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Abstract

In this paper the design and implementation of a plug-and-play analog resistance temperature sensor is
presented. The smart temperature sensor consists of an analog sensor element with transducer electronic data
sheet (TEDS) memory device and a network- capable application processor (NCAP) connected through a mixed-
mode interface (MMI). The mixed-mode interface and NCAP front-end electronic support have been
implemented by the use of a standard 8-bit microcontroller. NCAP's application processing and network
communication functions are implemented based on the concept of virtual instrumentation using a PC.
The implemented NCAP can also be used as a plug-and-play stand-alone data acquisition system or as
development system for plug-and-play sensors compliant with the IEEE 1451.4 standard. Details of sensor
implementation and test results are included in the paper.
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1. Introduction

A modern measurement system should meet growing demands for measuring the
increasing number of different physical quantities using a large number of sensors often
distributed over a wide area. On the other hand, configuration and maintenance of various
sensor types, especially when it comes to complex measurement systems, is a demanding and
expensive task [1]. Experience shows that about 20% of the total cost of a data acquisition
system belongs to the hardware configuration and calibration of sensors [2]. In addition,
problems related to common errors that occur during the manual entry of important
parameters of the sensor, such as measuring range, sensitivity, scale factors etc., should be
also considered. Solution to this problem appeared in the form of smart sensors that enable the
plug-and-play concept and provide automation of the process of sensor connection,
configuration and maintenance.

Recognizing the numerous benefits offered by the plug-and-play concept, application
of this technology in connecting analog sensors has been the subject of interest in a number
of papers [3-5]. A novel system for distributed measurement of gamma radiation has been
described in [3]. The system is composed of multiple intelligent sensor nodes connected
through Ethernet to a client PC that executes application software. A microcontroller-based
minimal 1451.4 NCAP is presented in [4]. The proposed NCAP enables read and write TEDS
functions with a PC via the RS-232 serial link. A solution for embedding smart sensors in
a wireless air quality monitoring network consisting of minimal 1451.4 NCAP and serial
to wireless bridge is discussed in [5].

In parallel with the research work relating to plug-and-play sensor configuration, numerous
manufacturers of sensors and measuring systems offered their solutions for the sensor
interfacing and configuration problem, which have not become generally accepted [6].
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To promote widespread adoption of plug-and-play sensors, the National Institute of Standards
and Technology (NIST) together with the Institute of Electrical and Electronics Engineers
developed IEEE P1451.4 standard for self-describing analog sensors using standardized
Transducer Electronic Data Sheets (TEDS) [7, 8]. The Transducer Electronic Data Sheet,
proposed in IEEE 1451.4, uses a very compact form to store sensor data. Standard templates
for encoding sensor information are provided for most frequently used sensors, but several
papers [9-11] state that these templates are not suitable for some types of sensors. A method
for storing gas sensor information by the use of standard templates is described in [9]. Also,
a mixed-mode interface able to automatically configure itself on the basis of TEDS
information is implemented. A method of storing information for electronic tongue sensors is
discussed in [10] and a new standard template for the electronic tongue system is proposed.
An effort to apply the IEEE 1451.4 concept to frequency-output sensors is described in [11].

Industrial smart modules with PT100 inputs and various communication interfaces are
readily available on the market place, but very few of the proposed solutions offer plug-and-
play connectivity to the data acquisition system or to the network [12, 13]. This paper focuses
on the process of design and implementation of a plug-and-play resistance temperature
detector based on standard industrial PT100 sensor. To support realization of the plug-and-
play sensor, appropriate hardware and software tools are developed.

In subsequent sections, different components of the system are detailed. In section 2 the
process of implementation of a mixed-mode interface for RTD sensors is given.
For interfacing of an RTD sensor to the arbitrary network, a microcontroller based circuit is
used and its design details are presented in section 3. Development of tools necessary for
generating and editing of a Transducer Electronic Data Sheet for plug-and-play sensors has
been presented in section 4. A summary of the results and other possible applications of the
proposed system are described in the final section.

2. Implementation of mixed-mode interface

To accommodate both a measurement signal and a serial digital signal for transferring
TEDS data, the plug-and-play analog sensor includes a mixed-mode interface. In accordance
with the IEEE1451.4 standard, two classes of mixed-mode interface are defined. With the
Class 1 MMI interface for transmission of digital data and analog signals, the same pair
of wires is being used, provided that the transfer of the transducer signal and digital TEDS
data is performed sequentially. This way, the number of lines used for connection is reduced
to a minimum. With MMI interface of Class 2, transmission of analog signals and digital
communication is done through separate lines. Since lines for the transmission of analog
signals and digital data are separated, with Class 2 of MMI interface transmission can take
place continuously and simultaneously.

The temperature sensor consists of a traditional analog RTD sensor element and TEDS
memory. Interfacing of a PT100 temperature sensor and TEDS memory device with the data
acquisition system was done in accordance with Class 2 MMI interface. The PT100 sensor is
attached to the front-end of the acquisition system using a four-wire connection as shown in
Fig. 1. There are many convenient memory chips on the market suitable for TEDS data
storage. In this application, Maxim/Dallas EEPROM DS2433 [14] with a capacity of
4096 bits was chosen for storing TEDS data. Digital communication over MMI Class 2
interface with the DS2433 EEPROM is realized in accordance with the IEEE 1451.4 standard
by using a Data Transmission Protocol [7] based on Maxim/Dallas One-wire protocol [15].

One-wire interface (OWI) uses a simple protocol for serial communication that takes place
on the master-slave principle. Master provides power through a common line and initiates all



www.czasopisma.pan.pl N www journals.pan.pl
I

Metrol. Meas. Syst., Vol. XX (2013), No. 4, pp. 565-580.

transactions with the slave according to strictly defined time sequences. Data and commands
are read and written sequentially bit by bit, least significant bit first.
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Fig. 1. PT100 sensor and TEDS memory interfacing.

Signaling on the One-wire bus is divided into fixed time slots. Time slot should last from
60 s to 120 ps. Master starts every transmission by pulling the bus low and only one bit is
sent or received during each time slot. There are three basic signals for sending and receiving
bits: Write 1 — used to send logic 1 to device, Write 0 — used to send logic 0 to device,
and Read — used to read bit from device. Write 1 time slot is initiated by pulling the bus low
for 1 pusto 15 ps, and then releasing the bus until the end of time slot. Write 0 begins the
same way, and then holding the bus low until the end of the time slot. Read time slot master
initiates by pulling the bus low for 1 ps to 15 us, and then releasing the bus, to either be
pulled low or high by the slave device. The device should pull the bus low or high to send
appropriate data bit to the master. Fig. 2a shows timing sequences for the Write and Read
time slots.

There is one more synchronization signal Reset — used to reset all devices connected to
One-wire bus. Reset signal initiates master by pulling the bus low for at least 480 ps, and then
releasing the bus. After resetting, every device should respond with a Presence signal.
The Presence signal should begin 15 ps to 60 us after Reset and should last from 60 ps to
240 ps. The effect of the Reset signal is shown in the time diagram in Fig. 2b.
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Fig. 2. Signaling over One-wire interface: Basic Read/Write signals (a),
and Reset, Read ROM command and device response signals (b).
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Communication over the One-wire interface follows tree basic steps: device reset, selecting
device, and send/receive data. Since more then one device can be present on the One-wire
bus, communication starts with Reset signal issued by master. All devices on the bus respond
with the Presence pulse. Presence pulse allows the master to determine that one or more
transducers are present on the bus.

The second phase in communication sequence involves selecting a slave device for
subsequent communications. Device selection is based on a 64-bit Unique Registration
Number (URN) with a family code, serial number, and CRC field. For subsequent
communication master can select all slaves, a slave with a specific URN number, or use
a search algorithm to discover an unknown slave device. Since the URN number is
permanently stored in device’s ROM memory, commands for selecting target slave device are
referred to as ROM commands. There are four ROM function commands: Search ROM,
Match ROM, Read ROM and Skip ROM. Sending a Read ROM command is illustrated in
Fig. 2b. As a result of receiving this command, the slave device sends a 64 bit URN stored in
ROM memory. Fig. 2b shows the first byte of response of the selected device. Once a device
with a specific URN has been selected, the master can issue commands to read or write
EEPROM data.

Having successfully executed a ROM command, the slave device enters into the third
phase of communication sequence — the memory function command state. The master then
issues the appropriate command to read or write TEDS data to EEPROM memory of the
selected device. After sending command for reading or writing data, the master sends one- or
two-byte-long starting address, which depends on EEPROM memory type, and begins
reading or writing data. When the read or write operation is finished, master must issue Reset
signal to start the three-step communication sequence again.

3. Implementation of network capable application processor

To provide mixed-mode interface communication, communication between the RTD
sensor and an arbitrary network and data conversation function, a Network Capable
Application Processor (NCAP) was designed and implemented. The NCAP consists
of a microcontroller-based front-end electronics and a PC. In addition to the functions listed,
NCAP provides editing of TEDS data based on the concept of virtual instrumentation.
Possessing these functions, the implemented NCAP can also be used as a stand alone plug-
and-play Data Acquisition and Development System for 1451.4 sensors. Development
of NCAP will be discussed in detail.

3.1. NCAP Hardware

NCAP hardware consists of a microcontroller-based interfacing circuit and personal
computer (Fig. 3). The standard 8-bit Atmel AT90USB1286 [16] microcontroller is used for
One-wire digital communication with TEDS memory, to program instrumentation amplifier
gain, for USB communication with PC and for analog-to-digital conversion (ADC) of input
signals. One-wire TEDS communication has been provided through serial UART interface
embedded in the microcontroller.

To reduce any error because of the wire resistance, a platinum PT100 sensor is connected
with the front-end of NCAP Data acquisition system using a four-wire interface. One pair
of wires is used to connect the 1 mA excitation current source, while the other pair is used to
connect the measuring voltage signal. The four-wire measurement ensures that the voltage
drop across the wire resistance does not affect the PT100 voltage measurement due to zero
current flow into the high input impedance of the instrumentation amplifier.
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Electronics for signal conditioning consists of a programmable gain amplifier implemented
with INA122 instrumentation amplifier and MCP41100 programmable resistor, and
antialiasing Chebyshev second order low-pass filter with 10 Hz cutoff frequency.

The PT100 resistance is given by

VPTIOO — VAD(,'O (1 )

Rpri00 = .
I, Garlo

From (1) one can find the PT100 resistance, the current source /, and the amplifier-ADC
path measuring the voltage must be accurate, which means free from offset, gain, and
nonlinearity errors. To reduce the measurement error caused by the current source,
instrumentation amplifier and ADC, a reference resistor was used. A constant current /y flows
through a known very accurate reference resistor R, connected in series with the PT100

Iy =T @)

where the voltage across the reference resistor is measured by ADC1 and, according to (1),
the PT100 resistance is given by
VADCO R (3)

RPTIOO = re

GAMP VADC 1

As can be seen from (3), the accuracy of measurement of Rprio9 does not depend on the
accuracy and stability of the constant current source /.
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Fig. 3. Architecture of 1451.4 NCAP/Data Acquisition System.

If we assume that the ADC circuit introduces an offset, then the measured PT100
resistance, according to (3), is given by the equation

_ Vapco = Voganco
Rprigo = % re 4)
Ganr Vaper = Voganct)
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Offset for both ADC's channels, Vopupco and Vogupcr are measured every second by
internally shorting the ADC's inputs.

Signal conditioning circuits, together with the constant current source are optimized for use
with resistance temperature detectors (RTD) but can be used for interfacing other types
of analog sensors such as: resistance sensors, bridge sensors, strain gauges and thermistor
sensors [17]. Analog-to-digital conversion of input signals are performed using a 10-bit
successive approximation ADC embedded into the microcontroller. Both measurement data
and TEDS data are sent to the PC computer over the USB interface.

A PC has been used for the software development and testing and to support NCAP
functionality. The PC is also responsible for securing the network communication function.
The PC, which can be in the form of a single board computer, was chosen as a part of the
NCAP because it already has interface drivers for most supported network protocols and it is
highly integrated with modern T&M and DAQ systems.

As can be seen from the above analysis, measurement errors are introduced by both NCAP
electronics and the RTD sensor. Bearing in mind that this work is dedicated to the
development of electronics for a plug-and-play temperature sensor, attention will be paid to
the determination of measurement uncertainty caused only by the NCAP hardware.

Since the PT100 resistance measurement is done indirectly according to (1), the
measurement uncertainty of the signal conditioning and data acquisition electronics is given
by the equation [18, 19]

2 2
OR, OR,
”(Rprloo)z\/(ﬂJ ”2(VPT100)+(ﬂJ ”2(10):\/Clzuz(VPﬂoo)"‘C%”z(Io)a Q)

aVPTIOO aIO

. . 2
where: u(Rprigp) - uncertainty of PT100 resistance measurement, u (Rprigp) - voltage
measurement variance, and uz(lo) - current measurement variance.
. . 2 .
Given the V100 =Vipco /G » the voltage measurement variance u”(Vprgg) is defined by

the following dependence

2 2

oV oV

uz(V[’TIOO):(ﬂj u’ (VADC)"‘(ﬂJ uz(GAM[’):cfuz(VADC)—i_ciuz(GAMP)? (6)
oV ype 0G yp

where: uz( Vipc) - variance of ADC voltage measurement, and uZ(GAMp) - variance
of amplifier gain. In accordance with (2), the variance of current measurement /; is given by

2 2
ol ol
0[5 e G| R )= e ®). )
ADC r

where #*(R,) is the variance of the resistance of the reference resistor.

A simplified estimation of measurement uncertainty of the PT100 resistance can be made
if we assume that the variance of voltage measurements is equal to the ADC resolution.
The values of the variance for the voltage gain and for the resistance of the reference resistor
were taken from the manufacturer's datasheet (Table 1).

Table 1. Variance of voltage measurement, resistance of reference resistor, and amplifier gain taken from the
manufacturer's datasheet.

Quantity symbol | Distribution of probability k Maximal variance
uz( Vapc) rectangular \/5 3.1789-¢” [Vz]
W'(R,) normal 2 2.5¢" [QF]
X (Ganp) rectangular \/5 3.0:¢ [(V/IV)]
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Table 2 shows the components of uncertainty and the estimated overall measurement
uncertainty of the NCAP hardware for the worst case when Rpy;99 = 390 Q.

Table 2. Uncertainty budget of resistance estimate for the Rpy;00=390 Q.

i 1-¢” [1/A]

c, 3.9-¢°[V/A7]
Cs 7.8:¢2[V/V]
Cs 3.042-¢[V]
Cs 1-¢” [1/Q]

Co 1-e°[V/Q?]

Sensitivity coefficients

Standard uncertainty of current estimate u(/,) 5.6382 ¢ [A]
Standard uncertainty of voltage estimate u(Vpr100) 6.8631- ¢° [V]
Standard uncertainty of RT100 resistance estimate #(Rpr00) 0.2340 [Q]

Extended uncertainty (95%) of RT100 resistance estimate U(Rpri00) | 0.4607 [Q]

The determined standard measurement uncertainty of PT100 resistance is 0.2340 Q, and
the extended uncertainty of resistance measurement with the confidence level assumed at
95% is 0.4607 Q. These uncertainties do not exceed 0.12% of the value of the measured
resistance.

3.2. Organization and implementation of software

NCAP software is organized in two modules. One software module is running on the PC
while the other part runs on the microcontroller. Communication between the PC and
the microcontroller operates through the USB interface. Organization of microcontroller and
PC program modules is presented in Fig. 4.

Microcontroller PC Host
ADC control UART control .
. . Temperature sensor application
registers registers I I
Analog Analog TEDS
ADC controller ¢ interface k interface driver editor
- - L
OWI controller +———————.—l—)—l—‘gl—t—ql——— - TEDS Net\york
interface driver functions
USB driver ¢ ) USB driver Network driver

Fig. 4. NCAP software organization.

Microcontroller's software module (firmware) is organized in three main function blocks:
ADC controller, OWI controller and USB driver. ADC controller block contains commands
for configuration of front-end electronics and ADC, enabling and disabling ADC and reading
samples from a specified channel. Communication with the TEDS memory device is
performed using OWI controller block commands. Microcontroller's firmware OWI controller
block contains commands for configuration of microcontroller UART to perform OWI
interface signalling, reset One-wire devices, search for new slave devices, selecting device
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with specific URN, sending and receiving data. Microcontroller firmware is developed in
C programming language using Atmel’s AVR Studio [20].

The second part of the NCAP software refers to the application program running on the
PC. PC application software performs, through the microcontroller firmware modules,
downloading of TEDS data from the memory device, plug-and-play configuration of the
PT100 sensor and display of the measurement results in engineering units. This program also
provides network communication function. PC application software is developed under the
concept of virtual instrumentation, using LabVIEW [21] development environment.
USB driver functions are based on National Instrument’s VISA application programming
interface for USB bus.

Reading the contents of TEDS memory is performed after turning the power on, resetting
of the system or on request by calling of corresponding TEDS driver functions. TEDS driver
functions are performed by sending commands to microcontroller's firmware OWI controller
block. After configuration of the transducer, during normal operation, 1451.4 transducer
behaves as a classic analog transducer. Transmission of analog data is done by calling Analog
interface driver functions. These functions are executed by sending commands to ADC
controller block of the microcontroller firmware.

Both measurement data and digital TEDS data are transferred to the PC using USB driver
functions. The USB bus allows simultaneous transmission of analog and digital data and
control messages using three separate data links over the same bus.

The PC application program automatically searches for the memory device attached on
One-wire bus using a search device algorithm implemented in microcontroller’s firmware
OWI controller block. The application program then chooses an appropriate TEDS driver
component to provide communication with the discovered device. The implemented software
supports DS2430A (256 bits), DS2431 (1024 bits), and DS2433 (4096 bits) EEPROM
memory devices. Auto detection of a memory device is based on an 8-bit family code which
is a part of unique registration number (URN) permanently stored in every One-wire device.
After detecting a memory device, the application program then reads TEDS data and performs
data parsing.

The process of parsing Transducer TEDS consists of several steps. After reading data
stored in EEPROM device, the first step is to calculate and verify checksum bytes. Checksum
bytes are used for error checking. For this purpose the data memory is split into pages
(sections) of 256 bits (32 bytes). For every memory page an 8-bit checksum is made.

The next step in parsing TEDS data is to select the first 64 bits belonging to the Basic
TEDS. Basic TEDS does not use standard data types such as integer, float or ASCII. Instead,
numerical fields use the data type Unlnt which is an unsigned integer number with variable
length. For converting a Basic TEDS bit stream into data that the user can understand,
an appropriate number of bits should be read for every field and then interpreted as a decimal
number.

The Basic TEDS is separated from the next TEDS section by a two-bit field called Selector
of descriptor (DS). If the Basic TEDS section is followed by an IEEE 1451.4 standard
template, the value of the DS field is zero.

Standard template for the resistance temperature detectors begins with the template 1D
field, 8-bit integer number whose value is 37, followed by 16 property fields and two
selectors. Each field is of different type and length. Most of these fields are easy to convert to
decimal notation suitable to display, but some of property data types require special attention.
These fields require appropriate interpretation defined in Standard [7]. For example, the
measuring range of resistance temperature sensor PT100 is specified using two parameters:
minimum and maximum temperature. These parameters are stored in TEDS memory as 11-bit
Constant resolution (ConRes) data type. Constant resolution data type provides linear
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mapping of floating point data. The next RTD sensor property that needs attention is
excitation current. Excitation current property is stored as 8-bit Constant relative resolution
(ConRelRes) data type. Constant relative resolution data type provides logarithmic mapping
of floating point data.

Standard transducer template TEDS section can be followed by Calibration template
section. Transducer templates store data for particular transducer class and therefore provide
the foundation for the automatic transducer detection and configuration process. Calibration
templates take this process one step further by storing data for individual transducers.
There are three calibration templates: Calibration table, Calibration curve, and Frequency
response table.

. Range
100%
Rang eVal,
”‘”.Kaﬁgé}}alz
4
0 .
0% DomainVal,  DomainVal, DomainVal, 100% ,

Fig. 5. Calibration table transfer function.

The Calibration table template describes a lookup table with the electrical-to-physical
transfer function of a sensor. The Calibration table specifies deviations from an ideal
transducer transfer function (Fig. 5). Every calibration point is specified with two parameters:
DomainVal and RangeVal. DomainVal is expressed as a percentage of the full range of the
sensor. RangeVal represents the deviation from the expected value, expressed as a percentage
of the full range of the sensor.

The Calibration curve template specifies the transfer function of a transducer as a multi-
segment polynomial curve. Each segment (up to 255 segments) is defined by start of segment
parameter, number of polynomial coefficients for segment (up to 127), and array
of polynomial coefficients and powers.

The Frequency response table template describes the amplitude-versus-frequency transfer
function of a transducer in a similar manner as the calibration table template.

3.3. Interfacing PT100 temperature sensor

In accordance with the presented concept, the plug-and-play temperature measurement
system is implemented and tested. This system consists of a PT100 resistance temperature
detector, TEDS memory device, front-end electronics and microcontroller based board and
PC computer (Fig. 6). The microcontroller based front-end electronics and PC form the
NCAP, and they are interconnected through the USB bus. The temperature sensor
is connected to the NCAP through the mixed-mode interface.
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Fig. 6. Implemented plug-and-play temperature measurement system.

After power-on, reset or on request PC application software automatically configures the
system through the following sequence:

* Search algorithm is launched to discover attached One-wire memory devices,

* TEDS data are read from the memory device,

* Parsing of TEDS data in accordance with standard template 1D,

* Autoconfiguration of front-end electronics based on extracted sensor's information.

Upon successful completion of the configuration process, the application periodically reads
analog data, performs data conversion and signal processing and displays measured results in

appropriate physical units (Fig. 7).
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Fig. 7. Graphical User Interface for temperature measurement with plug-and-play RTD sensor.
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To provide automatic sensor identification and automatic configuration, TEDS data are
stored in a One-wire EEPROM device according to standard template 37. This template
defines parameters such as temperature range, resistance range, excitation current, and other
parameters relevant to resistance temperature detectors.

For the platinum RTD sensor PT100 used, the minimum physical value is -200 °C and the
maximum physical value is +850 °C. In such a wide temperature range, the sensor transfer
function shows considerable nonlinearity. This nonlinearity can be well approximated with
two polynomial equations, referred to as Callendar—Van Dusen equations [7]:

R(t) = Ro [1+ At + B + C(--100°C)F’], (1 < 0°C), (8)
R(1) = Ry [1+ At + B*], (1> 0°C), )

where ¢ is RTD sensor temperature in °C, R(f) is resistance at temperature ¢, R, is resistance at
0 °C. The values of Ry, 4, B, and C for PT100 are specified in IEC 60751 for standard
industry-grade platinum and are: Ry = 100 Q, 4 = 3.9083*107 °c!, B =-5.775*10" °C'2,
C =-4.183*10"2°C™. The standard TEDS template, in addition to the listed values for 4, B
and C referred as Casel, contains five more sets of Callendar—Van Dusen coefficients for the
best polynomial approximation of the transfer function of PT100 that is being in use. After the
precise measurement of sensors resistance, the measured temperature is determined by (8) for
negative, or by (9) for positive temperatures. For fully specifying the transfer function for the
PT100 sensor, standard Calibration table template (ID=40) or Calibration curve template
(ID=41) can be used in conjunction with the standard transducer template (ID=37).

Based on TEDS data for the excitation current and sensor's resistance range, a PC program
automatically calculates the value of R resistance to adjust instrumentation amplifier gain.
For 1 mA excitation current and maximum resistance 390.26 Q, the amplifier gain should be
G=5V /(1 mA *390.26 Q) = 12.81. This is achieved by adjusting Rz=25.6 kQ (see Fig. 3).

To improve the accuracy of the system, compensation of front-end electronics is performed
using a precision resistance, as explained previously. This procedure compensates for internal
current source and ADC offset errors.

In the absence of an environmental test chamber and certified thermometer, testing of the
realized plug-and-play sensor was carried out at 25 °C using a series of resistors of known
resistance instead of using PT100 sensor. In order to verify the measurement accuracy, the
obtained results are compared with measurements taken with an Agilent 34401A DMM [22].
The measurements were carried out for eight resistors in 1000 points. Table 3 shows the
results of resistance measurements which were carried out in parallel, with DMM and with
our NCAP Data acquisition system. The equivalent temperature is calculated using
Callendar—Van Dusen equations (8)-(9).

Table 3. Comparative test results of resistance measurement using plug-and-play sensor
and reference instrument.

Nominal value | Agilent 34401A PnP sensor

Ruom Tol. Rineas St. uncertainty | Equi. temp. | Ryeas St. uncertainty | Equi. temp.
[€] [Yo] [€] [€] [°C] [€] [€] [°C]

18 1 17.9611 | 8.79¢-6 -201.29 17.9164 6.9¢-4 -201.40
51 1 50.7311 | 1.495 e-5 -123.36 50.6701 1.5¢-3 -123.51
100 1 99.8820 | 9.92 e-6 -0.30 99.6088 3.6e-3 -1.00
150 1 149.402 | 1.594 e-5 128.86 149.2097 | 5.6e-3 128.34
200 1 199.711 | 1.391 e-5 265.55 199.3970 | 6.0e-3 264.67
270 1 267.957 | 3.383 e-5 461.17 267.9073 | 7.6e-3 461.02
330 1 328.339 | 1.701 e-5 645.88 328.0192 | 9.1e-3 644.88
390 1 390.608 | 1.798 e-5 850.43 390.9000 | 1.14e-2 851.43
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Test results from Table 3 show that the resistance measurement error originating from the
NCAP electronics does not exceed +0.32 , which means that the resistance relative error
does not exceed 0.27%, and that the temperature error does not exceed £1°C over the entire
measuring range. If more precise measurements are needed, an external high resolution AD
converter can be used with embedded programmable gain amplifier.

4. TEDS Editor

The essential part of the smart plug-and-play transducer is TEDS. TEDS contains basic
information such as manufacturer ID, serial and model number, but also can contain data
describing the physical and electrical characteristics of a transducer, calibration date and
period, transducer location and other parameters. To facilitate the reading, writing and editing
of TEDS data using standardized Templates, a PC-based TEDS editor is developed.
The TEDS editor allows a user to create new TEDS data, read and edit existing TEDS and
write data to virtual TEDS (VTEDS) file or an EEPROM memory device.

TheTEDS editor is developed in LabVIEW environment applying the concept of virtual
instrumentation (VI). For the transfer of TEDS data between the PC application program and
EEPROM memory, the already implemented TEDS driver VI library, described in the
previous section, is used. Parsing of TEDS template is done using VI collection called TEDS
library [23, 24], developed by National Instruments. This VI collection helps the application
software developer to parse TEDS data acquired from the transducer or to read/write these
data into the VTEDS file. Fig. 8 shows the front panel and Fig. 9 the block diagram of the
TEDS editor.

Upon starting the TEDS editor, a user first selects whether to use the EEPROM memory or
virtual TEDS file. By selecting Hardware TEDS target location (Fig. 8), the user can read or
write TEDS data to the EEPROM memory. Except reading and writing TEDS data to
EEPROM memory, the TEDS editor also provides read and write functions to a virtual TEDS
file. By selecting Virtual TEDS target location, the user can read or write TEDS data to a file.
If Virtual TEDS option is selected, the appropriate target file path should also be entered.
A virtual TEDS file can be stored on a local computer for testing purposes, or when the
memory device can not be embedded in the sensor.

Following the selection of the appropriate target location, the user runs one of the three
sub-VIs: Read TEDS Data, Create New TEDS, and Write TEDS Data (Fig. 9). By selecting
Read TEDS Data from TEDS editor GUIL the application starts sub-VI that searches for
attached transducer’s EEPROM device and reads TEDS data using the One-wire protocol.
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In the case when VTEDS is used, a sub-program reads the data from the selected TEDS
file. The received data is then parsed using NI's TEDS library [24] and presented to the user in
the form of a table. The first five rows of TEDS Information table (Fig. 8) represent basic
TEDS, followed by standard template data for RTD sensor, calibration table template, and
user data at the end of the table.

Create New TEDS option from TEDS editor front panel launches the second sub-VI that
allows the user to create new TEDS. This sub-VI provides functions to enter new data for
basic TEDS and one of eight most frequently used standard transducer TEDS templates.
In addition, it allows the user to add calibration data and free form user or manufacturer data.

By selecting the option Write TEDS Data, the application launches the third sub-VI to
access a previously discovered EEPROM device and to write TEDS data using a One-wire
protocol. If VTEDS is used, TEDS data is stored in the selected local file.

5. Conclusions

This paper presents the design and implementation of a plug-and-play resistance
temperature sensor. Work was focused on the process of implementation of two main
components of the smart sensor: Mixed-mode transducer interface and Network Capable
Application Processor. To support the realization of these key elements, appropriate hardware
and software tools are developed, implemented and tested.

A mixed mode interface has been developed for connection of a platinum RTD sensor with
the IEEE 1451.4 DAQ/NCAP system. It allows for transducer signals and digital TEDS data
to be transferred via separate connections. To support communication over MMI, a standard
8-bit microcontroller is used. To improve measurement accuracy and to make the
measurement independent of the current source and ADC offset errors, the reference resistor
method has been used.

Microcontroller firmware that has been developed in C programming language, controls
analog-to-digital conversion of the analog transducer signal, implements a One-wire protocol
for reading and writing TEDS data, and supports USB communication functions with the PC.
Micro-controller’s firmware scans and discovers connected TEDS sensors and based on the
URN number of a TEDS memory device automatically adjusts the communication protocol,
so the different memory devices can be used for TEDS data storage.

NCAP's application processing and network communication functions are implemented
based on the concept of virtual instrumentation using a PC. On the basis of TEDS data read,
the implemented PC program performs plug-and-play sensor interfacing.

To provide a simple integration of implemented smart sensors into the plug-and-play
concept, a PC-based TEDS editor is developed. The TEDS editor allows the user to create
new TEDS, to read or edit existing TEDS, to write TEDS data into a physical TEDS memory
or to save TEDS data in the form of a virtual TEDS file.

The implemented plug-and-play sensor was tested using a series of resistors of known
resistance. The test results showed that the resistance measurement error originating from the
NCAP electronics does not exceed +0.32 Q, which means that the temperature error does not
exceed +£1°C within a measuring range from -200 °C to +850 °C. It should be noted that the
10-bit resolution AD converter contributes significantly to this error, which can easily be
fixed by using a higher-resolution AD converter.

The developed tools can be used to implement mixed-mode interface and Transducer
TEDS, which are the essential parts of a smart analog transducer. These tools can be useful in
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upgrading of legacy analog sensors to smart networked sensors or for conformance test of
existing sensors compliant with the IEEE 1451.4 standard.
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