significant improvements in performance, reliability, and portability [10].
26], [11] [9], [17], [10] present research on innovative designs for the GC system that further
reduce cost, size, analysis time and power requirements. A miniaturized version of the gas
chromatography (GC) system is a promising technique for the rapid and sensitive analysis
of complex chemical mixtures. While a conventional GC is a powerful and versatile tool,
they are quite bulky, energy inefficient, and expensive for real-time environmental monitor-
ing applications. Hence, these instruments are normally not field portable. There has been
increased marketability of portable GC instruments, and these products are being developed
in both research and commercial laboratories. Commercial micro GC Systems are shown
in Table 1.1. Albeit these are miniaturized versions of the benchtop GCs for rapid vapor
analysis, they suffer severely from deteriorated separation capability or peak capacity due
to primarily to the short column length, wide peak width resulting from miniaturization,
and requirement for short analysis time. Thus, they usually can separate only a small set
of a well-defined class of vapors and often fail when complex analytes mixtures are present.
The majority of the research and development of micro-gas chromatography is aimed at ad-
vancing microfabricated components such as preconcentrators, separation columns, and gas
detectors. However, the integration of these different components is an important topic that

requires more investigation.
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0oooooo 10000 DOoOooo Qoiooo 100000000 100000
Agilant Technologies 490 Micro GC capillary micro TCD 14.4-23.4
Defiant Technologies FROG-5000 etched steel plates PID 4.8

INFICON Micro GC Fusion capillary micro TCD 13.6-33.8

: . . NEMS resonator
APIX Analytics ChromPix 4d capillary micro TCD 15.3

Electronic Sensor

Technologies zNose 4650 capillary SAW 32.1

Stainless Steel |MEMS proprietary

Capillary sensor array 31

Seacoast, Science SeaPORT mini GC

Nanova Environmental P100 capillary PID 15.4

Table 1.1: Commercial Micro GC Systems

0o Ouoodbodoo

The section presents brief information about the design and working principles of the tra-
ditional GC systems and a GC system. Fabrication methods of different microfabricated
components such as separation columns, preconcentrators, detectors are also briefly dis-

cussed.

00000 DOO0ooooiobot 4o tbobod

Gas Chromatography (GC) is a technique in analytical chemistry for separating compounds
in a mixture that can be vaporized without decomposing. In order to be fitting for GC
analysis, a compound must have sufficient volatility and thermal stability. Generally, a GC
can separate components in a mixture if molecules of the compounds are in the vapor phase
at around 400 and also do not decompose at these temperatures. A chemical sample with
various compounds is injected into a column. Generally, the injector is maintained at a higher

temperature (200 ), which vaporizes the volatile sample solutes. The sample traverses

3
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through the column with a carrier gas, also called as mobile phase. The temperature of the
column is controlled using an oven. The analytes combined with the mobile phase travel
through the column at different rates called the stationary phase. The rate depends on the
physical properties of analytes, temperature, composition, and length of the column. The
analytes get separated at the stationary phase, thus, exiting the column at a different time.
The end of the column is connected to a detector. The detector generates an electric signal
as the analytes come out of the column. As the analytes exit the column at different times,

we can see peaks of different areas at different times for various analytes in the solution.

The schematic of a basic GC system is shown in Figure 1.1 which consists of an injector
system, a column, and a detector. The injector is connected to the column head and provides
a mechanism to inject the sample into a continuous flow of carrier gas. For a traditional
GC system, split/splitless injectors, programmed temperature vaporized injectors, gas source
injectors, etc., are standard types of injector mechanisms. A good separation also depends
on the choice of carrier gas. Due to compatibility with various detectors and non-flammable
characteristics, helium is a frequent choice for carrier gas. The separation column is the
most crucial component in the GC system. The separation of the analytes in the mixture
depends on the various properties of the separation column. Conventional GC systems use
capillary columns due to their higher separation efficiency. A typical capillary column is a
thin, fused silica glass tube coated with a film of polymer stationary phase on the inner wall
of the column. The injector injects the sample into the column, and the mobile phase carries
the sample across the separation column. The rate at which molecules progress through the
column depends on the type of molecule and stationary phase material. Since each type of
molecule interacts differently, their rate of progression varies, and the mixture gets separated
by the time it reaches the end of the column [6]. Detectors are connected at the end of the

line in a GC system. The analytes coming out of the separation column pass through the
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detector, generating an electric signal. Then, the electric signal as a function of time is used
for qualitative and quantitative analysis of different analytes in the mixture. Traditional GC
systems commonly use the Flame Ionization Detector (FID) and the Thermal Conductivity
Detector (TCD). TCDs can detect a wide range of compounds, but they have low sensitivity.
However, FIDs are usually two or three times more sensitive to the compounds but can
primarily detect hydrocarbons. Depending on the applications, there is a wide range of
detectors such as Flame Photometric Detectors (FPD), Electron Capture Detector (ECD),

Photo-lonization Detector (PID).

Waste
Sample
Injection Detector
Flow Controller /
CPU
Carrier Gas Column Oven

Figure 1.1: Typical GC System Schematic

Qualitative and/or quantitative analysis is performed on the output captured from the de-
tector. A chromatogram with various technical terms associated with each incident is shown

in Figure 1.2. The time of the peak, also called Retention Time, is used to identify the
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compound in the mixture. The total height and area of the peak indicate the concentration
of the compound in the mixture. An ideal chromatogram is one that has sharp peaks as
close as possible without any overlap. The overlapping peaks are called co-eluting peaks,

and it reduces the accuracy of qualitative as well as quantitative analysis.

A
g ] peak width
g _/ at half height Datapoints =
8 u peak height
ok spectrum
1 A peak area
. J k baseline I
peak width : -
' tIR Retention time

Figure 1.2: GC Detector Output

ool 00O 0ooood

As described in the previous section, long separation columns and accurate temperature
control through column oven improve analysis accuracy and repeatability of the conventional
GC system considerably. However, they are bulky in size, have very high power consumption,
have a slower response time, and are expensive. Thus, conventional GC analysis is inhibited
in the laboratory. With an increase in demand for rapid chemical analysis combined with
advances in microelectromechanical systems (MEMS), research in micro gas chromatography
has made considerable advancement. Recent research in MEMS has reduced the size of

separation injectors, columns, detectors while increasing the performance. The working
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principle of GC is similar to that of conventional GC, except that the different components
are miniaturized in GC to increase portability, decrease power consumption, and increase
the speed of analysis [23]. A typical GC system schematic is shown in the Figure 1.3 which
has three main micro-fabricated components: a) Pre-Concentrators ( PCs), b) Separation

Columns ( SCs) and c¢) Detectors. They are explained in the following section thoroughly.

Pump

Waste
Sample

Micro-
Preconcentrator

Valve Valve

He (Carrier Gas) Micro-Separation Micro-Detector
Column

Figure 1.3: Micro-GC Schematic

Uobiidbodiitooon 0 oood

The role of the PCs is to capture the vapors of low concentration (<1 ppb) from ambient
and thermally desorb them to a much smaller volume eluted in a separation column, thereby
increasing the effective concentration to facilitate detection as well as providing a sharp in-
jection plug to promote high-speed chromatographic separations. The compound mixture
is injected into the GC system using preconcentrators. Preconcentrators improve the de-
tection limit by enhancing the concentration of the selected analytes. In some cases, PCs
can purify a sample stream and reduce interference by selective preconcentration [27]. Pre-
concentrators are better suited for vapor phase analysis and both, conventional thermally
desorbed preconcentrators (TPCs) and pPCs, are used in the current generation of pGC

systems. The conventional PCs consist of short-length microbore tubing packed with an ab-
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sorbent heated through a wire wrapped around the tube for desorption. Innovative designs
such as packed compartments and coated planar surfaces are implemented to manufacture

PCs. Thus, they are smaller in size, consume lower power, improve detector efficiency.
The main disadvantage is that reduction in device size results in narrow surface sites for

adsorption and subsequently reduces the sample capacity.

0ooooooiod gomao

Separation columns are responsible for actually separating a sample into different analytes.
Thus, they are considered as the most critical component in a GC system. There are fabri-
cation techniques for separation columns, such as packed columns, capillary columns. The
packed columns are made of stainless steel, and the stationary phase is directly coated in
the column. Most GC applications use capillary columns. The capillary columns have their
inner wall of column coated with the stationary phase. Capillary columns provide high
efficiency due to the smooth, inert surface of fused silica. [5] presents a development of
high-performance, silicon glass GC columns equipped with integrated heaters and temper-
ature sensors for temperature programming and integrated pressure sensors for flow control.
The small size of microcolumns improves the response time while reducing the power con-
sumption for heating. As compared to conventional columns, they suffer from lower peak
capacity, which can be resolved to some extent with novel architectures like semi-packed and

multi-capillary columns [13].

L0o0boooo

The output from the separation column is passed through the detectors which generates an

electronic signal as a function of time. Depending on the application, different types of micro-
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detectors are available. TCDs are the most popular detector. There exist other detectors
such as Surface Acoustic Wave (SAW), Photoionization Detector (PID), Electron Capture
Detector (ECD), etc. Sensitivity, selectivity, and power consumption are the essential criteria

for selecting the detector for nGCs [13].

Qiod 4oooooo

Gas flow in pGCs is manipulated using conventional mini pumps and valves. The microfab-
ricated counterparts often suffer from lower performance, a complex control scheme, and low
reliability. Micro-fabricated pumps and valves are an active area of research as they have a

wide range of applications and will play a crucial role in the integration of nGC systems.

00 OO0ioobooiogo

The major contributions of this thesis are listed as follows:

o Developed a robust and scalable software and hardware architecture that can be used

to develop a portable GC system that is microfabricated device agnostic.

o Designed a methodology for automatic calibration and carried out extensive laboratory
experiments for characterization of the microfabricated devices such as preconcentra-

tors and separation columns.

o Implemented a novel algorithm that can identify analytes from a complex sample

mixture that is subjected to multidimensional chromatography separation.
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This chapter presented the motivation behind our work and also discussed the background

for the GC. The rest of this thesis is organized as follows:

Chapter 2 explains the hardware architecture of the proposed modular GC system. The

chapter describes the functionality of each PCB along with its fabrication process.

Chapter 3 discusses the back-end and front-end software design used to realize a portable
GC system. The details of embedded software, Real-Time Operating System (RTOS), and

Graphical User Interface (GUI) are provided in this chapter.

Chapter 4 presents the hardware and software integration of the GC setup followed by
different laboratory experiments to characterize the system. The chapter also discusses the

vacuum GC setup and separation results.

Chapter 5 focuses on implementing data analysis techniques such as baseline correction, peak
detection, and multidimensional analysis to detect and identify the compounds in a mixture

from a chromatogram.

Chapter 6 concludes the thesis work.

10
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This chapter discusses the electronic design of the proposed modular GC system. Figure 2.1
shows integration of different electronic modules. The electronic modules are categorized into
four parts based on their functionalities. Each module is explained in detail in the following
sections. The PCBs for each module is developed with a focus on a modular design, which

is explained at the end of this chapter.

Oi0  DOOboo obibbbioo »Uodba

The power management board is designed to take a higher voltage from a battery as input
and give appropriate power to a valve control board, sensor board, and microcontroller board.

Table 2.1 shows the voltage requirements for each component.

Component Voltage Rating (V)
Heaters 18
Proportional Valves 12
TCDs 7.5
On-Off Valves 5
Microcontroller 3.3

Table 2.1: Voltage Requirements

We are using an 18V battery for input voltage. Input voltage from the battery is connected

to multiple DC-DC buck converters, which step down the input voltage to the desired voltage

11
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Power Management
Board

Valves

Valve Control Board

Figure 2.1: GC Hardware Architecture

level. Based on the current and voltage requirements, Texas Instrument’s LMZM23601 IC
was selected. TTI's LMZM23601 is an efficient DC-DC buck converter, and its minimal
footprint makes it ideal for our power management board. It has an input voltage range of
4V to 36V. The adjustable output voltage range is from 1.2V to 15V and can deliver up to

1000 mA of output current.

Figure 2.2 shows the schematic of the stackable power management board. There are many
design considerations for a power management board as it has high and low power-consuming
components on the same board. It contains a microcontroller that consumes 200 mA, whereas
the valve control board can draw up to 1000 mA. Such fluctuations in power requirement

can cause interference in the circuit leading to unwanted behavior. Therefore, the low power

12
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Figure 2.2: Stackable Power Management Board Schematic
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circuit is kept at a distance from the high current drawing circuit in the PCB layout. Also,

to reduce the thermal noise, we have kept spaces between the ICs and proper traces and vias

dimension. The dimensions of the traces and vias can be calculated from the Ki-CAD.

Oi0  Ji00bobodooooibo »odoo

The Micro-controller board is the brain of the

GC systems. It takes commands from the

user through Graphical User Interface (GUI), controls valves, pumps and heaters, and com-

municates with the sensor board. Apart from controlling peripherals, it must perform other

tasks such as baseline correction and peak detection on the data from the sensor board.

13
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Thus, we need a micro-controller that has a sufficient number of GPIOs for controlling dif-
ferent components and, at the same time, must have a CPU capable of performing arduous
tasks of peak detection. We have used Texas Instruments’ Tiva C series TM4C1294NCPDT
microcontroller. The microcontroller has a high-performance ARM® Cortex™-M-based ar-
chitecture with a broad set of integration capabilities and a robust ecosystem of software
and development tools. This board has 128 pinouts with 256KB single-cycle SRAM and
1024KB flash memory along with 6KB of EEPROM.

Figure 2.3 shows the schematic for the stackable micro-controller board. The micro-controller
board receives commands on how to run an experiment from the GUI over UART. Then it
segregates the commands based on the components and stores them in the SRAM. For
example, the board will differentiate commands according to heaters, pumps, valves and
store them in that particular variable. Depending on the commands, the board will control
pumps and heater using Pulse Width Modulation (PWM), valves using GPIO ON-OFF, and

sensors using SPI. The software aspect of the board will be explained in Chapter 3.

Ol 000ooo oopod

In this project, we use two types of sensors: The Thermal Conductivity Detector (TCD) and
the Resistance Temperature Detector (RTD) for temperature control. RTDs and TCDs give
analog output. Thus, we need an Analog-to-Digital Converter (ADC) that converts analog
sensor values to digital data such that sensed data can be processed by the microcontroller.
For this purpose, AD7793 from Analog Devices was selected. AD7793 is a 24-bit ADC with
low noise programmable gain instrumentation amplifier. AD7793 also provides a digital
filter that removes noise from the analog input source. AD7793 communicates with the

microcontroller board using Serial Peripheral Interface (SPI). Figure 2.4a and Figure 2.4b

14
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Figure 2.3: Stackable Microcontroller Board Schematic
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shows schematic for TCD and RTD circuit respectively.

QoD OUiiddl Oooooboobiit Qboboood

The thermal conductivity detector (TCD), also known as a katharometer, is a bulk prop-
erty detector and a chemical-specific detector commonly used in gas chromatography. This
detector senses changes in the thermal conductivity of the flowing gas in the central column
and compares it to a reference flow of carrier gas. We use a Wheatstone bridge circuit for
sensing this resistance change which produces a measurable voltage change. The column
effluent flows over one of the resistors while the reference flow is over a second resistor (Fig-
ure 2.4a) in the four-resistor circuit. The reference flow across resistor four (Figure 2.4a) of
the TCD circuit compensates for drift due to flow or temperature fluctuations. Changes in
the thermal conductivity of the column effluent flow across resistor three (Figure 2.4a) will
result in a temperature change of the resistor and, therefore, a resistance change that can

be measured as a signal.

000D OoCooobdod oQbUibbdot obooodo

The resistance temperature detector (RTD) is a sensor used to measure temperature. Many
RTD elements consist of fine wire wrapped around a ceramic or glass core, but other con-
structions are also used. The RTD wire is a pure material, typically platinum, nickel, or
copper. The material has an accurate resistance/temperature relationship which is used to
provide an indication of temperature. As RTD elements are fragile, they are often housed
in protective probes. Resistance temperature detectors are constructed in several forms and
offer more stability, accuracy, and repeatability in some cases than thermocouples. They

use electrical resistance to generate a voltage and require a power source to operate. The

16
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Figure 2.4: Sensor Board Schematic

resistance ideally varies nearly linearly with temperature. Lead-wire resistance can be a
factor in contaminating results; hence, adopting three- and four-wire, instead of two-wire,
connections can eliminate connection-lead resistance effects from measurements. A three-
wire connection is sufficient for most purposes and is an almost universal industrial practice.

We use a three-wire RTD connection in our application as well.

Ooi0  Ooiod gdodog

Solenoid valves are used for controlling the flow of gas at different stages for the gas chro-
matography experiment. The flow is controlled by switching the flow between the ports
of the solenoid valve. There exist different configurations of solenoid valves, but the type
of valve used in our application is a three-port, three-way, two-position Latching Solenoid
Valve. The reason for using these valves is that latching solenoid valves only need a pulse of
the peak voltage of a specific polarity to move the plunger in a particular direction. When
a pulse of different polarity is applied to the valve, the plunger moves in the other direction.
The moving of the plunger in a particular direction indicates the flow from the port, which
is not blocked by the plunger. Conventional solenoid valves need a continuous supply of
voltage to maintain the plunger in a particular direction. Thus, they consume more more

power than a latching solenoid valve.

17
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Figure 2.5: Stackable Valve Control Board Schematic

We are using LHLA0521111H valve model for this purpose. This valve has three ports named
A. B and C. The C port is the common port through which gas or liquid is supplied. This
port is situated in the middle. Ports A and B are situated on the lower and upper sides
of port C. The state of the valve (meaning the port through which either the gas or liquid
flows) is controlled by the polarity applied to the terminals of the valve. The schematic for

valve board is shown in Figure 2.5.
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Each modular board described in the previous sections is designed separately in such a way
that they all can be stacked on top of each other to form a complete GC system. Each
board is designed with all its input/output pins arranged in two arrays of stackable header
pins on the sides of the board. One of these arrays of stackable header pins is used only
to supply power from the power board to the microcontroller, sensor, and valve boards.
The other array of stackable header pins is used for communication between all the boards.
The reason behind this separation of the stackable pins for power and communication is to
provide better isolation of the power lines from the communication buses. If the header pins
designated for the power supply are too close to the communication pins, noise might be
introduced in the communication channels resulting in malfunctioning/crashing of the GC

setup. The stackable header pins used for communication consist of

1. GPIO and SPI pins for the chip selection and communication with the ADCs on the

sensor board,

2. GPIO and PWM pins for controlling the motor ICs and pumps on the valve board,

and

3. GPIO pins on the power management board for controlling the heaters.

Figure 2.6a and 2.6b show the complete stacked GC system setup from different angles.

This stackable arrangement of header pins provides a lot of advantages for the general

functionality of the GC system. Some of them are as follows:

o The modular design helps in the debugging process of each board and in replacing

any faulty electronic module. For example, if a power management board being used

19
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000 oo

Figure 2.6: Stackable GC Hardware Design a) Isometric view, b) Side view

by a user starts malfunctioning, the user can simply replace the faulty board with a
different functional power management board without modifying the microcontroller,

valve and pump, and sensor board circuitry.

e The GC system also becomes very scalable with this design methodology. If additional
module boards have to be added to the system in the future, the board designer needs
only to include the two stackable arrays of header pins in their new circuitry without

having to tinker with the other circuit boards.

o The need for electrical connections amongst the boards using jumper wires or any such
similar connection methods is completely eliminated, thus ensuring that the system
will not face functionality issues resulting from physical causes like loose connections,
damaged wires, etc. The stacked GC system thus becomes more organized as well as

easier to manage and debug.

o The important objective of making a GC system that is mobile is also accomplished.

20
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The system can be physically handled and carried with ease by users without worry of

components being detached or general structural weaknesses.

21
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The chapter focuses on different software technologies used to realize a portable GC system.
The software is designed so that a user without any background knowledge of programming
can implement different GC configurations with ease as long as the GC hardware supports
it. Figure 3.1 shows an overview of the software architecture. The software architecture is
divided into two major parts. Part one discusses firmware on the microcontroller board, real-
time operating system (RTOS), scheduling algorithm. The graphical user interface (GUI)

and its features are explained in the second part of this chapter.

[ Micro — Separation Column ]

Graphical User
Interface

Microcontroller Board

induj Jasn

Real Time Plot

Detector

Front End |, Back End

Figure 3.1: Software Architecture for GC System
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This section describes in detail the different aspects of the implementation of the embedded
software on the microcontroller board. The embedded software runs a Real-Time Operating
System (RTOS) written in C and compiled and flashed on the microcontroller board using
Code Composer Studio (CCS) provided by Texas Instrument (TT). The embedded application
is built using Applications Programming Interfaces (APIs) that simplify the programming
by abstracting the underlying implementation and only exposing actions the developer needs
[3]. For example, a user can use 000000000000000 API to read data from detectors in an
application, but the API in the background establishes an SPI connection with the sensors,
sends appropriate commands, receives data bytes, formats data, and presents it to the user.
This allows rapid software development, and the user can focus more on the implementation
of the algorithm. In the remaining part of this section, we discuss the comparison between
the RTOS and bare-metal implementation, RTOS which runs as the backend of the GC

system and its features.

Qoo 0Ub0 0o »Joiiooooo

In a typical embedded environment, when a program starts running a code on a microcon-
troller, it executes some setup functions. It then performs tasks in a round-robin fashion in
an infinite 00000 O00O. This type of program architecture is known as a Super-Loop. A

bare-metal application with a super-loop can be broken down into three crucial fragments

o Initialization: In this step, the application initializes all the required peripherals and

software components in U00O00O.

o Continuously Running Super-Loop: The super-loop executes the functions of the ap-

23
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plication based on different hardware and software interrupts.

o Interrupt Service Routines (ISRs): Different interrupts caused by hardware peripherals

such as SPI, 12C, and timers invoke the ISRs.

For simple applications, bare-metal codes are efficient, require less memory footprint, and
are easy to understand. However, when implementation is complex which has multiple
functionalities, an RTOS excels. Figure 3.2 shows a comparison of a bare-metal application
to a minimal RTOS application and then to a more traditional RTOS application. As you
can see, the three crucial parts explained previously (init, super-loop, and ISRs) are the
same between a bare-metal application and a minimal RTOS application. If an application
includes only a couple of tasks with an ISR, super loop implementation will be the best
choice. However, more complicated applications with various functionalities can be built very
quickly from the minimal RTOS application. This is because a single, centralized super loop
can be broken down into multiple individual tasks. Then, these tasks can be implemented
and tested individually. RTOS also provides different mechanisms for synchronization and
communication between the tasks. This is very helpful when the application involves multiple
tasks which should follow deadlines. The following section elaborates on RTOS, its features,

and implementation to realize a GC system.

Qoo Opofiidodo oboooibg bocoog

A real-time operating system (RTOS) is an operating system (OS) intended to serve real-time

application process data as it comes in, typically without buffering delays [4].

Generally, an RTOS is used when the application on the embedded devices needs to perform
more than a few simple tasks in a given period of time. An RTOS facilitates an application

to be broken down into a fundamental structure that can scale as more features are added.
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bFb ++Q'/BM; iQ i?2B  T'BQ BiB2XX 21 D2QH\WF BM2GIB:@M2 M/ T BQ
bB:MK2Mi 2 /QM2 /vM KB+ HHvX h?mb BM i?2 7mim 2- MQi QMH v

Q7i?2i bFb/m BM; i?2 mMiBK2Q7i?2 TTHB+ iBQM-#mir2+ M [/

h?2b2i bFi? 2 /b "2 bvM+?bQKMBRY abBM?Q 2 Bb K2+? MBbK mb

+QQ /BM i2 ++2bbiQ +QKKQM 2bQm +2 #v KmHIiBTH2 T ' Q+2bb2b

/B

iBOQMbX h bFb mb2 b2K T?Q'2b iQ #HQ+F iBHH M 2p2Mi Q++m'b G

hA _hPa T QPBKEF?2Q 2nTBW/UN#HQ+Fh2KWARQ 2nTGHRIBW mb2/

iQ
S

MQIiB7v i? i i?2 "2bQm +2 BHiXp BOIr#H2XBB:mb2 + b2 Q7 i?2 b2K
Ab X

h?mb- MQr +QK#BMBM: i?2 +QM+2Tib Q7 i? 2jXb M rth2iR 2TPIQ2 Ak @B

+Q/2 7Q :i?Bvbi2KX
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a+?2/mHBM; H;Q Bi?K

b+?2/mH2 Bb ii?2 +Q 2 Q7 Mv _hPaX h?2 2t2+miBQM Q7 p BQn
i?72 b+?2/mMH2 X hA® 2BRAIBPp2 S#BQR/Biv?2/mH2 X AM T BQ Biv b+
H;Q Bi?K-2 +?i? 2 /Bb bbB;M2/ T BQ Bivr?B+?Bb MBMi2;2 p F
H “:2°BMi2:2° p Hm2 +Q "2bTQM/b iQ 2?B;?2  T'BQ 'BivX h?2 T B
i?7°2 /b # b2/ QM i?2 ivT2 Q7 rQ F- i?2 BKTQ'i M+2 Q7 i?2 rQ F- 2i+
:* bvbi2K-i?2 1 _hi bF ? b ?B;?2 T BQ Bivi? Mi?2 p Hp2- TmKT-
bBM+2 i?2 +QKKmMB+ iBQM rBi? i?2 S* ?2Qbi Bb + "~ "B2/ Qmi #v i?2
BKT2 iBp2i? iB7 HQr2 T BQ Bivi bFBb mMMBM; QM *SI M/ B7
7Q *Sl-i?2 HQr2"  T'BQ Bivi bF b?QmH/ T 22KTiX 6Q" 2t KTH2- 27
+QHH2+iBM; /i -i?2 p Hp2 i bF Kmbi #2 #H2 iQ T '22KTi i?2 b2MbQ
T'BQ ' BivX|&B;7Q2b i?2 2t2+miBQM Q7 /B772hP\i iTEFABFQABQMX AM
T 22KTiBp2 b+?2/mH2 - i?° 2/ +QMiBMmM2biQ mM mMH2bb

CAi +QKTH2i2b Bib 2t2+miBQM

C ?B;?2 T BQ 'Bivi?' 2 /#2+QK2b 2 /v7Q 2t2+miBQM- BX2X- ?
T 22KTii?2 "mMMBM: i? 2 / rBi? HQr T'BQ BivX

Ch?2i? 2 /vB2H/bi?2 T Q+2bbQ -bBIR2¥XUM2 i bF + HHD

h?Bb +Qp2 bi?2BKTH2K2Mi iBQM Q7 /B772 2Mii bFbmbBM; b2K T?
BMi?2 hA@_hPai? i7Q Kb b # +F2MYIQQVDi2KX¥AM #22M2ti b2+iBQM
/IBb+mbb i?2 BKTH2K2Mi iBQM Q7 SA. +QMi QHH2 i bF b Bi Bb i?2
K BMi BMb i?2 i2KT2 im 2 Q7 i?:Z2 bA)B2RK BM i?2

iR
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6B;m 2 jXe, hPah bF 1t2+miBQM

iXRXj SA.*QMi"QHH2"

6B:m@d?Qrb ;2M2  H +QMi ' QH bvbi2KX S'QTQ iBQM H- AMi2;  iQ
+QMi'QHH2 b +QMi'QH mMM+2"i BM bvbi2Kb mbBM; 722/# +F HQQT
Q 272 2M+2 #v H2iiBM; i?2 +QMi ' QHH2  /Dmbii?2 bB;M H ;QBM; E
mb2b i?2 b2iTQBMi M/ 722/# +F 7°QK i?2 b2MbQ" iQ ;2M2  i2 M/ +
+ b2-272i2°b "2 mbS4) MLTb 7 QK "QQKi2KT2  im 2iQ bT2+B7B+
_2bBbi M+2 h2KT2" im 2 .2i2+iQ b U_h.bV "2i?2b2MbQ i? i T°'QpB
i?72 +m " 2Mi i2KT2  im 2X h?2 b2iTQBMi Bb T QpB/2/ #v i?2 mb2 - r?
im 2 KQMBiQ BM; Bb /QM2 i?°Qm;? i?2 _h. b2MbQ X h?2 +QMi QHF
M/ T Q/m+2b +QMi"QH bB;M HX A7 i?2 K2 bm 2/ i2KT2  im 2 Bb K
22 i2° Bb im M2/ Q77X >Qr2p2 - B7 i?2 K2 bm 2/ i2KT2" im 2 Bb Hz
22 i2° Bb im M2/ QMX avbi2Kb r2 2M+QmMi2  BM / v@iQ@/ v HB72
iBK2X L2p2'i?2H2bb- r2 "2 BKTH2K2MiBM; i?2 SA. +QMi"QHH2" /B
/B;Bi Hbvbi2K 27 "KQ 2 Q#mbi-+?22 T- M/ 2 bviQ 2T Q; KX

jK
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6B;m 2 jXd, hvTB+ H*QMi QH avbi2K

6B;:m 2 jX3, SA. *QMi'QHH2"

*QMiBMmMQmb iBK2 /QK BM “2T 2b2Mi iBQM Q7 i?2 SA. R®Mi QHH2
h?2 SA. +QMi"QHH2  +QMiBMmQmb H vei) ¥¥ bk #Db+ PRV QT TIQ BMi
7°QKi?2 K2 bm @f)p HOPQrM BM i X R[M X

et)=r(t) y() UjXRV

h?2 2°°Q  bB;M H Bb i?2M 72/ iQ i?2 +QMi"QHH2 - r@BX?h2™M2" i2b
2°°Q bB;M Hb T bbi?"Qm;?2 T'QTQ iBQM H- BMi2;" H- M/ /2 Bp iBp
bB;M HX h?2 +QMi"QHH2 6b Q#D2+iBp2 BbiQ '2/m+2i?222 °Q" #2ir2
Qp2 iBK2 #v /DmbiBM; i?2 +QMi QH QmMiTmi-bm+? bi?2TQr2 iQi

j]
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T'QTQ ' iBQM H-BMi2;" H- M/ /2'Bp iBp2; BMb BKT +ii?2 +QMi QH

CS QTQ iBQM, Bh BMTQ iBQM HiQ etpX2 "Q p Hm2
C AMi2;" Hk; BMmMKmH i2bi?2 T bi2 "Q p Hm2b M/ BMi2; i2bi?2

C .2 Bp iBpXyBOM T 2/B+iBQM Q7 i?22 "Q i2 K-# b2/ QM i?2 +m™"
Q7i?22 QX

h?2°27Q°2- #v +QK#BMBM: i?2b2 i2 Kb-i?2 Qp2"> HH 2[m iBQM 7Q" i

Z

W) = Koo+ Ki e(t)d( )+ Ko
0

Td(t)

UjXkV

LQr- /2T2M/BM; QM i?2 bvbiRKK;iR2V; Bl B2 imM2/ BM Q /2" iQ ;2i
QTiBK H +QMi"QH QmiTmiX .2T2M/BM; QM i?2 TTHB+ iBQM- QM2
+QMi'QH i2 Kb- bm+? b S- SA-S.-iQ :2ii?2 TT'QT'B i2 +QMi QH ¢
Ip Mi ;2b Q7 mbBM; i?2 SA. +QMi QHH2 Bbi? iBi+ M#2 imM2/ mb
K2 bm 2/ T°Q+2bbp "B #H2- M/ i?mb-i?2 TH Mi KQ/2H Bb MQi “2[m

AM Q /2" iQ BKTH2K2Mi i?2 SA. +QMi'QHH2 QM KB+ Q+QMi QH

+QMiBMMQmMb@iBK2 SA. BMiQ i?2 /Bb+ 2i2@iBK2tSA. b XNHBMH2 X
iBK2-i?2 T'QTQ iBQM Hi2 K+ M#2 + H+mH i2/ b

plt] = efty] UjXjV

h?2 BMi2;" Hi2 K+ M #2 /Bb+"2iBx2/ pB i° T2xQB/ H TT QtBK iBQ

Z, Xt
et)yd( )= e(t) t=i[t] UjXx9V
0

i=1
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aBKBH "Hv-i?2 /2" Bp iBp2i2 K+ M#2 TT QtBK i2/ b

de(ty) _ e(ty) etk 1) _ .
) - e < g UjX8V

"v +QK#BMBMX{LMOKXI /[ X8i?2 /IBb+"2i2 +QMi"QHH2 QmiTmi + M #2 + |

ufte] = plt] + ite] + dltk] UjXeV

1[M}¥Ke M #2 BKTH2K2Mi2/ BMi?2bQ7ir "22 bBHv M/ Th2m/Q+Q/2 B
i XR

GBbiBM; jXR, .Bb+ 2i2 SA. *QMi QHH2"

T'2pBQmbn2""Q " 4y
BMi2; H 4y
/27SA.*QMi " QHH2 nIT/ i2Ub2iTQBMi - K2 bm '2K2MiV,
2°"Q 4 b2iTQBMi » K2 bm 2K2Mi
T QTQ iBQM H 4 2°"Q°
BMi2;" H4 BMi2;> HY 2°"Q" » [i
/2 °Bp iBp2 4 U2 "Q  « T'2pBQmbn2'"Q 'V f /i
+QMi'QHNbB;M H4ET » T'QTQ'iBQM H Y EB » BMi2;  HI|Y E/ » /2
T'2pBQmbn2'"Q 4 2°°Q"
y "2imMMQMi'QHNbB; M H

AMBiB Hp Hm2b 7Q" 2°°Q" M/ BMi2;" H "2 F2Ti b x2K@>X;h?2 p Hm
MKg 2+ H+mH i2/ 2KTB B+ HHvX h?Bb +QM+HmM/2b i?2 BKTH2K2N
QM i?2 KB+ Q+QMi"QHH2  #Q */ M/i?2 TTHB+ iBQMb Q7 i?2 SA. +C
*2 Ti20X

i8
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j Xk 7 T?B+ HIb2 AMi2 7 +2

AM Q' /2  iQ bBKTHB7v i?2 mb2 Q7 :* ? IrT2B#QH IK2 mA\2i2 7 +2 U:|A
rb/2p2HQT2/ BM SvBMZM BvbBMB;2b b b?Qr MXBIMMBB ;iMA Bb /BpB/2/
BMiQ irQ T 'ib ++Q /BM; iQ Bib 7mMNbRPQ@VbHBRWKi "B, i M2H i #
reB+? HHQrb mb2 iQ

C a2H2+ii?2 MmK#2 Q7 p Hp2b- TmKTb M/ ?2 i2 bX

CS'Q;" Ki?2p Hp2b M/ TmKTb rBi? iBK2  /2H vbX

C* 2 ih2KT2 im 2 S Q; TKREBBRHKH2 7Q 1?72 ?2 i2 bX
gBi? i?72 ?2HRAQ7 pBbm HBx iBOMQrM BM 6BNvMD2" + M

CoBbm HBx2 /i 7 QK _h.bU7Q ?2 i2 bV M/ /2i2+iQ bBM _2 H@

CaiQ 2 _h. M/ /2i2+iQ /i1 7Q  7Tm i?2° M HvbBbX

h?2 ;1A HHQrb mb2'b 7°QK MQM@T Q;  KKBM; # +F:"QmM/b iQ 7Q+
2tT2 BK2Mib M/ pBbm HBXBM; 2tT2 ' BK2Mi / i rBi?Qmi "2[mB BM; i
#Q /X

b K2MiBQM2/ #Qp2-:IAr b /2DBZMB#MbBM; BM Svi?QMX Svi?QM Bl
v2i TQr2 7mH Q#D2+i@Q B2Mi i2/ H M;m ;2X Aib bBKTHB+Biv K F2I
K2 Mb i? iH ;2 M/ +QKTH2t TTHB+ iBQMb + M #2 + 2 i2/X Aib B}
i? i SVi?QM T°Q;" KK2'b "2 p2'v T'Q/m+iBp2 #2+ mb2 i?2°2 Bb MQ
[2p2HQTK2Mi +v+H2X SvZi Bb b2i Q7 Svi?QM #BM/BM;b 7Q° +°Q
7° K2rQRX(h?mb- SvZi Bb MQi T Q;  KKBM:H M;m ;2 Q7 Bib QrM- #
r'Bii2M BM Svi?QM r?B+? T'QpB/2b TTHB+ iBQM S Q;:  KKBM; AMi2

je
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7Q° HHIi?2TH i7Q Kb bm+? b /2bFiQTb- KQ#BH2b- M/ 2K#2//2/X A
b KmHIiB@i? 2 /BM:- bB:M Hb- M/ bHIXb 7Q° +QKKmMB+ iBQM (

h?2 7HQr Q7 2t2+miBQM 7Q " i?2 : 1A BRym?2QM BN BBhin b i?2 :1A- i?2
7QHHQIrBM; i?2°22i? 2 /b "2bT rM2/ BM i?2 # +F;"QmM/X

Cl _hh MbKBbbBQMh? 2 /, h F2b 2tT2 " BK2Mi/ i 7 QK i?2mb2 r
[M2m2 K2+? MBbK M/ i° MbKBibBiQp2 | _hiQi?2 :*bvbi2zKX

Cl _h _2+2Bp2h?'2/, 2+2Bp2b/ i 7" QK :*bvbi2K-+ i2;Q Bx2b i~
iQT +F2ibX A7 Bi Bb b2MbQ /i T +F2i-i?2M Bi biQ ' 2b i?2 /i
MBM7Q K iBQM T +F2i-i?2M Bi /BbTH vb QM i?2 :1AX

CIT/i2:" T?2,I1T/ i2bi?2 ;" T? 7i2 2p2'vQM2b2+QM/ 7i2 | _h bi
i?72 /i X

h?2b2i?°2 /b 7Q K i?2 # +F@2M/ Q7 i?2 :IA M/ bBM+2i?2b2i? 2 /b
i72 7°QMi@2M/-i?2 ;1A /Q2b MQi 7°22x2 2p2M B7 1 _h +QKKmMB+ iB

7i2° BMBiB HBXxBM; i?2 i? 2 /b- i?2 mb2  + M BMTmi /B772 2Mi T °
Q7 p Hp2b- TmMKTb- M/ ?2 i2°bX Ib2b+ MT Q;  Kp Hp2b M/ TmKTE
iBKBM;bX >2 i2'b+ M#2 T Q;  KK2/iQ T2 7Q K MBbQi?2 K H 2tT2
T'Q;" KKBM; 2tT2 BK2MbR®PbTiPZ H #Q  iQ v +? * +i2 'Bx iBQM M/ 2
rBi? i?2* bvbi2K 7Q° /B772 2Mi b KTH2bX

jd
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UV:IA*QMi'QH S M2H

U#VvV 1A . i oBbm HBx iBQM S M2H

6B;m 2 jXN, Svi?QM # b2/ :IA TTHB+ iBQM
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6B;m 2 jXRy, :" T?B+ HIb2 AMi27 +2 6HQr+? i
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*?2 Ti2 9

avbi2zK AMi2; iIBQM M/ 2bmHik

7B2H/@ 2 /v T QiQivVTRQ2ZH?Rb bb2K#H2/ #v BMi2;  iBM; bi + F#
HQM: rBi? i?2 KB+ Q7 # B+ i2/ +QKTQM2MibX h?Bb +? Ti2 bi “ib r
i?72:* bvbi2KX g2 /2b+ B#2 /B772 2Mi 2tT2 ' BK2Mib bm+? b ?2 i2" +
T°Q;" KKBM;-p #MAK Q K2/ rBi?*iB2imTX h?2 2bmHib Q7 i?2b2 2tT2
“2 /Bb+mbb2/ ii?22M/ Q7 i?2 +? Ti2 " BM /2i BHX

OXR :*a2imT

h?2 :* b2imT +QMbBbib Q7 bBt@TQ'i p Hp2 iQ BMD2+i i?2 b KTH2
22 i2°iQ 22 ii?2b KTH2- j@TQ iH i+?BM; p Hp2- +QKK2 +B H S*
USA.V- M/ 7mb2/@bBHB+ + TBHH "B2b 7Q  7HQr +QMi"QHX HH i?
i?72 2H2+i'QMB+b b b?@XR BIWK 6BBHNP2HBmMK +vHBM/2  Bb mb2/ 7Q"
K F2Bi TQ i #H2%XbWP22K Bb +QMM2+i2/iQ i?2 ?Qbi H TiQT mbBM; |
2Qbi bvbi2K "mMb i?2 ;1A iQ +QMi'QH i?2 T2 'BT?2  H +QKTQM2Mib
iQ THQi "2 H@iBK2 ;" T?X h?2 7QHHQrBM; b2+iBQMb BM i?Bb +?
/B772 2Mi 2tT2 BK2Mib r2 + " B2b b2 KKi? i?2

9y
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6B;m 2 9XR5, QiQivT2 US?QiQ #va? mM FJ Mm ' F - kykRV

OXk >2 12 * HB# IiBQM

g?BH2 TmiiBM% b22mT iQ;2i?2 -r2 "2 HBx2/i? i _h. M/ ?2 i2" "2bBb
+QMbB/2" #Hv #2ir22M /B772 2Mi /2pB+2b- K BMHvV /m2 iQ /B772 2

M/ +?BT@iQ@+?BT p 'B iBQM /m BM; 7 # B+ iBQMX 6Q 2t KTH2-
M/ _h. 2bBbi M+2 ®7 B8yy2bT2+iBp2Hv-r?2°2 b i?2 "2bBbi M+2 Q
h.7Q b2T iBQM +QHMKMyBb2WjT2+iBp2HvX h?2°27Q°2- B7 i?22 i:
+QMiQH Bb "2[mB 2/- 2 +? _h. Kmbi #2 + HB# i2b#B7ZXRN(//BM: B
bm;;2bib K Mm H _h. + HB# iBQMK2i?Q/BM r?B+?i?2 mi?Q b +Ql

9R
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i72 QmibB/2 Q7 i?2bQ #2Mi + pBivU# +FbB/2 Q7 i?2 h.f?2 i2 V- 2?2
T bi2- M/ 2+Q /i?2i2KT2 im 22p2 vR b2+QM/ mbBM; KmHiBK2i:
M/ ++m" i2 K2i?Q/- Bi Bb MQi b+ H #H2 M/ 2[mB 2b +QMbi Mi K M

h?mb-r2 /2bB;M2/ M2r b2imT 7Q° miQK i2/ + HB# iBQM Q7 Mv /2
_h.X AM i?Bb /2bB;M- + HB# i2/°272°2M+2 _h.Bb +QMM2+i2/iQ i’
'Hm2/ BM TH +2 #v i?2 K HT bi2 Q i T2X h?2 +? ° +i2 ' BbiB+b bm+?
Q7 "2bBbiWKILUB H "2 FMQrM 7Q" i?2 272 2M+2 _h.X h?2 B/2 Bb
/2pB+2 2?2 i2° Bb 22 i2/iQ b2iTQBMi- i?2 "2bBbi M+2 Q7 i?2 "272":
++Q /BM;iQi?2/2pB+2b _h. bBiBb/B 2+iHVT QTQ iBQM HiQi?2
+ M #2 b22M 7  QKOKEBEIK D2 im 2 + M #2 i?2M + H+mH i2/ 7°QK i?2 °
7°QK i?2 2[m iBQM
R=Ry(1+ (T To) U9XRV

U#V _272°2M+2 * HB# i2/ _h. h2KT2 i
UV .2pB+26b _h. 2bBbi M+2SSHX |

6B;m 2 9Xk, .2pB+2 >2 i2°f_h.* HB# iBQM rBi? * HB# i2/ _27

GBbiBMR?Qrb i?2 H;Q 'Bi?K 7Q" i?2 miQ@+ HB# iBQM i?2 KB+ Q"
Ryyy hky Bb mb2/BM Qm  + HB#  iBQM 2tT2 BK2Mib r?i®+? ? b "2bE

9k
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M/ Q7 yXyyf38CX "v bm#biBimiBM: i?2b2 po MR Mb#2?7 22 [BIKM b

R =1000(1 0:00389) U9XKV

GBbhiBM:; 9XR, miQK iB+ .2pB+2 * HB# iBQM

b2iTQBMib 4 (8y- dy- Ny- RRYy)
i2KTn 2b 4@'.B+iBQM v

7QbTBMb2iTQBMib,
>2 i /2pB+2 2?22 i2° iQ i?2 aS
J2 bm 2 /2pB+2 "2bBbi M+2 i?2°"Qm;? _h.
J2 bm 2 i2KT2" im 2 i?°"Qm;? + HB#  i2/ _h.
g Bi7Q+ HB#  i2/ _h. iQ "2 +7? bi2 /v bi i2
*H+mH i2 i?2 p2° ;2 p Hm2 Q7 i2KT2® im 2 i bi2 /v bi|i2
IT/ i2 i2KTn 2b /B+iBQM v rBi? F2v b M/IKTREmMPEm' B "2bBpi M+2
y
R* H+rmH i2 "2H iBQMb?BT #2ir22NM/i2XORbiintMR2 i?°"Qm;? +nT‘p2 7B

h?Bb 2tT2 'BK2Mi Bb i?2M "2T2 i2/ 7Q  /B772 2Mi b2iTQBMib iQ +QI
i M+2/ i M/ +Q "2bTQM/BM;i2KT2 im 2/ i 7°QKi?2 272 2M+2 _h
QTiBKBX iBQM Bb mb2/iQ 7BM/ K i?2K iB+ H7mM+iBQM i? i #2bi 1
"2H iBQMDb?BT #2ir22M i2KT2  im 2 M/ 2bBbik)X%2a0Q KITHBBb H
7mMM+iBQM + M #2 /27BM2/ b,

Resistance= a Temperature+ b Uaxjv

IbBM; +m p2 7BiiBM; QTiBKBx iBQM HB# aBHlibBM $VHAQM-iR/ K2i.
0:32 MR0Q21- 2bT2+iBp2HVEXH2?DTIH P2 HBM2 = "2H iBQMb?BT #2ir22
M/ i2KT2 im 2X

9j
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