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Abstract: With the adoption of the Institute of Electrical and Electronic Engineers (IEEE)
1451 Standard, smart transducers have gained more use in industrial, medical and other
applications where control is being decentralized to the transducing site. Understanding
what smart transducers are is essential for an even wider acceptance and use in industrial
applications. If available literature on smart transducers is read, it is evident that different
authors have given different though non-conflicting definitions of “smart transducers’’.
The purpose of this paper is to establish a coherent definition of smart transducers, and
propose an encompassing architecture that exhibits its capabilities. In this paper, the
definition of ‘smart transducers’ will be re-constructed from several non-conflicting
definitions and the concepts of smart transducer ‘core functions’ and ‘added
functionalities’ will be introduced. The constructed definition will be used to develop an
architecture of smart transducers that reflects it functions and capabilities. Through
examples, the close link between smart transducer architecture and micro-controller
components will be outlined.
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1. INTRODUCTION

The term ‘intelligence’ first appeared in the engineering
field when Minsky (Ohba, 1992) and others proposed
artificial intelligence at Massachusetts Institute of
Technology. Towards the end of the 1970’s, researchers
in the field of instrumentation began to explore the
subject of ‘smart sensors’ due to the high degree of
automation and functionality which was required in
modern control systems. Information processing was
being divided into central and local processing sites in
order to maximize efficiency. Control systems required
devices that could:

Detect abnormal conditions and give suitable
warning devices

Detect and  recognize  multidimensional
information

Convert non-visual information to a visual
form.

Consequently, the realization that the solution in the
systems lay with the transducers led to the demand for
making transducers ‘smart’ or ‘intelligent’ (Ohba, 1992).

Yamazaki writes, (Yamazuki, 1985) “There seem to be
several definitions of smart transducers” and Schaevitz
(Schaevitz, 2003) cautions “the ability to perform a
digital function does not mean that the device is
‘intelligent’” These statements, necessitate one to ask the
question “What are smart transducers”?

In section 2, a common ground approach is used to arrive
at a coherent definition of the term ‘smart transducers’
and the concepts of ‘smart transducer core functions and
added functionalities’ are introduced. In section 3, a new
architecture for smart transducers is proposed. Examples
to illustrate the close link between smart transducers and
micro-controllers are covered in section 4.

2. AVAILABLE DEFINITIONS IN REVIEWED
LITERATURE

The examination of definitions of smart transducers
available in literature ascertains the claim by Yamazaki
(Yamazuki, 1985) that, “there is no settled definition of
smart transducers”.



In the literature examined, the following definitions were
found:

Middlelhoek and Hoogerwerf (Middlhoek, and
Hoogerwerf, 1985) ‘at least one sensing element and

signal processing circuitry integrated on the same
chip’.

Breckenridge and Husson (Breckaridge and Husson,
1998) the sensor itself has data processing function
and automatic calibration/automatic compensation
function, in which the sensor itself detects and
eliminates abnormal values or exceptional values. It
incorporates an algorithm, which is capable of being
altered, and has a certain degree of memory function.
Further desirable characteristics are that the sensor is
coupled to other sensors, adapts to changes in
environmental conditions, and has a discrimination
function’.

Schaevitz (Schaevitz, 2003) ‘we would propose that
you cannot have a smart element that does not
contain pieces of sensing, actuation and control.
Many definitions that have been put forth for smart
transducers imply anything that has a digital
capability would by definition be considered smart.
We do not believe that this is an actual requirement
of smartness. It is our contention that in order to
define any smart elements, you must look at the
systems that incorporate these elements. All systems
can be defined as a combination of sensory inputs,
actuation outputs, and control. For any component
within the system to be considered smart, it must
incorporate some combination of these elements, and
must always include some portion of the control
function. It is this requirement of incorporating
functionality, which appears to be missing in most
definitions of smart components. The fact that a
transducer has an internal digital function, whether
used for calibration, communication (interface), or
some means of unit identification or information
such as electronic data sheets, does not make a
transducer smart. If however one adds functionality,
such as integral fault detection, or signal analysis to
the unit, then we are certainly getting to a smart
element’.

Potter (Potter, 1998) ‘a device can be considered
smart if it performs such functions as diagnostics,
onboard data processing, control algorithms, and self
identification’.

Clarkson (Clarkson, 1997) ‘the first step in a
sensor’s evolution from dumb to smart is self-
knowledge. The sensor must know how it works, and
it must be able to communicate that information to a
network. Once you have begun storing information
on the sensor, it makes sense to think about adding
calibration data. If the manufacturer or the user can
perform an initial calibration and store the data
onboard the sensor, the sensor can use that
information to correct anomalies. Now you are using

information about the sensor to improve its
performance. When many in industry talk about
smart sensors, this is what they mean.’

Johnson (Johnson, 1997) ‘A smart sensor should be
able to operate on the input signal to increase the
value of the information that it processes. The sensor
is capable of making logical decisions at the source
of information. It can act on that information itself,
or it can pass on a high-value message, not just raw
data. A smart sensor should be able to send and
receive data; perform self-testing, and adaptive
calibration; and offer easy setup and use as well as
improved rejection of spurious inputs.’

Allgood and Manges (Allgood and Mages, 2001) ‘A
smart sensor is a measurement system that has
sufficient computational capacity to support the data
acquisition, memory and decision making necessary
to respond to algorithmic instructions. The embedded
intelligence allows the sensor to be programmed to
respond to calibration verification requests, react to
interrogations about its health and status, and provide
error estimation.

2.1 Smart Transducers: A constructed Definition

The different authors do not conflict each other, but their
definitions are in one way or another incomplete through
omission. The proposed definition is based on using a
‘common grounds’ approach and will result in the coining
of two phrases i.e. ‘smart transducer core functions’ and
‘smart transducer added functionalities’.

Smart Transducer Core Functions. There is an
agreement in the stated definitions above that the function
of a smart transducer goes beyond transduction/actuation.
This is supported by words such as ‘signal processing’ in
the definition by Middelhoek and Hoogerwerf, the words
‘data  processing function’ and ‘incorporates an
algorithm’ in the definition by Breckenridge. In Husson,
the words ‘control function’ ’discrimination function’ in
the definition by Shaevitz, ‘on board data processing,
signal  analysis’,  ‘communication’  ‘integral  fault
detection’ and the words ‘control algorithms’ in the
definition by Potter and the words ‘must be able to
communicate’ ‘using information about the sensor to
improve its performance’ in the definition by Clark. In
Johnson we find the phrases ‘increase value of
information it processes, making logic decisions, act on
information, able to send and receive data’, and from
Allgood et al the phrases ‘sufficient computational
capacity, and decision making’.

The words processing, control and communication will
be used to define the common ground formed by all the
words and phrases identified above.

In the definition by Breckenridge, and Husson the phrase
‘a certain degree of memory’ is used. Allgood et al use
the word ‘memory’, and Clark includes the phrase ‘store



data on board’. These three authors introduce another
common ground i.e. memory.

The concept of ‘smart transducer core functions’ is
introduced and the ‘core functions’ named to be the
following:
e Transduction/actuation
Signal conditioning and conversion.
Processing and control
Communication
Memory.

Smart Transducer Added Functionality. The third
common ground can be derived from the following words
or phrases: In Breckenridge and Husson ‘automatic
calibration/automatic ~ compensation’. In  Schaevitz:
‘calibration, means of unit identification’, in Potter: ‘self-
identification, diagnostics’, in Johnson ‘perform self-
testing, adaptive calibration’, in Allgood et al ‘respond to
calibration, react to interrogation’ and in Clark:
‘calibration data’.

Using these words/phrases, the concept of smart
transducer added functionalities, which are necessary to
support its core functions is introduced and coined.
Added functionalities include:

Self-test/self-diagnostics
Automatic calibration
Automatic compensation
Self-identification

3. PROPOSED SMART TRANSDUCER
ARCHITECTURE.

Figure 1 below represents the proposed architecture of a
smart transducer based on the new definition. The
transducers,  signal-conditioning  components, and
actuators as explained in (Beckwith and Marangoni,
1990; Chesmond, 1984; Noltingk and Jones, 1985) are
circuits that form an integral part of many measurement
system and it is therefore assumed that their
corresponding circuits and functions are well known.

3.1 Memory

The memory constitutes the space for both program and
data necessary to support the overall functioning of the
smart transducer. The data memory is storage space of
information such as calibration data, correction factors,
transducer information, and data models. This data
storage area is commonly known as the Electronic Data
Sheet (EDS) or in the IEEE 1451.2, it is known as
Transducer Electronic Data Sheet (TEDS) (Johnson and
Woods, 2001). The EDS supports the ability to self-test

and to self-identify.

3.2 Processing and Control

Processing and control functions include:
e  Signal conversion and signal processing

e Data conversion and data processing
Using the three common grounds, smart transducers are e Logging time-stamped data to memory
defines as devices that can carry out all smart e Running local control loop
transducer core functions and incorporates some added e Issue control decisions
Junctionalities. e Watching for alarm conditions
e Running other operations that are performed
close to the point of measurement such as self-
diagnostics and self-calibration.
Transducer, signal
conditioning, & Output
conversion \ )
CommunicationS >
. . Processing & Control > ternal
Added Functionalities €— | system

t
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Figure 1: Proposed Smart Transducer Architecture




The processing and control component is implemented
using a processor and software algorithms. Central to the
functioning of other components of the system is the
processing and control component. The processor accepts
data from transducers and carry out signal processing and
running of control loops and watches for alarm conditions
from control decisions. Data obtained from transducers

3.3 Communications

Communications are:

e The hardware interface circuits that enable the
exchange of digital signals and digital data to
take place between the transducer and the rest
of the system external to the transducer.

e The hardware interface circuits that enable the
transfer of digital signals and data to the various
output devices associated with the transducer.

® The software communication protocols, which
are the strict set of rules or procedures for
initiating and maintaining communication
between the transducer and the system internal

3.4 Added Functionalities. These are the hardware
circuits that enable the transducer to implement self-
calibration, self-identification, and self-diagnostics upon
switch on or on external or internal request. The software
procedures/commands necessary for proper execution are

are time stamped and stored in data storage component.
The results of signal processing and running of control
loops are communicated to the rest of the system via the
communications  component.  Self-calibration  and
automatic-compensation operations are performed using
data stored in the data storage component.

carried out and controlled by the processing and control
component. The outputs of the added functionality
component directly influence the transducer.

4. SMART TRANSDUCER CONFIGURATIONS
AND LINK TO MICRO CONTROLLE RS

All components in the proposed smart transducer
architecture except for transduction/actuation and signal
conditioning can be implemented using a micro
controller. The primary components of micro-controllers
make them suitable for the task and they have become
central to the implementation of smart transducers
(Ramsden, 1999).
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Figure 2: Stand-alone Measurement System




4.1 Stand Alone Smart Transducer.

The designed measurement system presents a real time
monitoring of an electronic appliance power status. The
system displays the average power consumption over a
time window based on a selected sample rate. The
different components that make up the measurement

system are shown in Figure 2.

Transduction, Signal Conditioning and Conversion. The
voltage sensor, current sensors, and their corresponding
sensing circuitry carry out the  transduction and the
signal conditioning functions. The micro controller does
the Analog to Digital Conversion (ADC) internally.

Communications. The Light emitting diodes (LEDs),
liquid crystal display (LCD) form the visible outputs of
the transducer. These are the hardware circuits used to
convey information about the transducer. The serial
RS232 serial port is the interface to the system external to
the transducer. The outputs of the transducer are
information rather than data as is expected of a smart
transducer. The LEDs convey the measurement mode,
and the power status of the appliance being monitored.
The LCD is used to output the computational, self-testing
and self-identification results. This information can also
be passed on to the system external to the transducer
through the RS232 serial interface. The micro controller
is central to the transfer of information to the transducer
outputs and the serial interface.

4.2 Networked Smart Transducers

Apart from stand-alone smart transducers, network-
capable smart transducers are also available in the
market. The IEEE P1451 standard (IEEE Std, 1997) was
developed to enhance the wider use and acceptability of
network capable smart transducers by industry. The main
components of a network capable smart transducer
(Johnson, 1997) are shown in Figure 3 to be the
following:

e Smart transducer interface module (STIM)
which include the transducer electronic data
sheet (TEDS)

e Transducer Independent Interface (TII)

e Network capable application processor (NCAP).

The functionality of the STIM, TII, and NCAP is
centered on micro controllers.

Computational and Control Function. The PIC16F§874
micro controller carries out the computational and control
functions. The following are the micro controller central
functions:

e Continuously monitor the analog inputs and
sample the inputs at a pre-defined sample rate.

e Carry out appropriate computations on the data
and give appropriate decisions on the power
status of the appliance under consideration i.e.
‘on’, ‘off’, ‘standby active’, and ‘standby
passive’ (Shuma -Iwisi and Gibbon, 2003)

e Keep track of the appliance power status and
issue appropriate input signals to a power
management circuit.

e Store time stamped current and voltage data in
onboard memory.

® Automatically download data to a computer
once onboard memory is full.

Memory Function. The internal data/program memory
available on the PIC16F874 and the serial EEPROM
24L.C65 form the memory for the transducer. All the
memory functions of writing and reading from the
memories are controlled by the micro-controller. The
EEPROM is also used to store the routines that support
transducer  self-identification and  self-test. ~ Self-
identification routine is automatically run from memory
upon switching on of the transducer. The self-test
function can be externally initiated by entering an
appropriate code through the push buttons.

5. CONCLUSION

Smart transducers have been defined as devices in a
measurement environment that can carry out the core
functions of transduction/actuation, signal
conditioning, signal conversion, computation, control,
memory, and communication. Apart from all these, a
smart transducer incorporates some added
functionalities to support its core functions. Added
functionalities include self-identification, self-
test/diagnostics, automatic calibration and compensation.

Examples of stand-alone and network capable smart
transducers have been explored. Central to all smart
transducer core functions and added functionalities are
micro controllers both in stand-alone and network
capable devices.
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Figure 3: Network Capable Smart Transducer System Components. After

(Johnson and Woods,2001)

XDCR: sensor/actuator
DAC: Digital to Analog
Converter
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