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ABSTRACT: In a chemical instrumentation course, usually
analog signal conditioning, data acquisition, and digital signal
processing are taught. Analog boards for easy interconnection
of operational amplifiers are now available that make an
introduction to analog signal processing easier. The digitization
process can be demonstrated with microcontrollers. The cost
of microcontroller development boards has decreased, and now
they represent a cost-efficient platform to clarify the process of
data acquisition. In this paper, we show the construction of a
pH meter, and, as the development progresses, the character-
istics of operational amplifiers and microcontrollers are
exposed in the hope of making the internal operation of
modern instrumentation more transparent.
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B INTRODUCTION

Modern instruments equipped with microcontrollers are
effective in making measurements and collecting data. This
type of instrumentation gives students the belief that the only
thing they have to learn in science is to press the correct
button; the instrument will do the work, and when another
button is pressed, the instrument will print the results." It is
obvious that modern technology has made the internal
structure of the world obscure. One way to make the internal
operation of instruments more transparent is to explain details
of the functions of a microcontroller in an instrumentation
course. During the past few years very powerful low-cost digital
microcontrollers have appeared that can be used to upgrade lab
instruments or construct homemade instruments with good
educational characteristics.”™°

A microcontroller can be used for data acquisition from
various sensors, or any other analog source, after the necessary
analog signal conditioning.” Operational amplifier circuits can
easily offer buffering, amplification, filtering, and range
matching to make a sensor output suitable for digitization.”
The analog boards with easy interconnection of operational
amplifiers now available make an introduction to analog signal
processing easier. The data acquired by a microcontroller can
be preprocessed locally and then transferred to a personal
computer with a serial protocol. The low price of development
boards makes them attractive for use in an instrumentation
course to teach the various capabilities offered by peripherals of
a microcontroller and thus make the internal operation of
modern instrumentation more transparent. The development
boards equipped with a microcontroller utilizing an operating
system are easier to program;’ ' however, development
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boards lacking an operating system allow one to program the
functions of the peripherals directly and consequently give
better control and regulation of their operation. In this paper,
we demonstrate how to develop a pH meter and during this
process clarify the operations in the CPU, the GPIO, ADC, and
UART peripherals.

B DEVELOPMENT OF THE APPLICATION

Software Development

To start working with a microcontroller, one needs a
development board, a debug adapter, and software tools to
program the device, which, until recently, were all expensive.
Now many microcontroller manufacturers offer universities all
the necessary materials (as a donation) for the opportunity to
introduce students to the world of microcontrollers."> These
simple, low-cost development boards are suitable for projects
on a tight budget. These boards have a built-in debug adapter,
and they can be connected directly to a host computer via a
USB port. The microprocessor can be programmed in an
integrated development environment (IDE) that is provided by
the manufacturer of the microcontroller at no cost. The IDE
collects all the software tools in one environment that permits
one to develop, debug, and generate code that is suitable for
execution on the microcontroller. In this work we have
examined the capabilities offered by development boards with
the Tiva microcontrollers from Texas instruments.'”'* The
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Figure 1. Experimental setup, showing a pH probe, a power supply, the MX analog pro board, and the two development boards equipped with Tiva

microcontrollers.

boards have been programmed with Code Composer Studio."”
More details about these boards are given in the Supporting
Information. The pH meter application is developed gradually
step by step. The aim of this approach is to progressively
familiarize the students with the IDE, the embedded C
constructs, and how to use basic peripherals. The goal is, in
the limited time that is available, to learn how to use the
microcontroller as a tool and not to learn every detail about the
microcontroller, or how to program it efficiently. Instead of
writing code from scratch we encourage our students to modify
existing code. In the Supporting Information we give detailed
information about the software that we have developed.

The peripherals are controlled by reading and writing to
specific memory locations, with the same instructions that the
microprocessor would normally use to access memory. Each
peripheral possesses a plethora of registers that first need tuning
and coordination for the peripheral to function properly. A
number of example programs and drivers from the micro-
controller development board manufacturer are available and
can serve as a reference for the use and control of the
peripherals.'® A peripheral driver allows one to write software
for the control of the peripheral without the need to know the
function of each register and its bit fields, as well as the
regulation, coordination, and sequence of activation. The
drivers perform low-level register writing and reading on the
hardware and offer an application program interface (API)
enabling access to the functions of the peripherals. Thus, an in-
depth understanding of the operation and knowledge of the
precise details of the peripherals is not required. It is possible to
write an entire application rapidly without direct access to the
hardware registers.

A microcontroller can read the signal from a sensor with the
analog to digital converter (ADC) peripheral which connects
the analog world to the digital environment of the micro-
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controller. The pH electrode is an extremely high impedance
sensor, and the signal coming from a pH sensor needs
amplification, filtering, and range matching to meet the range of
the ADC."” In addition, the signal should be manipulated to
compensate for the slope and the rest potential of the electrode.

The Analog Part

The analog signal processing can be easily realized with the
Analog System Lab Kit PRO.'® The calibration steps are
accomplished digitally by the microcontroller. The analog
circuit has been designed with Tina from DesignSoft. Tina is a
simulation environment for circuit design with a simple and
intuitive graphics-based interface that can be used to observe
the behavior of electronic components used in chemical
instrumentation.'”*° Simulation environments can familiarize
students with the behavior of electrical and electronic circuits.”'
A version of this program can be downloaded without cost and
can be used to design a circuit, see the dc voltage and noise at
various points of the circuit, and see the settling time and
stability of the circuit from Bode plots. The circuit we used is
detailed in the Supporting Information. Figure 1 depicts the
experimental setup.

Communication and Control of the Microcontroller

The data acquired by the ADC are initially stored in memory
and can be either displayed on a screen, if it is available, or
transferred to a PC for further data manipulation. For a
Windows PC many free RS-232 terminal programs can be
downloaded and used to set up the communication between
the PC and the microcontroller. We have chosen a terminal
program written in C#, which can be modified and extended
according to the users’ needs.”” The calibration parameters can
be stored in the FLASH memory of the microcontroller and
recalled every time the microcontroller is switched on. Code
Composer Studio provides a software tool (GUI Composer)
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that can create a graphical user interface on the computer
screen. This software provides a toolbox with prebuilt objects,
knobs, buttons, graphs, and displays that can be placed on the
computer screen. Variables in the microcontroller program are
linked with the graphical controls, and any change in the
connected variable is reflected in the value displayed by the
graphical control. The pH meter can be used and calibrated
with the mouse (Figure 2).

UART

(7) continous

@ on demand

Send
pH Calibration
@ meas
buffer 4.0 value= 909 @) pH=4.0
buffer 6.0 value= 1401 r';u pH=6.5

Figure 2. Screenshot of the pH meter control using GUI Composer.

Bl ADDITIONAL EDUCATIONAL MATERIAL

In our chemical instrumentation course we do not have the
time to teach microcontrollers and analog electronics to the
depth that we would desire.”” Only the essentials can be taught,
and the advanced material is left as self-study for students who
are more motivated and ready to accept more responsibility for
their own learning.”* Thus, they can broaden their perspectives
and enhance their job opportunities. In the Supporting
Information we provide some sources of online educational
material for the interested students.
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The Supporting Information is available on the ACS
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Detailed description of the material used, diagrams from
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