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Design Features

Two Different Sensor Input Channels:

K-Type Thermocouple Input with CJC
Compatible to 2-, 3-, or 4-Wire RTD Probes
Ratiometric Measurement for RTD

Measurement Accuracy for Thermocouple +1°C
Measurement Accuracy for RTD +0.4°C

Sensor Open Circuit/Signal Out-of-Range Detection
Digital Isolation for I/O Controller Interface

24 V +£20% Input Power Supply Operation

IEC-61000-4-4: EFT Up to +1 KV at 5 KHz on
Signal Ports

IEC-61000-4-2: ESD Up to 4-KV Contact and 8-KV
Air Discharge

IEC-61000-4-5: Surge Up to £1-KV Line-Earth
(CM) on Signal Ports

Featured Applications

Programmable Logic Controllers
Factory Automation and Process Control
Portable Instrumentation

Data Acquisition Systems

Industrial Robotics
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An IMPORTANT NOTICE at the end of this Tl reference design addresses authorized use, intellectual property matters and other
important disclaimers and information.

Design Specifications and Features

Table 1 shows the design specifications of the Temperature Sensor Interface Module for Programmable
Logic Controllers (PLC) reference design:

Table 1.

PARAMETER

SPECIFICATIONS and FEATURES

Inputs

Two channels

Sensor Types

K-Types thermocouple

2-, 3-, and 4-wire PT100 RTD probes

(Hardware supports RTDs with resistance up to 2 kQ, whereas existing TIVA MCU software is
implemented for PT100 RTD only)

Overall Measurement Accuracy
(excluding sensor errors)

For thermocouple channel: £1.0°C; Over the entire TC temperature Range: —200°C to
1372°C

For RTD channel: £0.4°C; Over the entire RTD temperature Range: —200°C to 850°C

Resolution

For thermocouple channel: 0.1°C
For RTD channel: 0.025°C

Cold Junction Compensation
(CJIC) Type

On-board local temperature sensor IC

Cold Junction Compensation
Temperature Range

0°C to 60°C

Measurement Type

Ratiometric for RTD

Sensor Linear Interpolation

PT100 RTD (-200°C to 850°C) and Thermocouple (—200°C to 1372°C) lookup tables
implemented in TIVA™ MCU software

Module Calibration

ADC's offset and gain calibration

Power Supply Range

18 Vto 32-V DC

Isolation 250-V DC (Continuous), Basic isolation 1500-V AC for one minute
ESD Immunity IEC 61000-4-2: 4 kV contact discharges, 8 kV air discharges

EFT Immunity IEC 61000-4-4; £1 kV at 5 kHz on signal ports

Surge Transient Immunity IEC 61000-4-5: 1 kV line-earth (CM) on signal ports

Operating Temperature Range 0°C to 60°C

Storage Temperature —40°C to 85°C

Temperature, Surrounding Air 60°C

Connector(s)

50-pin connector pluggable to PLC 1/0 Module Front-End Controller Using a Tiva C Series
ARM® Cortex™-M4 MCU (TIDU191)

4-pin screw terminal block for 2-, 3-, and 4-wire RTD probes

2-pin dedicated K-type thermocouple connector

Form Factor (L x W)

90.0 mm x 50.8 mm (Small industrial form factor)

Temperature Sensor Interface Module for Programmable Logic Controllers
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Overview

The sole objective of this reference design is to focus on the complete circuit design guidelines that help
engineers and system architects to develop high precision temperature measurement solutions using 24-
bit delta-sigma ADC and most widely used temperature sensors like thermocouples and Resistance
Temperature Detectors (RTDs). This reference design addresses sensor signal conditioning,
thermocouple cold junction compensation, ratiometric measurement technique for RTDs, recommended
software flow, sensor linearization, sensor diagnostics, transient protection, PCB layout, and other
practical design considerations for achieving high-precision robust design for temperature measurement in
industrial applications.

The Temperature Sensor Interface Module is a fully isolated design which is essential for small sensor
signal measurement. The signal chain and power line galvanic isolation barrier between the host controller
side and the measurement side have been achieved using digital isolators and a flyback transformer,
respectively. The heart of this reference design is the ADS1220 device, a 24-bit delta-sigma ADC, which
provides a high resolution, high integration, low noise, and low cost complete sensor analog front-end for
DC sensing applications. This design is also suitable to interface with different types of sensors. This
design saves on board space, reduces design efforts, reduces time to market, and reduces cost. This
reference design also demonstrates other Tl products, such as hot swap and in-rush current limit
controller, isolated Fly-Buck™ controller, low noise LDO, digital isolators, local temperature sensors,
analog switch and I>°C to GPIO expander that can be used in the entire PLC signal processing chain.

Furthermore, external protection circuitry is deployed in-place. This circuitry has been successfully tested
and verified for compliance with regulatory IEC61000-4 standards: EFT, ESD, and Surge requirements.
EMC compliance with standard IEC61000-4 is necessary to ensure that the design not only survives but
also performs as intended in harsh or noisy industrial environments.

All the relevant design files like Schematics, BOM, Layer Plots, Altium Files, Gerber, and TIVA™ C-Series
MCU software are executable with an easy-to-use Graphical User Interface (GUI). Users may download
the files at TIDA-00018.

Block Diagram

VCC_ISO

w
o

H i

s =0

AMoWn

R e Rl

+24VDC +24VDC_LIMIT

Isolation | Barrier T

Ul

LM5069 TPS7A4901
=
LM5017

RTD Reference LP Filter EMC

Voltage [/ ! Protection
TPS71533 \| 2
LP Filter L

RTD Qutput -/ 3 EMC
\ Protection
VCC_IS0 vCC_Iso

2-, 3- or 4-Wire RTD
Connector

L

TS5A23159 IDAC2

+3.3VDC T

EMC
Protection

- 122

TC Output IDACL

SPI Bus (Controller Side) Isolated SPI Bus

+3.3VvDC Digital Isolator
1S07141CC LP Filter LM94022
ar T

VCC_ISO Analog Output

12CBus | 17¢ Based

+3.3VDC VCC_ISsO

Pif

L\

L\ EMC Thermocouple
\ Protection Connector
LP Filt

er

[ ‘ EEPROM
MUX Control

Digital Isolator
1501540

Isolated

I2C Bus 12C Bus Digital Output on 12C T™P
275

Figure 1. Block Diagram of Temperature Sensor Interface Module for PLC
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System Description

The Temperature Sensor Interface Module provides two differential input channels to take measurements
from two different sensors. One channel supports 2-, 3-, and 4-wire RTD. The other channel supports K-
Type thermocouple temperature sensors. The design uses a single ADS1220 24-bit delta-sigma ADC with
an external TS5A23159 dual channel 2 x 1 analog multiplexer. The multiplexer switches the two
differential analog inputs to share the same ADC. The host controller communicates with TCA6408A - I°C
to the GPIO expander over an I°C bus, crossing the isolation barrier via the 1ISO1540 bi-directional I°C
digital isolator. TCA6408A in-turn controls TS5A23159 to route one of the two inputs to the ADC for
measurement. The input channel selection is done in software.

Any signal coming in or going out of the module is protected against high voltage fast transient events,
which are often expected in industrial environments. The protection circuitry makes use of TVS and ESD
diodes. The temperature sensors (especially thermocouples) produce output in the millivolt range, which
makes sensors prone to noise pickups. The RC low-pass differential and common mode filters are used
on each analog input before it reaches the ADS1220. The filters effectively eliminates any high frequency
noise pickup which may be present.

The design provides two local temperature sensor ICs to sense the cold junction (or reference junction)
temperature. LM94022 is a multi-gain analog output type temperature sensor fed to ADS1220 after
passing through a low pass filter and one additional TS5A23159 dual channel 2 x 1 analog multiplexer.
Another local temperature sensor IC is the TMP275, which is a two-wire digital output temperature sensor
directly interfaced to the I°C bus.

The data ready signal (DRDY) from ADS1220 reports the conversion status, which connects to the GPIO
pin of TCA6408A, configured as input. Before reading the converted sensor data, the host controller polls
for the data ready status latched inside the input port register of TCA6408A over the I°C bus.
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Theory of Operation

Temperature is one of the oldest known physical quantities. Temperature is the most essential factor that
needs continuous measurement, monitoring, and control in various processes in industry. Today, industry
demands accurate, repeatable, and reliable measurement of temperature, because temperature can have
significant impact on product cost, quality, efficiency and safety. All temperature sensors measure
temperature by sensing some change in material physical characteristics as a function of temperature.
Temperature sensors are available in a wide variety such as:

» Thermocouple

* Resistance Temperature Detector (RTD)

e Thermistor

e Semiconductor Temperature Sensor IC

Table 2. Comparison of Different Temperature Sensors

THERMOCOUPLE

RESISTANCE
TEMPERATURE
DETECTOR (RTD)

THERMISTOR

SEMICONDUCTOR
TEMPERATURE
SENSOR IC

Range

—270°C to 2000°C

—200°C to 850°C

-50°C to 300°C

-55°C to 200°C

Changing Physical

high shock and vibration)

Characteristic Voltage Resistance Resistance Voltage or current
Excitation Self-powered Current excitation Current excitation Power Supply (LA)
Cost Low High Low to moderate Low

Response Medium to fast Medium Medium to fast Medium to fast
Accuracy Less Best Good Better
Repeatability Reasonable Excellent Fair to Good Good to excellent
Ruggedness Very high (Can withstand Less High Medium

Special Requirements

Amplification, Filtering, Cold
junction compensation,

Lead Compensation,

Linearization

Power supply, Self-

Linearization Filtering contained

Sensitivity at 20°C #%"eg“o WV per °Cfor K- | pegium Very high High (Typically 10 mV/°C)
Self-Heating No Very low to low High Very low to low
Lead Wire Resistance Not a problem Problematic Not a problem Not a problem
Interchangeability Good Excellent Poor to fair Better

Stable over long period;
Long Term Stability Poor Typically Less than 0.1°C Poor Good

per year
Noise Susceptibility High Medium Low Medium
Linearity Fair Good Poor (Logarithmic) Good
Size Small to large Medium to small Small to medium Small to medium but limited

package choices

0.5°C Digital Out Temp Sensor

Among different types of temperature sensors, the most frequently used ones in industrial applications are
thermocouples and resistance temperature detectors (RTDs).
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5.1 Thermocouple Input Channel

5V 5V
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Figure 2. Thermocouple Measurement Circuit Using ADS1220
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Thermocouple Fundamentals — “Back to Basics”

NOTE: Any conductor subjected to thermal gradient will generate a voltage between its ends.

A simple metal bar produces a voltage when there is a temperature difference between the two ends. The
electrons at the hot end are more thermally agitated than the electrons at the cooler end. The more
thermally agitated electrons on the hot end begin to diffuse towards the cooler end. The redistribution of
electrons creates a negative charge at the cooler end and an equal positive charge at the hotter end. This
process produces an electrostatic voltage between the two ends. The open circuit voltage produced in this
way is known as “ Seebeck Voltage.” The phenomenon is called the “Seebeck Effect”. The Seebeck
Effect was first discovered by German scientist Thomas Johann Seebeck in 1821. Direct measurement of
Seebeck Voltage of a single metal bar is impossible. Another similar metal bar will also produce the same
Seebeck Voltage, cancelling each other and resulting in 0 V at the measuring point. However, a single
wire does not form as a thermocouple. A thermocouple is formed when two dissimilar metals are bonded
together electrically to form two junctions as shown in Figure 4.

| Developed |
| Voltage ’l
Tcown Teown < Thor Thot

Single Metal Bar

L1

Figure 3. Voltage Developed Due to Temperature Gradient

Metal A

Metal

Junction Th Tu>

Metal B

L 4
Figure 4. Thermocouple

The magnitude and direction of open circuit voltage developed between the two ends is proportional to the
temperature difference, as shown in Figure 4 and Equation 1.

AV =8 x (Tuor - Tcowp) @
where S is the Seebeck coefficient or thermoelectric sensitivity

When designing with thermocouples, it is important to understand that thermocouples are bipolar. Bipolar
means thermocouples can produce a positive or a negative voltage, depending on whether or not the
measured temperature is higher or lower than the system temperature, respectively.
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The most misunderstood important point about a thermocouple is that virtually no voltage is developed at
the junction. The junction is basically an electrical bond between two metals which complete the circuit, so

that current flow can take place. Voltage is developed across each wire as temperature changes, as
shown in Figure 5. The voltage difference is observed at the measuring end, because two dissimilar
metals have different Seebeck coefficients.

Virtually no voltage

develops here!

Constantan

Small Seebeck Coefficient

Va2

Nearly all the voltage
develops across here!

—_

[ ﬂV=V1—V2 ]

Voltmeter

Figure 5. Thermocouple and Developed Voltage

Depending on the required temperature range, vibration resistance, chemical resistance, response time,
and installation and equipment requirements, the designer can choose the appropriate thermocouple.
Thermocouples are available in different combinations of metals and calibrations as given in Table 3.

Table 3. Types of Thermocouple

TYPE TYPE E TYPE K TYPE J TYPE R TYPE S TYPET
. Nickel —10%

Nickel —10% : ; o ; o
Junction Chromium Chromlumk | Iron versus Plﬁtl(r;_um —13%, Plr;atlg_um —109%, Copper versus
Material versus vezsus Nicke Constantan Rhodium versus Rhodium verus Constantan

Constantan —'5'/0 Aluminum Platinum (-) Platinum (-)

Silicon
Seebeck
Coefficient 62 pv/°C 40 pv/°C 62 pv/°C 7 pviec 7 pviec 40 pv/°C
at 20°C
Temperature -100°C to o o o o o o o o _ o o
Range 1000°C 0°C to 1370°C | 0°C to 760°C | 0°C to 1450°C 0°C to 1750°C 160°C to 400°C
High Resistance to

Cryogenic . oxidation and Sta_mdard for Often used in

General . General Higher ) calibration for the ; .
o use; non- S corrosion, ; . differential

Application . purpose Sensitivity Lo melting point of

magnetic use calibration old measurements

purposes 9
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Each thermocouple sensor has its own sensitivity (uV/°C), a temperature range, and a nonlinear voltage
curve over that temperature range, depending on its metals and calibration type. Thermocouple voltage
curves are nonlinear over their operating temperature ranges, as can be seen in Figure 6.
80
70

60
50
1) B S
30
10
0

Thermocouple Output Yoltage {in mY)

0 500 1000 1500 2000 2500

Temperature (in °C)

Figure 6. Thermocouple Output as a Function of Temperature

The Seebeck coefficient is a nonlinear function of temperature and causes the output voltages of
thermocouples to be nonlinear over their operating temperature ranges. Thermocouples are not
perfectly linear across temperature. As a best practice, always choose a thermocouple having less
variation in its Seebeck coefficient.

100

O g0 /"‘~\
s ) >
3
< J
g 60 T/ a
E; L Linpar Regipn
o / / M (sdeTekt)
< 40
3 / T
o K
[}
> 4
8 o
L}
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—
— S
-500 0 500 1000 1500 2000

Temperature °C

Figure 7. Temperature versus Seebeck Coefficient
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5.1.2 Cold Junction Compensation (CJC)

A thermocouple measures the temperature difference between hot and cold junctions. Thermocouples do
not measure the absolute temperature at one junction as illustrated in Figure 8. The cold junction is also
sometimes referred to as the reference junction.

Vi
\
. ° ' |
\ Constantan Voltmeter

®
Small Seebeck Coefficient
/
Va2
Seebeck Coefficient for T-Type
Thermocouple = 40p\VI*C
Hot Junction Cold Junction Voltage
100°C 0°C 4.0mV
150°C 50°C 4.0mv
200°C 100°C 4.0mV

Figure 8. Simplified View of Cold Junction Compensation
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The voltmeter measures the same voltage for all three example cases where 100°C temperature
difference between hot and cold junctions always generates 4 mV. Connecting a voltmeter to measure the
thermocouple output creates one more junction, J2. This junction also creates a small voltage and the
difference between the two voltages is measured by the voltmeter. Figure 9 shows a unique case of a T-
Type thermocouple (for simplicity, where the copper-to-copper connection does not form another junction).
But when thermocouples other than T-Type are employed, two parasitic (unwanted) thermocouples are
created with leads at the meter connection. In the PCB, these unwanted thermocouples are one of the
biggest concerns. Each dissimilar metal connection creates a new thermocouple when proceeding from
the measuring end to the wire connector, to the solder, to the copper PCB trace, to the IC pin, to the
bonding wire, and to the chip or die contact. However, if the signal is differential (and each of the
thermocouple pairs are at the same temperature), the thermocouple voltages will cancel (and have no net
effect on the measurement). Therefore, the net voltage error added by these connections is zero.

Thor =
Unknown?? v
> - 2 + Voltmeter
Constantan \
J2

wy

Figure 9. Unwanted Thermocouple Junction

Equation 2 shows how to calculate the temperature (T,or) of measuring junction J1.

AV
Thot =5 +TcoLp @
Equation 2 shows that to determine the temperature of a thermocouple hot junction, the temperature of
the cold junction must be known. Classically, the cold junction of a thermocouple is kept in an ice bath as
shown in Figure 10 to keep the cold junction at the known reference temperature of 0°C. The low 0°C
temperature is another reason this junction is called the cold junction. In reality, it is impractical and
inconvenient in most applications to provide a true ice point reference. The National Institute of Standards
and Technology (NIST) thermocouple reference tables also assume that the cold junction is at 0°C.
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For example, if a T-Type thermocouple produces an open circuit voltage of 3.4 mV with its cold junction
reference temperature maintained at 0°C, what would be the temperature of the thermocouple's hot
junction? Assume that Seebeck coefficient of the T-Type thermocouple is 40 uV/°C. The answer is that
the temperature of the thermocouple's hot junction would be 85°C, as shown in Equation 3 and Figure 10.

3.4 mV
ThoT == +0°C = 85°C
HOT 40 v /°C @)

—
It's
Cm
oy Seebeck Coefficient for T-Type
OO Thermocouple = 40pV/°C
a
@

J1 +
Thor =
Unknown?? \\”
- - v * Voltmeter
Constantan \

oy

| B} 0°C Ice Bath

Figure 10. Measuring Absolute Temperature using 0°C Ice Bath

Therefore, in order to determine the correct absolute temperature at the measuring junction, it is
necessary to know the cold junction reference temperature. In other words, additional measurement
becomes mandatory (to determine the cold junction reference temperature). A more practical and logical
approach is to use some other type of direct-reading temperature sensor means capable of absolute (not
relative) measurement like RTD, Thermistor, or Sensor IC to measure the temperature at the reference
junction. Then, use the temperature at the reference junction to compute the temperature at the
measuring junction of thermocouple. This technique is called Cold Junction Compensation (CJC).

Cold junction compensation can be either hardware compensation or software compensation. This
reference design discusses and implements only software cold junction compensation. Software cold
junction compensation is the most adaptable technique, because changing the type of thermocouple does
not call for a change in the hardware. The one disadvantage is that software cold junction compensation
requires a small amount of additional time to calculate the reference junction temperature.

The CJC is accomplished on-board by an LM94022 multiple gain analog temperature sensor having an
accuracy of £1.5°C (max) specified from 0°C to 50°C and an TMP275 2-wire digital output temperature
sensor having an accuracy of +0.5°C (max) specified from —20°C to 100°C. The on-board temperature
sensor IC continuously monitors the temperature at the cold junction to minimize reference errors. Only
one direct-reading temperature sensor IC is sufficient to perform cold junction compensation. However,
this reference design has two different devices so that their individual performances can be evaluated and
compared. Accurate measurement of temperature at the cold junction is critical and has a direct impact on
overall accuracy of thermocouple temperature measurement. In order to achieve accuracy, thermocouple
terminals should have an isothermal connection to the board to minimize any potential temperature
gradients. A large amount of copper offers a very good form of isothermal stabilization. An isothermal
block or zone can be formed by creating islands of copper-fill in and around the junction on top, bottom,
and inner layers, and then stitching the layers together using vias as shown in Figure 11. The local
temperature sensor IC must be held isothermal with the thermocouple reference junction for proper

compensation.
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26°C
12C, Counts =1A0h
TMP275
Large Seebeck Coefficient
®
Chromel
Alumel
® .
ici 24-bit A¥ ADC
100°C Small Seebeck Coefficient
1.356V
LM94022

Isothermal Block

Figure 11. Isothermal Block

5.1.3 Piecewise Linear Approximation Method
If the cold junction is in a very stable environment, more periodic cold junction measurements are
sufficient. In order to account for the cold junction, the local temperature sensor reading must first be
converted to temperature (T.;) by referring to the device lookup table or transfer function. The temperature
is again translated to a voltage that is proportional to the thermocouple currently being used, to yield V.
This process is generally accomplished by performing a reverse lookup on the table used for the
thermocouple voltage-to-temperature conversion. Adding the two voltages yields the thermocouple-
compensated voltage Vcrua, Where Ve + Ve = Vacrua: Vactual IS then converted to temperature using
the same lookup table from before, and yields T,crya - A block diagram showing this process is given in
Figure 12.
ADS1220
TIVA MCU SOFTWARE
Thermocouple Vrc
Voltage
LM94022
. VCJ TC.I
$o|d]uncttlon sespe=s=susk P (Device look-up R
emperature table or T/F) 0
TMP275 '
v v
0 Counts T T Vg Vacruae T
ﬁ:l:‘ J::‘::::: » (Device look-up ======p (Thermocouple = Z - (Thermocouple ) Tacrua
P table or T/F) look-up table) look-up table)

Figure 12. Software Flow Diagram for Thermocouple Linearization
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Thermocouple manufacturers usually provide a lookup table that offer excellent accuracy for linearization
of a specific type of thermocouple. The granularity on these lookup tables is also very
precise—approximately 1°C for each lookup value. To save microcontroller memory and development
time, an interpolation technique applied to these values can be used. An example of this method when
converting from voltage to temperature with eight lookup table entries is shown in Figure 13.

To perform a linear interpolation using a lookup table, first compare the measured thermocouple voltage to
values given in the lookup table, until the lookup table value exceeds the measured value being
converted. Then, use Equation 4 to convert the measured thermocouple voltage to temperature, where V,
is the voltage lookup table array and T, is the temperature lookup table array. This operation involves four
additions, one multiplication, and one division step, respectively. This operation can be done easily on
most 16- and 32-bit microcontrollers. Converting from temperature to voltage is the same, except that the
lookup tables and the temperature variables are reversed, as shown in Equation 4.

Voltage Temperature
Lookup Table Lockup Table
0 omV 0°C

1] 2.96mvV 7261°C

Increment pointer

until lookup table 2| 59mVv 144.12°C Perform
V| voltage exceeds |—m»| | - = |interpolation using|—m=| T
input voltage 3| 8.86mVv 217.99°C Equation 1

Ex. Vin =9.01mVv

—DN gl 4| 41.8mV | | 200.15°C

5| 14.74mV 360.64°C

6 | 17.7mV 430.78°C

7 | 20.65mV 500°C

Figure 13. V-to-T Conversion Block Diagram for Thermocouple

VIN-VLT[n - 1] ]

T Trfo - ] - ) o

TIN-TLTn - 1] ]

V =VLT[n - 1]+(VLT[“}VLT[n - 1]{TLT[n} -Tur[n-1]
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Use the following steps for thermocouple linearization using the lookup table:

1.

Read the voltage from temperature sensor IC (LM94022 and/or TMP275) placed inside the isothermal
block. For example, reading TMP275 will give a count equal to 1A0h, while reading LM94022 will give
a voltage output of 1.356 V.

Use temperature sensor IC's mV/°C transfer function or lookup table to convert this voltage to
temperature. This temperature corresponds to cold junction temperature. For TMP275, a count 1A0h
corresponds to 26°C temperature. For LM94022, a voltage output 1.356 V also corresponds to 26°C
temperature (which means cold junction temperature is 26°C).

Translate this cold-junction temperature reading into the corresponding voltage for a K-type
thermocouple at that temperature using lookup. The resulting voltage is Vger = 1.041 mV at 26°C.

Read the voltage on thermocouple input channel. For example, the thermocouple voltage measured is
V =3.055 mV.

Add the voltage obtained in to the voltage read in step 2 to the voltage read in step 3. Vic =V + Vg =
3.055 mV + 1.041 mV = 4.096 mV.

Translate this voltage reading into the corresponding temperature using the lookup table. V. = 4.096
mV corresponds to a thermocouple temperature of 100°C.

MAXIMUM TEMPERATURE RANGE )
Thermocouple Grade Reference TableS
— 200 to 1250°C, — 328 to 2282°F Nickel_Chromium

Extension Grade

0 1o 200°C, 32 to 392°F Vs.
LIMITS OF ERROR - -

(whichever is greater) Nickel-Aluminum

Standard: 2.2°C or 0.75% Above 0°C
2.2°C or 2.0% Below 0°C Reference
Special: 1.1°C or 0.4% Tables
COMMENTS, BARE WIRE ENVIRONMENT:
Clean Oxidising and Inert; Limited Use in
Vacuum or Reducing; Wide Tem perature
Range; Most Popular Calibration
TEMPERATURE IN DEGREES °C

N.LST.
Monograph 175
Revised to
REFERENCE JUNCTION AT 0°C ITS-90

Thermoelectric Voltage in Millivolts

°¢c -0 9 -2 -7 -6 -5 -4 -3 2 -1 0 ¢ 1t 0 1 2 3 4 5 6 7 L] 9 10 °c
26°C

0 0000 0038 0079 0118 0188 0198 0238 0277 0 560 22776 22.819 22862 22804 220947 22880 23032 23076 237117 23160 23203 550
100 0397 0437 0477 0617 0657 0607 0637 06 1 041 mV 10 560 23203 23.2d5 23288 23331 23377 23416 23468 23.6071 23544 23686 23620 080
20 0798 0838 0879 0919 0960 1.000 1.081 - 20 570 23629 23671 23714 23757 23799 23842 23884 23927 23970 24012 24055 570
30 1203 1244 1285 1326 1366 1407 1448 1489 1530 1571 1612 30 580 24055 24.007 24140 24182 24225 24 267 24310 24353 74305 24438 24480 580
40 1612 1683 1694 1735 1776 181F 1858 1899 1841 1882 2023 40 590 24480 24823 24865 24808 24650 24693 24735 24778 24820 24863 24005 580
50 2023 2064 2106 2147 2188 2230 2271 2312 2354 2395 2436 50 600 24905 24 948 24980 25033 25075 25118 257160 25203 25245 25288 25330 600
B0 2436 2478 IOODC 2 2644 2685 2727 2768 2810 2851 [0 610 25330 25373 25415 25450 25500 25543 25585 25627 25670 25712 26755 610
0 2861 2893 ‘ T 3088 300 3142 3784 3226 3267 T B20 26790 26,707 20840 26882 20,024 20067 26.000 26.052 26.004 26136 26179 620
80 3267 3308 4.096]1]" 3 3474 3576 3557 3489 3E40 3682 B0 630 26779 26,221 26263 26306 26,348 26390 26433 26,475 26.517 26,960 26602 630
80 3682 3723 8 3889 3931 3972 4013 4055 4086 80 640 26602 26644 26687 26729 26771 26814 26856 26898 26940 26983 27025 640
100 4179 4.220 4262 4303 4344 4386 4427 4468 4500 100 660 27.026 27.067 27100 27162 27194 27236 27278 21320 27.363 27405 27447 650
110 4509 4550 4591 4633 4674 4715 4756 4797 4838 4879 4820 7110 660 27447 27,489 27431 27574 27616 27658 27700 27742 27.784 21826 27868 660
120 4520 4961 5002 5043 5084 5124 57165 5206 5247 5288 5328 120 670 27863 27911 27953 27805 28037 28,079 28121 28163 28205 28247 28288 670
130 5328 5360 5410 5450 5481 5532 5872 AA13 5AS3 G604 5736 130 BB0 208280 28332 28374 28416 20458 28500 28542 28884 ZR6E26 20668 28710 680
140 6735 AT 5B15 ABSE 6896 6037 6877 G017 6058 6098 B3B8 140 690 28710 28752 28794 ZRB36 28877 28818 ZRUG1 20003 79045 70087 28128 680

Figure 14. K-Type Thermocouple lookup Table

The mV/°C transfer function and/or the look tables for LM94022 (with hardwired gain = 01) and TMP275
can be found in their respective datasheets.
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5.14 PCB Layout Recommendations

In order to get the best out of cold junction compensation, careful attention must be paid to the following
facts:

1. Provide an isothermal block on the board to minimize any temperature gradients across the cold
reference junction.

2. Thermocouple connector pins must land inside the isothermal block.
Avoid any high voltage traces running close to thermocouple signal traces.

The temperature sensor IC must be positioned within close proximity of the reference junction and
inside the isothermal block.

5. Place the temperature sensor IC on the same side where the thermocouple connector is placed.

6. Keep the heat sources away from the reference junction and isothermal block.

7. Route the PCB traces together to ensure equal numbers of junctions are maintained on each trace.
8

9

Ao

Keep the module and hardware in a thermally stable environment for optimal performance.

If possible, use a dedicated thermocouple connector to minimize parasitic or unwanted thermocouple
junction.

10. Choose a temperature sensor IC having very low quiescent current to minimize the self-heating.
LM94022 has quiescent current less than 6 pA. TMP275 has a quiescent current less than 50 pA in
active mode. However, if TMP275 is operated in on-shot temperature measurement mode with
shutdown mode, the current drastically drops to 0.1 pA.

Copperpour connected Copper pour connected
to +terminal to + terminal

" —
! JLLI ' ' Thermocouple + terminal
ﬂ  — Thermocouple + terminal
TMP275 JI ® <
J Ill-/_:—‘ L/ Forms
Isothermal Block Forms
LIM94022 Isothermal Block
L | :
Thermocouple - terminal
. Thermocouple - terminal
[} <
ik
i v r—
12CBus - SDA & SCLK Copperpour connected Copp‘eor Eo‘::nz‘:;r;rected
to - terminal
Figure 15. Top Layer Figure 16. Power Layer
Copper pour connected
to +terminal
Thermocouple + terminal
Forms
Isothermal Block
Thermocouple - terminal
Differential routing Copper pour connected
of thermocouple output voltage to - terminal
Figure 17. Bottom Layer
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Filter Calculation

In DC to low-frequency sensing signal-conditioning applications, simply relying on the common-mode
rejection ratio (CMRR) of a PGA to provide robust noise rejection in harsh industrial environments could
be insufficient. Thermocouple output signals are in the millivolt range and become an easy target of noise.
If any high frequency noise is allowed to reach to PGA stage, it will be amplified by high gain and will
appear in volts at the PGA output. ADS1220 has an internal FIR digital filter that can be configured to
reject 50 Hz or 60 Hz power line frequency pick-up noise or simultaneously reject both only at data rates
of 5 SPS and 20 SPS.

Note that inside ADS1220, the input signal is sampled at the modulator clock frequency, not at the output
data rate. The filter response of the digital filter repeats at multiples of the sampling frequency (Fyop)-
Signals or noise up to a frequency where filter response repeats are attenuated by the digital filter.
However, any frequency components present in the input signal around the modulator frequency or
multiples thereof are not attenuated and alias back into the band of interest (unless attenuated by an
external analog filter). Some signals are inherently band-limited. For example, the output of a
thermocouple cannot be expected to change very quickly and has a bandwidth less than 1 Hz.

Nevertheless, long thermocouple wires can easily pick up high frequency noise, which can fold back into
the frequency band of interest. Therefore, it is generally recommended to implement a simple low-pass,
anti-aliasing RC filter at the inputs of the ADC. This implementation sufficiently rejects the high-frequency
noises to achieve an acceptable signal to noise ratio (SNR).

For noisy environment applications, a higher order (2", 3", or 4" order) filter provides more attenuation at
high frequencies. When designing an input filter circuit, be sure to take into account the interaction
between the filter network and the input impedance of the ADS1220. However, avoid increasing the filter
resistance beyond 1 kQ. When an excessively large filter resistance is used, this resistance will begin to
interact with the ADC's input impedance, resulting in linearity and gain errors.

The thermocouple sensor connects differentially to high input impedance of the ADC through a simple RC
low pass filter in each input line. This filter is known as a common mode filter. The important point here is
that if the filter components in both the inputs are perfectly matched, the common mode noise will also be
attenuated equally. Resistors can be matched closely by choosing 1% tolerance or better. However,
capacitors have a typical tolerance of 5% or 10%. Due to this capacitive mismatch, some percentage of
common mode noise gets converted to differential noise and becomes a part of the thermocouple input
signal.

To overcome this problem, a differential capacitor is also added. The filter, formed by Rprea, Coire, and
Rpiees IS known as a "differential mode filter." Just adding a differential capacitor is not enough, as the
following four criteria must be satisfied:

1. The differential cutoff frequency should be sized to provide sufficient attenuation of any noise
component around the modulator frequency so that noise does not fold back into the frequency band
of interest.

2. Choose the common mode capacitor 10 times smaller than the differential mode capacitor. This 10
times smaller size makes differential voltage translated due to a common mode capacitive mismatch
less critical. The differential mode filter cutoff frequency becomes much smaller than common mode
filter cutoff frequency.

3. The filter components should be placed symmetrically on the board.

4. The order of the filter must be decided so that the expected direct differential mode noise around the
modulator’s clock frequency (256 kHz for ADS1220) is suppressed to less than 1 LSB.

TIDU271-May 2014 Temperature Sensor Interface Module for Programmable Logic Controllers 17
Submit Documentation Feedback (PLC)

Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU271

13 TEXAS
INSTRUMENTS

Theory of Operation www.ti.com

Ccv (AC) mismatch causes asymmetric e, attenuation, resulting in significant differential noise, which is also
amplified by PGA gain along with sensor input.

Figure 18. Common Mode Filter (Undesired)

=t
@ =—=C, +AC
.|_

ﬁ\‘
1
|
é}

© tew ot

LE
n

Cen (#AC) mismatch causes asymmetric e, attenuation. As long as CDIFF = 10 CCM, differential noise is attentuated
to an insignificant level.

Figure 19. Common Mode and Differential Mode Filter (Desired)

1
om = C68xC61
2n(R47 + R45) C65+ ———
C68 + C61
1
Fou = 0.1 F x 0.1 uF
2n(499 Q+499 Q) 1 pF + —— HX= M
0.1uF+0.1uF
FDM ~152 Hz (5)
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Fcm_1= ;
21 x Rs1x Ccm1 (6)
1
Fcm_2=

21 x Rs2x Ccm2

FcM_1=FCcM_2~3.2KHz (7

5.1.6 PGA Gain and Common Mode Voltage

The K-Type thermocouple has a temperature range of —270°C to 1372°C. The K-Type thermocouple
produces a voltage input to the PGA ranges from —6.458 mV to 54.886 mV. Therefore, the thermocouple
full scale input range (V¢ iy ¢s) is as shown in and Equation 9.

Vic nrs = [54.886 mV — (—6.458mV) | = 61.344 mV (®)

PGA Gain — — REF 2.048 V

= =334V/V
Vi Fs  61.344 mV

9)
The closest PGA gain supported by ADS1220 is 32 V/V.
The differential full scale input voltage (Vgs) range for the PGA at a gain of 32 V/V is 64 mV. The
thermocouple full scale input voltage (V¢ \y ¢s) lies within the PGA full scale input.
-270°C 1372°C
K-type thermocouple temperature range: l l
-6.458mV 54.886mV

K-type thermocouple voltage output overlapped 1 l—l_|
on PGA full scale input range: T T

-64mV ov +64mV

-0.20666V 1.7564V
PGA output overlapped on ADC full scale input 1 __I
range: i T
-2.048V ov +2.048V

The ADC can measure inputs differentially, which means the ADC measures one input with respect to
another input with both inputs' active signals. For 5-V single power supply operation, AIN_P and AIN_N
signals should not be allowed to swing below ground. Therefore, it is important to set common mode
voltage of the differential signals equal to the mid-supply so that the differential signals swing above and
below the common mode voltage and always remain within the valid ADC range as shown below in
Figure 20. A1 and A2 are not rail-to-rail output amplifiers. Therefore ADC_IN_P and ADC_IN_N have to
be within (AVSS + 0.2 V) and (AVDD - 0.2 V). Equation 10 shows the most confusing common mode
voltage requirement for the inputs:

(AVSS 102V + Mj <Vom < [AVDD ~02V- w]
2 (10)
For example, AVDD =5V, AVSS =0 V, PGA Gain = 32 V/V and
Internal ADC Reference (Vgee) = 2.048 V.
Therefore, the maximum possible differential input voltage that can be applied is
N VREF . :i2.048V 40064V
PGA Gain 32VIV
So, the allowed common mode voltage range is 1.224 V £ V,, £ 3.776 V.
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However, the thermocouple sensor output that is connected to the inputs in this design does not make use
of the entire full-scale range. Instead, the output is limited to V,, = £54.886 mV (max). Accordingly, this
reduced input signal relaxes the V., restriction to 1.078 V < V,, < 3.922 V.

ssssss

2000Q

AINNO—/\/\/\,Ir

Figure 20. Thermocouple N . _

Sensor Output = Input to PGA _ _ _ Figure 22. PGA Output = ADC
Figure 21. PGA with Gain Input

Programmed to 32 VIV

The thermocouple signal conditioning circuit includes a simple bias generation through Ry, and Rpp, which
basically centers the thermocouple between supply and ground. This is often an ideal common-mode input
for PGA. Ry, and Ry should be sized as high as possible to minimize the current flowing through the
thermocouple without introducing too much additional noise.

The thermal noise or Johnson noise for a resistor can be given as:
Wy = Y4KTR(BW)

where
* R=Rpy+Rep
e K = Boltzmann constant= 1.38 x 102 J/K
e T =Temperature in Kelvin = 273.15 + 85°C (max) = 358.15 K (max)
* BW = Bandwidth = External input filter bandwidth = 152 Hz (112)

For this design, the variables are sized to restrict their total noise contribution to less than the peak-to-
peak input referred noise of the ADC.

(Peak-to-Peak Input Referred Noise)2
4 KT (BW) 12)

RPuU + RPD <

A 1 MQ resistor each is sufficient to accomplish the task without adding too much noise.
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Accuracy Calculation
K-Type Thermocouple Voltage at 1372°C temperature produces 54.886 mV.
ADS1220’s Full Scale Range = FSR = £0.064 V = +64 mV
PGA Gain = 32 VIV

ADC Error Contribution = 2J(INL)’ + (OFFSET  + (OFFSET DRIFT? + (GAIN)? + (GAIN DRIFTY’
(13)

Individual errors using typical ADC specifications are:

INL = £15 PPM of FSR = +15 PPM x 55 mV = +0.385 pVv

Offset error = +10 pV (from datasheet graph)

Error due to offset drift = £0.08 pVv/°C x (60°C — 0) = 4.8 uVv
Gain error = £300 PPM of FSR = 300 PPM x 55 mV = £16.5 pV
Error due to gain drift = +1 PPM/°C x (60°C — 0) = £3.3 pV

ADC Error Contribution = £17.52 pVv

ADC Error Contribution _17.52 Vv
AverageThermocouple Sensitivity  40.6 pV/°C

This yields temperature error = =0.431°C

ADC Temperature Error = £0.5°C (Typical)

Total Unadjusted Error (TUE) = %/(CJC Error)? + (ADC Temp Error)?

For TMP275, the temperature accuracy is +0.5°C

Total Unadjusted Error (TUE) = %/(0.5°C)2 +(O.5°C)2 =40.707°C (excluding thermocouple sensor error)

For LM94022, the temperature accuracy is +1.5°C

Total Unadjusted Error (TUE) = %/(1 .5°C)2 +(0.5°C)2 = 11.58°C (excluding thermocouple sensor error)

Accuracy/Resolution of ADC

( \ - —|~ Voltage

References

AY

u
H ADC

1 pF N ’—>E
PGA -
1pF

j«— DIN

/
/ N le— SCLK
/
\
\
N\

J2
+ -
v \sPI
Interface
|
+ -
J3
S o
—

/ l«—» DOUT/DRDY
\ / Accuracy of Reference Junction Temperature Sensor
\

]/emperature

Oscillator
Sensor

1pF

I

Accuracy of Thermocouple

Figure 23. Parts of Circuit Affecting Accuracy
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5.1.8 Sensor Diagnostics

As thermocouples are exposed to extreme environmental conditions, thermocouple wire tends to break or
increase in wire resistance. Therefore, an easy and quick detection of broken or increased resistance is
required in critical applications. The second purpose of the 1 MQ resistors is to offer a weak pull-up and
pull-down for sensor open detection. In the event that a sensor is disconnected, the inputs to the ADC
extend to supply and ground, and yield a full-scale readout, which indicates a sensor disconnection.

Alternatively, ADS1220 provides internal 10 yA, burn-out current sources which can be enabled by setting
the BCS bit in the configuration register. One current source sends current to the selected positive analog
input (AIN;), and the other current source sinks current form the selected negative analog input (AIN). In
case of an open circuit in the sensor, these burn-out current sources pull the positive input towards AVDD
and the negative input towards AVSS, resulting in a full-scale reading. A full-scale reading indicates that
the sensor is open or a wire break condition has occurred.

System Monitors

C’/O—O (Vrerpx — VRernx) / 4

o o—0 (AVDD - AVSS)/ 4

|
|
|
|
|
|
|
|
|
|
AVDD AVDD I
T
IDAC1 IDAC2 | ! (AVDD + AVSS) / 2
|
|
|
[

AVDD AVSS
% !P il
AINO/REFP1 ° *

AVDD % ;AVSS /T /T / . \

AIN1 L

o— M 4 Burnout Current Source (10 pA)
AVDD AVSS
AIN2 L2
O———|——4
AVDD AVSS L] AN |
/ / PGA To ADC
T T o ANy [
AIN3/REFN1 L

oO——— ¢
AVDD % ;AVSS O~
REFPO T T \ Burnout Current Source (10 pA)

AVDD AVSS
»—o/ »-o/ —
REFNO % ; T T AVSS \AVSS /

Figure 24. Burn-Out Current Sources for Sensor Diagnostic

NOTE: Do not leave burn-out current sources active during normal measurements, since burn-out
current sources will corrupt the readings.
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5.2 RTD Input Channel

5.2.1 Resistance Temperature Detector (RTD) — “Back to Basics"

A Resistance Temperature Detector (RTD) is a sensing element used to measure the temperature as the
element's resistance changes with changes in temperature. RTDs have been constantly in use for many
years to measure the temperature in laboratories and industries. The relationship between an RTD’s
resistance and temperature is highly predictable and allows accurate and repeatable temperature
measurement over wide ranges.

RTDs are constructed in two common configurations — wire wound RTDs and thin metal film RTDs (see
Figure 25 and Figure 26). Wire wound type RTDs are made by inserting helical sensing wire into a packed
powder-filled insulating mandrel to provide a strain-free sensing element. Thin film RTDs are made by
depositing a thin layer of metal (for example, platinum) in a resistance pattern on a ceramic substrate. The
thin metal film RTDs appear to have an advantage over wire wound configurations in terms of
ruggedness, vibration resistance, cost, size, and response.

Figure 25. Wire Wound RTD

Figure 26. Thin Film RTD

The basic principle for RTD operation is that all the metals have positive change resistance with increase
in temperature. Metals having high resistivity, high melting point, and high corrosion resistance are
generally preferred for making RTDs and allow using less of the metal material to achieve high nominal
resistance value.

Table 4. Metals and Their Resistivity

METAL T BB L e

Platinum (Pt) 59

Nickel (Ni) 36

Tungsten (W) 30

Gold (Au) 13

Copper (Cu) 9.26

Silver (Ag) 8.8
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Nickel

R|/ Rn —

Platinum

| | | 1
0 200 400 600

Temperature ("C)=——>

Figure 27. RTD Metal Resistance versus Temperature

Gold and silver are less preferred for RTD sensing elements, as they have low resistivity. Copper is
sometimes used as an RTD element for temperature measurement up to approximately 100°C. Copper's
linearity and low cost make copper a more cost-effective alternative. RTDs using copper as the sensing
element are larger in size because copper's lower resistivity forces use of longer wire to wind as a sensor.
Tungsten has relatively higher resistivity compared to gold, silver, and copper. Tungsten's use is restricted
to extremely high temperature applications. Tungsten is a fragile (breakable) material, which makes
machining or construction more difficult.

The most commonly used RTDs are made of either platinum, nickel, or nickel alloys. Nickel-based sensors
used in cost-effective applications (like consumer goods) have a nonlinear response and also have a
tendency to drift over time.

By far, platinum is the best material for RTDs because of the high resistivity and long-term stability.
Platinum follows a more linear resistance-temperature relationship compared to other metals. The unique
properties of platinum make platinum the material of choice for temperature standards over the range of
—200°C to 850°C. As a noble metal (chemically inert), platinum is less susceptible to contamination.
Platinum is one of the leading choices for a temperature measurement task. Platinum RTDs are typically
available in 100 Q (PT100), 200 Q (PT200), 500 Q (PT500), and 1000 Q (PT1000) nominal resistance
values at 0°C. Historically, PT100 is the most popular. However, higher-valued RTDs such as PT200,
PT500, or PT1000 can be used for increased sensitivity and resolution at a small extra cost.

RTDs are built to conform to certain standards like the European standard (DIN-IEC-60751), the American
standard (ASTM 1137), or the International Temperature Scale (ITS-90). For PT100 RTD, the DIN-IEC-
60751 standard defines a base resistance of 100 Q at 0°C and a temperature coefficient of resistance (a)
of 0.00385 Q/Q/°C between 0°C to 100°C. The American standard defines a base resistance of 100 Q at
0°C and a temperature coefficient of resistance (a) of 0.003911 Q/Q/°C between 0 and 100°C. The ITS-90
standard defines a base resistance of 100 Q at 0°C and a temperature coefficient of resistance (a) of
0.003925 Q/Q/°C between 0 and 100°C.

The three essential characteristics of an RTD are the following:

» Temperature coefficient of resistance — relationship between resistance and temperature
« Nominal resistance at 0°C; for example, PT100 RTD has 100 Q resistance at 0°C

e Tolerance class — RTD accuracy
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Table 5. RTD Class and Tolerance Information

To(ﬁmgggo%gss IR R R eSS ERROF({,S; Ticicl G SRR
WIRE-WOUND THIN-FILM (°C) @ RANGE (°C)
AAA (1/10 DIN)@ 0 to 100 0to 100 +(0.03 + 0.0005 x T) 100 + 0.012 0.08 0.08
AA (1/3DIN) —50 to 250 0 to 150 +0.1+0.0017 x T) 100 + 0.04 0.27 0.525
A —100 to 450 —30 to 300 +(0.15 + 0.002 x T) 100 + 0.06 0.35 1.05
B —196 to 600 —50 to 500 +(0.3 +0.005 x T) 100 + 0.12 0.8 33
C —196 to 600 —50 to 600 +(0.6 +0.01 x T) 100 + 0.24 1.6 6.6

@ Manufacturers may choose to guarantee operation over a wider temperature range than DIN-IEC60751 provides.
@ AAA (1/10DIN) is not included in the DIN-IEC-60751 specification but is an industry accepted tolerance class for high-
performance measurements.

The relationship between the resistance and temperature of platinum RTD is defined by a nonlinear
mathematical model known as the Callendar-Van Dusen (CVD) equations. The coefficients in the
Callendar-Van Dusen equations are defined by the IEC-60751 standard.

For T > 0°C, the CVD equation is a second-order polynomial as given in Equation 14:
RTD (T) =R, x[1+A(T) + B (T)]
For T < 0°C, the CVD equation expands to a fourth-order polynomial as given in Equation 15:
RTD (T) =Ry, x [1 + A (T) + B (T)>+ C (T)* (T — 100)]
The linear approximation model is as follows:
RTD (T) = R, x [1+ a (T)]
where
e T = Temperature of RTD element in °C
« RTD (T) = resistance of RTD element as a function of temperature
* R, is the resistance of the RTD element at 0°C
e a = Sensitivity of RTD element = 0.00385 Q/Q/°C
e A=3.9083x103°C™*
e B=-5.7750 x 107 °C™
e C=-4.1830x10"°C™*

(14)

(15)
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The behavior of resistance for PT100 RTD from —200°C to 850°C is shown in Figure 28.
400
360
320
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7
£
e
RTD( Temp) 9, 240
— [0}
RunpT(Tem) €
- é 200
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40
9 200 -9 10 115 220 325 430 535 640 745 850

Temperature (C)
Figure 28. RTD Resistance and Linear Fit Line versus Temperature
The change in RTD resistance is piecewise linear over small temperature ranges. An end-point curve

fitting shows RTDs have a second-order, nonlinearity of approximately 0.375% as shown in Figure 29 . To
correct this correct this nonlinearity error requires implementing a digital linearization technique.

Resistance Error and Nonlinearity %FSR
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Figure 29. Resistance Error and Nonlinearity versus Temperature
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The three techniques for RTD linearization are as follows:
1. Simple Linear Approximation Method

2. Piecewise Linear Approximation Method

3. Callendar-Van Dusen Equations Method

A brief comparison is also given in Table 6.

Table 6. Linear Approximation Methods

METHOD ADVANTAGE DISADVANTAGE OTHER REMARKS

Easy to implement

Fast execution

Accurate over small temperature
ranges

Smaller code size

Simple method when memory size
is limited and temperature range is
smaller

Least accurate over wide
temperature range

Simple Linear
Approximation

Accuracy depends on the entries in | High accuracy

Piecewise Linear Most practical method implement

Approximation the lookup t_able M'ore entries in lookup table by most of the embedded systems
Fast execution Bigger code size
Extremely Processor Intensive
Callendar-Van Time consuming L _
Dusen Equations Most accurate Requires Square root and Power Not practical in most applications

functions on the processor

This reference design implements the piecewise linear approximation method using the manufacturer’s
lookup table with more number of entries to achieve better accuracy.

522 RTD Resistance Measurement
The basic principle required for RTD measurement is based on Ohm’s Law.
Ohm's law equation is as follows:

R-Y
I
where
« R = Resistance of the RTD element
e | = Known excitation current
* V =Voltage across RTD element (16)

As an RTD is a passive sensor, an RTD does not produce output on its own. An RTD requires a known
constant current source for the RTD's'excitation to produce a useful voltage output proportional to the
resistance of the RTD. The resulting voltage output is then amplified and fed to an ADC for measurement.
By this method, an unknown resistance of an RTD can be easily calculated and then transformed to
temperature using a software algorithm. Depending on the nominal resistance of the RTD, different
excitation currents can be used. The excitation current flow through an RTD should be minimized to avoid
self-heating. In general, approximately 1 mA or less current is used.

i +i

Vin+
l AY
GAIN
Rrro Vbirr N ADC
V-

Figure 30. Simplified RTD Measurement Circuit
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5.2.3

The RTD is generally installed in plastic, food, petrochemical-processing equipment, gas exhausts,
pipelines, stoves, and other places in industry. The measurement circuit inside a control room can be
hundreds of feet away from the processing plant. Under such conditions, the measurement wires that lead
to the sensor can be several ohms. The small resistance of the wire could add to the RTD resistance.
Therefore, errors in resistance measurement can be caused. For example, a wire resistance of 0.5 Q in
each lead of a field-mounted RTD causes an (0.5 Q + 0.5 Q) / (0.385°C/Q) = 2.6°C error in measurement.
RTDs are available in three different lead wire configurations: 2-wire, 3-wire, and 4-wire. Before discussing
each configuration in detail, the background is given for a ratiometric measurement approach for RTDs, as
this reference design also implements ratiometric measurement.

Self-Heating

Unlike thermocouples, RTDs are not self-powered. Therefore, RTD's need an excitation source. Excitation
current flowing through the RTD produces a useful voltage that can be measured. Maximizing the
excitation current appears desirable by augmenting system performance. The excitation current must be
high enough so that voltage produced is greater than the peak-to-peak noise level of the ADC.

At the same time, care must be taken not to pass a large current through the RTD, since a large current
can cause higher I°R losses. I°R losses lead to self-heating within the element. If the sensor is unable to
dissipate the self-heat, the sensing element increases above ambient temperature, which can cause
resistance of the RTD element to increase. Therefore, an artificially high temperature will be reported.

The errors due to self-heating cannot be easily corrected. These errors should be kept lower than 25% of
the total error budget. The amount of self-heat generated also depends upon the sensor’s thermal
resistance, surroundings, and placement in an application. An RTD placed in a moving, fluid medium will
not self-heat because the moving fluid will keep the RTD at the temperature of the fluid.

However, in open-air temperature measurements or other applications where the RTD is surrounded by
an insulator, the RTD will self-heat and cause errors. Self-heating error is expressed in mW/°C. The
typical range of RTD self-heating coefficients is 2.5 mW/°C for small elements to 65 mW/°C for larger
elements. Figure 31 displays the self-heating error in °C versus applied excitation current for the range of
RTD self-heating coefficients.

1

o
00
Ermogs ) / /
N 3 P

Errop 5kl
- 4 /

Temperature (C)
P

1107

110°% 110 3

110 001
|

Excitation Current (A)

Figure 31. Self Heating versus Excitation Current

Typically, a good compromise is to make sure that RTD and current are scaled so the drift (due to self-
heating) is significantly less than the errors associated with the RTD itself.
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5.2.4

Ratiometric Measurement

Performing ratiometric measurement provides a significant advantage, where errors resulting from the
absolute accuracy of the excitation current and errors due to excitation drift are virtually eliminated. In
addition, the noise of the excitation source at the inputs is also reflected on the reference path of the ADC.
In this way, the noise gets cancelled.

An ADC requires a reference voltage to convert the input voltage into digital output. In most applications,
this reference is fixed and generated either internal or external to the ADC. The voltage reference has a
direct influence on the accuracy of output. If the measurement can be arranged so that the ADC result is a
ratio of the input and a precision element such as a resistor, then much higher precision results can be
obtained.

In ratiometric configuration, the excitation current that flows through the RTD returns to ground through a
low-side reference resistor, Rger, @s shown in Figure 32. The voltage developed across Rggr is fed into the
positive and negative reference pins (REFP and REFN) of the ADC and the ADS1220 is configured to use
this external reference voltage Ve for the analog-to-digital conversions. The Rggr resistor and excitation
current are sized to produce a 1.65 V external reference. Rge should be selected as a low-tolerance, low-
drift resistor for accurate results.

The voltage drop across the RTD and Rgge resistors is produced by the same excitation source. The ADC
output code is a relationship between the input voltage and the reference voltage. Therefore, errors as a
result of the absolute accuracy of the excitation current and errors because of excitation drift are virtually
eliminated. As mentioned in the first paragraph in Section 5.2.4, the noise of the excitation source at the
inputs is also reflected on the reference path of the ADC. In this way, the noise gets cancelled. Therefore,
the system becomes immune to variations in the excitation.

11
V|N+
! A
RRTD? Vbirr PGA ADC
o——i—,—>

Vi REFPL I REFN

Mime

Rrer —

Figure 32. Simplified Circuit for RTD Ratiometric Measurement

VIN x GAIN x (223 - 1)

ADC _Output =
VREF a7
IDAC x RTD x GAIN x (223 - 1)
ADC _Output =
IDAC x RREF (18)
RTD x GAIN x (223 - 1)
ADC _Output =
RREF (19)

The accuracy of the measurement now depends only on the reference resistor. Therefore, the absolute
accuracy and temperature drift of the excitation current does not matter. However, because the value of
the reference resistor directly impacts the measurement result, the accuracy can be set to a higher level
by choosing a high precision low drift reference resistor Rgg.
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5.2.5 Two-Wire RTD Application
LAVSS
______________________________________ |
|
MUX |
\ I
le——0O SCLK
- — Serial QQ [I?)IONUT
RTD f Line 1 I DFlislztléfl Int;f;ce s S0y
\/\/\/\ - Control le——0 (S:%ART

+—O RESET

Line Resistance

|

|

|

| IDAC
I Current
|

|

NOTE: Rgas should be as close to the ADC as possible.
Figure 33. Two-Wire RTD Circuit

The two-wire RTD connection is the simplest method for a remote connection. Figure 33 presents one
possible RTD application. The ADS1220 current sources are connected to one of the terminals of the RTD
lines by setting the appropriate bits in configuration register 2. The value of the current can be chosen by
setting the IDAC [2:0]: IDAC current setting bits in configuration register 2. The voltage developed across
the RTD is measured by connecting the RTD through the PGA to the ADC.

The voltage measured across the RTD is proportional to temperature (determined by the characteristics of
the RTD). The Ry, value is selected according to the IDAC current source setting. The reference to the
device is also derived from the IDAC. The appropriate external reference must be selected by setting the
Vrer [1:0]: voltage reference selection bits in configuration register 2. Ry, determines the reference
voltage to the ADC as well as the input common mode of the PGA. Both reference and input to the device
are functions of the IDAC current in this topology. This ratiometric approach ensures a greater effective
number of bits (ENOB) because the noise in the IDAC reflects in the reference as well as in the input, and
therefore tends to cancel off.

The effect of the IDAC current temperature drift is also cancelled out in this ratiometric topology. However,
a major limitation of the two-wire method is that the voltage drop across the line resistances adds up to
the voltage drop across the RTD. Therefore, the sensor cannot be very far away from the measurement
setup. The IDAC current mismatch drift in this topology also does not matter, because there is only one
current path.

R

Rrmo Vieas I

SOURCE

R,
Figure 34. Simplified Two-Wire RTD Configuration and Excitation

VMEAS = ISOURCE x RRTD + 2 x ISOURCE x RL

VERROR = 2 x ISOURCE x RL (20)
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5.2.6

RTD

A

s Line 2 AINO
f Line1  ami

The two-wire RTD measurement is least accurate with longer lead wires resistance. Two-wire RTD
measurement variation with temperature adds significant measurement error. The two-wire RTD
measurement is used only when the sensor is located at a very short distance. Higher accuracy is not a
concern in this case of short distance. Otherwise (in the case of long distance), the effect of lead wires

cannot be eliminated.

Three-Wire RTD Application

IDAC
Current

Line Resistance

IDAC
Current

I
4
T

|

I

I

I

I

I

I

NOTE: Rgjs should be as close to the ADC as possible.

Digital
Filter

CLK

Figure 35. Three-Wire RTD Circuit

Serial
Interface
and
Control

SCLK
DIN

DOUT
DRDY

START
RESET

For optimum performance in three-wire RTD applications, the two current sources of ADS1220 have been
extremely closely matched. Figure 35 shows a typical implementation of a ratiometric 3-wire RTD
measurement using two excitation-current sources integrated in the ADS1220, which excites the RTD as
well as implements automatic RTD lead-resistance compensation. In order to implement a ratiometric 3-
wire RTD measurement using the ADS1220, IDAC1 is routed to one of the excitation leads of the RTD,
while IDAC2 is routed to the second excitation lead. Both currents have the same value, which is
programmable by IDAC [2:0]: IDAC current setting bits in configuration register 2. The design of the
ADS1220 ensures that both IDAC values are closely matched, even across temperature.

| SOURCE1

T
VMEAS

SOURCE2

Figure 36. Simplified Three-Wire RTD Configuration and Excitation

Assuming that lggureer = lsourcez = | @nd all lead wire resistances are equal.
VMEAS + =IxRL+IxRRTD+2 xIx RL=Ix RRTD+ 3 x| x RL

VMEAS - =IxRL + 2xIxRL=3 x| xRL

VMEAS +— VMEAS - = | x RRTD

(1)
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The 3-wire RTD configuration is widely used in industrial applications, because it saves cost by using
three wires instead of four wires and provides accurate measurements. The 3-wire RTD configuration
provides significant improvement over the 2-wire RTD approach, but the excitation current mismatches
(offset and drift) and unequal lead wire resistances can introduce measurement error.

5.2.7 Four-Wire RTD Application

Line 1

Line
Resistance MUX

r—CQ SCLK
Serial ) @ DIN
Digital Interface =0 DOUT
Filter and —Q DRDY
Control +—O Cs
—CO START

|

|

|

|

|

I

I

RESET

|

| 34 IDAC CLK
| Current

|

|

|

A NOTE: Rgjus should be as close to the ADC as possible.
Figure 37. Four-Wire RTD Circuit

The 4-wire RTD approach as shown in Figure 37 provides the highest level of accuracy because it isolates
the excitation path of the RTD from the high impedance sensing path. The ADS1220 current sources are
connected to one of the RTD line terminals by setting the appropriate I1IMUX [2:0]: IDAC1 routing
configuration bits and I2MUX [2:0]: IDAC2 routing configuration bits in configuration register 3. Line 4 of
the RTD has been tied to the IOUT1 terminal of the device because Line 4 is not a sensing line, which
saves an input channel in the device for other sensors. The current value can be chosen by setting IDAC
[2:0]: IDAC current setting bits in configuration register 2. The voltage developed across the RTD is also
measured by connecting the RTD through the PGA to the ADC. The voltage measured across the RTD is
proportional to temperature (determined by the characteristics of the RTD). The value of Ry, is selected
according to the IDAC current source setting. With ratiometric 4-wire configuration, a small cost is paid for
extra wires to get the best accuracy measurements without the influence of the lead wire resistances,
compared to the 2- and 3-wire configurations.

R RTD/%{ \_/MEAS <+ I

Figure 38. Simplified Four-Wire RTD Configuration and Excitation
VMEAS = | xRRTD (22)

In this way, the system errors are reduced to the measurement circuit accuracy.
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5.2.9

Connecting Two-, Three-, and Four-Wire RTD Probes

This module is compatible with 2-, 3-, and 4-wire RTD probes. The connection diagrams for connecting to
the module are shown in Figure 39. The designer just needs to connect jumper wires externally, as
indicated in red color as shown in Figure 39. This arrangement does not call for any change in the
hardware on the module. This arrangement is quite useful when the designer can access only the
interface connectors.

2-Wire RTD Probe 3-Wire RTD Probe A-Wire RTD Probe
< —-—.,_-'f"’l < -—-"f/f { _ﬁ'?u
ATC RTC [:l ATE
T % %
—1) :/%' .J "

Figure 39. Different RTD Probe Connections

Three-Wire RTD Measurement

The ADS1220 integrates all necessary features (such as dual-matched programmable current sources,
buffered reference inputs, PGA, and so forth) to ease the implementation of ratiometric 2-, 3-, and 4-wire
RTD measurements. The 3-wire RTD configuration is very popular and the most commonly used for
industrial temperature sensors. The design calculations are explained in the following paragraph.

Figure 40 shows a typical implementation of a ratiometric 3-wire RTD measurement.

lipac1 + lipac2 Rrer

' L
5V Res Rea 5V
0.1pF L CC’“; Corz ) Coms 0.1uF
T HAAHA | T

R — 10 YA to
§ 1ea0s Ic 0 pA© T AVDD REFPOI IREFNO DVDD
Rieap2 Rez oMz anol |- —(:)—< Internal Reference
NN — | Reference | | Mux ADS1220
| r —(:}—
3-wire RTD Coir1 [ |
Rigant Rey AIN1 ! [
% | |
MW\ 1 | / Digital Filter SCLK
Cem ! } 16-bit and
| Mux | asapc [ spi DIN
| N
= ANz] || | Interface DOUT/DRDY
(IDAC1) I DRDY
\
[
AIN3 N —— ! Low Drift Precision
(IDAC2) —o/ Oscillator Temp Sensor
o—/l 1CLK DGND

Figure 40. Three-Wire RTD Measurement Circuit Diagram

The ADS1220 features two IDAC current sources capable of outputting currents from 10 pA to 1.5 mA.
IDACL1 is routed to one of the excitation leads of the RTD, while IDAC2 is routed to the second excitation
lead as shown in Figure 40 by the appropriate setting of I1IMUX [2:0]: IDAC1 routing configuration bits and
[2MUX [2:0]: IDAC2 routing configuration bits in configuration register 3. Both currents have the same
value, which is programmable by bits IDAC [2:0] in the configuration register. The design of the ADS1220
ensures that both IDAC values are closely matched, even across temperature.

Rrer and PGA Gain
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The resistance of the PT100 changes from 18.52 Q at —200°C to 390.481 Q at 850°C. The line resistance
R exo depends on the distance of the sensor from the measurement setup. Assume R, g,p is equal to 5 Q.
The positive resistance swing is from 100 Q to 390.481 Q, which is about 290.481 Q. The negative
resistance swing is from 100 Q to 18.52 Q, which is about 81.48 Q. The IDAC current should be 1 mA or
less to minimize the self-heating error. The IDAC current chosen is 500 pA.

Therefore, maximum and minimum input voltages to the PGA are 390.481 Q x 500 pA = 195.2405 mV
and 18.52 Q x 500 pA = 9.26 mV, respectively. The external reference resistor, Rger, Serves two
purposes. First, the external reference resistor sets the external reference voltage for ADC. Second, the
external reference resistor determines the input common mode voltage of the PGA. It is a best practice to
set the common mode voltage around mid-supply (AVDD — AVSS)/2=(5V -0V)/2=2.5V. Therefore,
the reference voltage chosen is 2.49 V, which also depends on an easily available resistance value and
excitation current. The sum of both currents flows through a precision low-drift reference resistor, Rger
The voltage, Vqer, generated across the reference resistor is given in Equation 23.

VREF = (IDAC1+ IDAC2)>< RREF (23)
Because IDAC1 = IDAC2 = 500 pA,
VREF = 2 xIDAC1x RREF (24)
Solving for Rgee:
Rrer = —VReF 249V, 49k
2xIDAC1 2 x500 pA (25)
Then, find out the PGA gain:
GAINPea = REF__ 249V _ 45 75y
VINMAX  195.2405 mV (26)

The closest gain supported by the PGA is 8 V/V.

IDAC1 =IDAC2 = 500pA
PGA Gain = 8V/V

Tamp > -250°C 0°C 850°C

Rerp > 18520 1000 3904810

Vrro=Vinrea > 9.26mV 50mV 195.2405mV
| | |
— | 1
— . }/
Vour_rea = Vin_anc > -7--7-_7""’--7._‘_7_0_:_[]741‘J’ 1.562‘«‘//'
l | | [ |
I 1 I
Veer > 248V ov +2.49V

Figure 41. PGA Gain

Common Mode Input Voltage

The signal of an RTD is of a pseudo-differential nature. The negative input must be biased at a voltage
other than 0 V and the positive input can then swing up to 195.2405 mV above the negative input.

34 Temperature Sensor Interface Module for Programmable Logic Controllers TIDU271-May 2014

(PLC) Submit Documentation Feedback
Copyright © 2014, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU271

13 TEXAS

INSTRUMENTS
www.ti.com Theory of Operation
A
AlINp
195.2405mV
2.50213V ~ 2.59512V
AlNy
oV >
Figure 42. Pseudo-Differential Input Signal
IDAC1x RRTD
Vel = IDACT xRL + C+ +2 % IDAC1 x (RL + RREF)
where
« IDAC1 = IDAC2
e RL =5 Q (depends on length of lead wires) (27)

The output common mode of the PGA, Vo, is the same as the input common mode V. The PGA
output can swing between 0.2 V and 4.8 V. The maximum output differential voltage is 2.49 V. Therefore,
the output common mode of the PGA can vary from (0.2 V + 1.245V) = 1.445V to (4.8 V —1.245V) =
3.555 V, so that the output does not saturate. The input common mode can vary between 1.445 V and
3.555 V. In this case, the V,, varies between 2.50213 V to 2.59512 V, which is well within the range of
1.445 V to 3.555 V.

IDAC Compliance Voltage

While designing the circuit, care should also be taken to meet the compliance voltage requirement of the
IDACs. The IDACs require a minimum headroom of (AVDD — 0.9 V) in order to operate accurately.

AVSS + IDAC1x (RLEAD1+ RRTD)+(IDAC1+ IDAC2) x (RLEAD3 + RREF)< AVDD - 0.9 V

where
« |IDAC1 = IDAC2 =500 pA
+ RLEAD1=RLEAD3=50Q
« RRTD (max) = 390.481 Q
* RREF =2.49 KQ

then
o 269274V <41V (28)

In 3-wire RTD configuration, the measurement error resulting from the voltage drop across the RTD lead
resistance is compensated, as long as the lead resistance values and the IDAC values are well matched.

Implementing a 2- or 4-wire RTD measurement is very similar to the 3-wire RTD measurement, except
that only one IDAC is required.

5.2.10 IDAC Multiplex Chopping Technique

The two current sources must be perfectly matched to successfully cancel the lead resistances of the RTD
wires. While initial matching of the current sources is important, any remaining mismatch in the two
sources can be minimized by using a multiplexer to swap, or “chop,” the two current sources between the
two inputs. Taking a measurement in both configurations and averaging the two readings will greatly
reduce the effects of mismatched current sources. This design uses a digitally-controlled multiplexer in the
ADS1220 to implement this technique.
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5211

Sample 1: Measurement with normal current routing as shown in Figure 43.

AVDD IEXCT IEXC2 REFP1 REFN1 VREFOUT VREFCOM DVDD

RTD £

Interface

and
Digital Fitter

AVSS CLK DGND

Figure 43. Excitation Current Chopping — Sample 1

Sample 2: Measurement with swapped current routing as shown in Figure 44.

AVDD IEXCT IEXC2 REFP1 REFN1 VREFOUT VREFCOM DVDD

RTD £

Interface

and
Digital Filter

AVSS CLK DGND
Figure 44. Excitation Current Chopping — Sample 2

Mismatch corrected reading = 0.5 x (Sample 1+ Sample 2) (29)

Noise Considerations and Input Filter

RTD voltage output signals are typically in the millivolt range, which makes them susceptible to noise. A
first-order differential and common-mode RC filter (Rg;, Rez, Coiri, Comis Come) 1S placed on the ADC inputs,
as well as on the reference inputs (Re;, Res, Coirzs Cems Coma) 10 eliminate high-frequency noise in RTD
measurements. For best performance, it is recommended to match the corner frequencies of the input and
reference filters. More detailed information on matching the input and reference filters can be found in the
application report, RTD Ratiometric Measurements and Filtering Using the ADS1148 and ADS1248 Family
of Devices, SBAA201.

The differential filters chosen for this application were designed to have a —3 dB corner frequency at least
10 times larger than the bandwidth of ADC. The selected ADS1220 sampling rate of 20 SPS results in a
-3 dB bandwidth of 13.1 Hz. The cut off frequency chosen for this design is higher to account for a faster
sampling rate. For proper operation, the differential cutoff frequencies of the reference and input low-pass
filters must be well matched. Matching the frequencies can be difficult because, as the resistance of the
RTD changes over the span of the measurement, the filter cutoff frequency changes as well. To mitigate
this effect, the two resistors used in the input filter (RI11 and RI2) are chosen to be more than an order of
magnitude larger than the RTD. Limiting the resistors to at most 20 kQ keeps DC offset errors low due to
input bias current.
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A
Rrmo GAIN ADC
REF A REFN
C C

R_CM1 Cr ors >_{R_cmz

}_:

2

RR1 Rr2

RREF

—MA\—e
Figure 45. Common Mode and Differential Mode Filters on RTD Input and Reference

R,=R,=412K
C\ore = 0.047 F

The -3 dB cutoff frequency of differential input filter at 186 Q RTD resistance (at mid-scale temperature)
can be calculated as given in Equation 30.

1

F-3dB_I_DIFF =
2 x 7t x CIDIFF x (Ri1 + RRTD + Ri2)

F-3dB_I_DIFF = 402.1Hz (30)

To ensure that mismatch of the common-mode filtering capacitors is not translated to a differential voltage,
the common-mode capacitors (CI_CM1 and CI_CM2) are chosen to be 10 times smaller than the
differential capacitor. This common-mode capacitors' size results in a common-mode cutoff frequency that
is roughly 10 times larger than the differential filter, making the matching of the common-mode cutoff
frequencies less critical.

Cicmi = Ci cmp = 4700 pF

Although it is not always possible to exactly match the corner frequencies of all the filters, a good
compromise is to attempt to balance the corner frequencies of the input path differential filter and the
reference path differential filter, because these filters have a dominant effect in the performance.

RR1=RR2 =4.7K
CR_DIFF = 0.033 uF

The -3 dB cutoff frequency of differential reference filter can be calculated as given in Equation 31.
1

F-3dB_R_DIFF =
2 x 0 x CRDIFF x (RR1+ RREF + RR2)

F-3dB_R_DIFF~ 405.83 Hz (31)
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To ensure that mismatch of the common-mode filtering capacitors is not translated to a differential voltage,
the common-mode capacitors (CR_CM1 and CR_CM2) were chosen to be 10 times smaller than the
differential capacitor. This common-mode capacitors' size results in a common-mode cutoff frequency that
is roughly 10 times larger than the differential filter, making the matching of the common-mode cutoff
frequencies less critical.

CR_CM1 = CR_CM2 = 3300 pF

c27

ouF AVDD_ISO _ RTD_IEXC2 RTD_IEXC1
c13
|
I
0.14F -
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RIDANP 249 442k il
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(D A —RTDAINN Ri12 DESD1PORFW-7 3 R13 STVNO4A150
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249 4.22k
r N
- ==C56
3300pF SIG_GND SIG_GND

SIG_GND SIG_GND

Figure 46. Common Mode and Differential Mode Filters Implemented in Design for RTD

The device uses a linear-phase finite impulse response (FIR) digital filter that performs both filtering and
decimation of the digital data stream coming from the modulator. The digital filter is automatically adjusted
for the different data rates and always settles within a single cycle. Only at data rates of 5 SPS and 20
SPS can the filter be configured to reject 50-Hz or 60-Hz line frequencies or to simultaneously reject 50
Hz and 60 Hz. Two bits (50/60[1:0]) in the configuration register are used to configure the filter
accordingly.

A
=

<
\
/

YTY

-120 [ l I

-160

Magnitude (dB)
A

-200
46 48 S50 52 54 56 58 60 62 64
Frequency (Hz)

Figure 47. Details View of 50 Hz and 60 Hz Simultaneous Rejection at 20 SPS Data Rate
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5.2.12 Piecewise Linear Approximation Method

RTD manufacturers usually provide a lookup table that offer excellent accuracy for linearization of a
specific type of thermocouple. The granularity on these lookup tables is also very precise—approximately
1°C for each lookup value. To save microcontroller memory and development time, an interpolation
technique applied to these values can be used. An example of this method when converting from voltage
to temperature with eight lookup table entries is shown in Figure 48.

To perform a linear interpolation using a lookup table, first compare the measured RTD resistance to
values given in the lookup table, until the lookup table value exceeds the measured value that is being
converted.

Then, use Equation 32 to convert the measured RTD resistance to temperature, where R, is the
resistance lookup table array, and T ; is the temperature lookup table array. This operation involves four
additions, one multiplication, and one division step, respectively. This operation can be done easily on
most 16- and 32-bit microcontrollers.

RTD Resistance Temperature
Lookup Table Lookup Table

: 0 | 100.00 Ohm ooocC
RTD Increment Pointer
M d Until lookup Table . 1 | 105.57 Ohm 14.29C —
easured —*| exceeds measured | M ‘ 26.57C erform
Resistance Resistance: n 2 | 11112 0hm s » Intemglamgn Using | —» Temp
’ 4 ion
Ex RTD = 115.1 Ohm —* 3 | 116.65 Ohm 8 quatior
4 | 122,15 Ohm 57.14C
5 | 127.63 Ohm 7143 C
6 | 133.09 Ohm 8571 cC
7 | 138,52 Ohm 100,00 C

Figure 48. V-to-T Conversion Block Diagram for RTD

RIN-RLT [n - 1]
RLT [n]-RLT [n-1]

T=Tur [n—1]+ (Tt [n]-Tut [n—1])
(32)
There is a trade-off between memory size and the piecewise linear approximation method’s accuracy. The

more entries on the lookup table, the more accurate the results are. However, the larger number of entries
on the lookup table uses more memory space.

H H H RTD 32 point Table

Temperature Emrot (C)

i i
0 100 200 300 400 500 600
Ambient Temperature (C)

Figure 49. Temperature Error versus Temperature Using Different Sizes of lookup Table
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6

Protection

In industrial and automotive environments, electronic devices can be subjected to high-voltage transients
and overvoltage events very often. Transient voltage can cause severe damage and failure of the device.
Overcoming unwanted damaging transient threats is one of the biggest challenges in the design.
Therefore, adding robust EMC protection externally becomes a necessity. In the event that the device is
exposed to transients on the inputs in excess of its ratings, external transient absorbers (Zener, TVS
diodes and/or ESD diodes) are required. The TVS diode basically safeguards sensitive devices and
circuitry by clamping the voltage level and diverting transient energy away from the device being protected
when a trigger voltage is reached.

The following paragraph describes the case of 1 KV (CM) at 8/20 ps surge on the input lines.

The front end protection circuit consists of a PASMA13CA TVS diode with 1000 pF/100 V Y-cap in
parallel. Apart from that, three more 1000 pF/2 kV Y-caps have been placed at three different locations on
the board. Transient events like ESD, Surge, and EFT bursts are wideband phenomena with spectral
components up to hundreds of MHz and appear as common-mode pulses to the inputs. The Y-caps
provide a quick and low impedance return path to these fast transients. These Y-caps work in tandem with
the TVS diode, anytime 1000 pF/100 V Y-cap start charging and 1000 pF/100 V Y-cap voltage exceeds
breakdown voltage of the TVS diode. The TVS diode acts immediately and clamps the voltage to the safe
limits.

Y-Cap between signal ground and earth

-
=
=
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=
=
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g bty

*{E§Eieef
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a [EP e *'Z:ﬂﬁ'
e -'om—nur-awam 5

| 2 i
![ 7 st
) Pew] 2 18
ok %3 Y, F-mMgry
2 g irebiag
0 fE ol

Earth copper pour in

top and bottom layers
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A

'

Y-Cap between signal ground and earth

Figure 50. Placement Y-Cap Between Signal Ground and Earth

(1 000V - VC)
Pulse Current=lp=~———— 2
Zs+Rs

where

* V. is the clamping voltage of TVS at I,

* Zgis the source impedance of pulse generator

* Ry is the external series filter resistance

o Z,=420Q

* Rg=0Q (33)
Clamping Voltage = Vc = P [V (MAX)- VBR (MAX)] + VBR (MAX)

IPP (MAX) (34)

Pulse Power Dissipation = Pp = Vc x Ip (35)

For PASMA13CA TVS (Rating: Vg = 11.1 V, V¢ wax) = 18.2 V at lpp iax) = 22.5 V, Ppp (wax) = 400 Watts at
10/1000 us or 1.8 KWatts at 8/20 us and maximum leakage current = 1 pA)
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Use the TVS ratings to solve Equation 33, Equation 34, and Equation 35 for I, V. and Pg:
I, =23.37 A

V¢ = 18.38 V, which is still greater than the absolute maximum rating of ADS1220

Ps = V¢ % |, = 430 Watts, which is less 1.8 KWatts at 8/20 us

Table 7. ABSOLUTE MAXIMUM RATINGS

VALUE
UNIT

MIN MAX
AVDD to AVSS -0.3 7 \Y
DVDD to DGND -0.3 7 \%
AVSS to DGND -2.8 0.3 \%
Analog input voltage | AINO/REFP1, AIN1, AIN2, AIN3/REFN1, REFPO, REFNO AVSS-0.3| AVDD +0.3 \%
Digital input voltage | CS, SCLK, DIN, DOUT/DRDY, DRDY, CLK DGND -0.3| DVDD +0.3 \%

. Momentary -100 100
Analog input current - mA

Continuous -10 10

In the second stage, the circuit uses a DESD1PORFW-7 ESD diode to clamp the input to the power supply
rail during the transient event and a series resistor of 499 Q in thermocouple input path (4.12 K and 4.7 K
for the RTD) to limit the current.

TVS Clamping Voltage ~-AVDD 18.38V -5V _ 7 mA

Series Resistance 4990 (36)
Based on the DESD1PORFW-7 ESD diode datasheet, the DESD1PORFW-7 ESD diode clamping voltage

is less than 1.2 V at 27 mA forward current. Therefore, the input is clamped at (5 V + 1.2 V) = 6.2 V, which
is still higher than 5.3 V (AVDD + 0.3 V = absolute maximum rating of ADS1220).

To mitigate the higher voltage, one more series resistance of 249 Q has been introduced as shown in
Figure 51.

Maximum Current through ESD diode =

62V-53V _,o
249 Q 37)

The analog input current of 3.9 mA is less than 10 mA maximum rating of the device. Decoupling
capacitors of 0.1 uF have also been placed near each ESD diode power supply pin. During a transient
event, it is likely that power supply may rise above 5 V and exceed the device’'s maximum rating. To take
care of such a situation, the PTZTE255.1B — 5.4 V Zener diode is used on the power supply rail.

Analog Input Current =

Decoupling capacitor placed
close to ESD diodes

d
3

1
e
A (2
W
L)
GJ T

Decoupling capacitor placed
close to ESD diodes

Figure 51. Placement of De-Coupling Capacitor Near ESD Diodes
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53V D20 0.1pF 1.0Meg  [1000pF P4SMA13CA
) N Rd4 A 0ESDIPORFW-T Ra7 h
TN 3 18.38 V
249 = 499 ¢ » »
6.2V ) 4
o N =08 <27 mA 2
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Figure 52. Protection Circuitry Implemented in the Design

Adding external protection devices like Schottky, Sener, TVS, and ESD diodes also adds leakage current
path in the sensor signal chain. Therefore, it is always important to choose low leakage protection devices
in order to achieve high accuracy

7 Power Supply Design and Isolation
The power supply input to the temperature sensor interface module is approximately 24-V DC + 20%. The
expected outputs required for proper operation are non-solated 3.3 V/50 mA and isolated 5 V/100 mA as
shown in Figure 53.

Isolation 1 Barrier B VIS0
*24VDC LI i DamPed TPS7A4901 J
LM5069 | LM5017 Sync. } LC Filter
+24VDC —p :?:J:I:mei Buck Regulator gMé /"'\
TPS71533DCK i
+3.3 V_NON_ISO 1
Figure 53. Power Tree
The front-end consists of an LM5069 positive hot swap controller providing intelligent control of the power
supply connections during insertion and removal of the module from a live system backplane or other "hot"
power sources. The LM5069 provides in-rush current control to limit system voltage droop and transients.
The current limit and power dissipation in the external series pass N Channel MOSFET are
programmable, ensuring operation within the Safe Operating Area (SOA).
Current Limit
. . mV mV
Desired Current Limit Threshold (ILimiT)= 55_ _55 =275A
R16 (inmQ) 15mQ (38)

For proper operation of the device, R16 must be smaller than 100 mQ.
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NOTE: The current sense resistor (R16) must be placed near to LM5069 and connected using the
Kelvin Connection as shown in Figure 54.

Kelvin Sense Connection

Figure 54. Kelvin Sense Connection for Sense Resistor

UVLO and OVLO

R1

TP1 UVLO

R2 LM5069

N

OVLO

R3

Figure 55. UVLO & OVLO Using External Resistors

Choose the upper and lower UVLO thresholds:
_VUVH-VUVL 15V

R1 = =71.5K
21pA 21uA (39)
R4 - 25VxR1 _ 25Vx71.5K 147K
VUVL-25V 1466V -25V (40)

Therefore, V,,;, = 16.1 V and V,, = 14.66 V with hysteresis of 1.5 V that keeps the device from
responding to power-on glitches during start up.

Choose the upper and lower OVLO thresholds:
VOVH-VOVL 2V

R2 = - - 953K
21 1A 21 1A (a1)

Rz 28VxR2 _ 25Vx953K _, .\
VOVL-25V 3427V -25V 42)

Therefore, Vouy = 34.27 V and Vg, = 31.77 V with hysteresis of 2 V.
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Undervaltage Trie rvaltace

Hy steresis Hysteresis
Band Band
Disabled Enabled Disabled
| | | | Vi
| | | 1
| | | 1
Vuvicss Vovion Vovieny  Voviceh

Figure 56. UVLO and OVLO Hysteresis

Refer to LM5069 datasheet SNVS452D and LM5069EVAL evaluation board SNVA184B for device
operation, design procedure, and recommended PCB layout guidelines.

To protect against transients and ground loops, the field side or the sensor side is galvanically isolated
from the control side. The LM5017 device has been used to generate two supplies, nonisolated 3.3 V and
isolated 5 V, from 24-V DC input. The LM5017 is a synchronous buck (step-down) regulator with
integrated MOSFETSs. The isolated Fly-Buck topology uses a smaller transformer for power transfer from
primary and secondary. In the Fly-Buck, the regulation is done on the primary side. Therefore, no opto-
coupler or auxiliary winding is needed, resulting in smaller size and a more cost effective solution.

When the circuit is in regulation, the buck switch is turned on each cycle for a time determined by Ry, and
V,y according to Equation 43.

-10 -10
Ton = 107" xRoN _ 1077 x137K — 0.571 psec
VIN 24V

(43)
The operating frequency can be calculated with Equation 44:
Fsw = :{)OUT - 107\/ = 511KHz
1007 xRoN 107" x137K (44)
The non-isolated output voltage (VCC_NON_ISO) is set by two external resistors (R8 and R10). The
regulated output voltage is calculated in Equation 45:
VCC_NON |SO=1.225><( R8 L 4)-1.255x[ 404K 4l 601V
- - R10 10K (45)
VCC_NON_ISO is given to TPS71533DCK LDO that generates 3.3 V_NON_ISO and is capable of
delivering 50 mA of output current. 3.3 V_NON_ISO is then used to power-up one EEPROM and two
digital isolators.
Selection of rectifier diode D1
The reverse bias voltage across D1 when the high side buck switch is on:
VD1 :& VIN_MAX =1x32=32V
NP (46)
Therefore, the PIV for the selected diode must be greater than the 32 V.
Rectified output (+VCC_ISO) on the secondary side will be:
+VCC_ISO = Ns x VCC_NON_ISO-VF_D1=6.91-04V =6.51V
NP (47)

D15 is an optional diode connected between VCC_NON_ISO and VCC regulator output. When
VCC_NON_ISO is > VCC, the VCC is supplied from VCC_NON_ISO, which results in reduced losses in
the VCC regulator inside the IC.
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The efficiency curve for LM5017 is also given in Figure 57.
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Figure 57. Efficiency versus Load Current Graph for LM5017

Refer to the LM5017 datasheet SNVS783G, and AN-2292 Designing an Isolated Buck (Fly-Buck)
Converter SNVAG674 for device operation, design procedure, and recommended PCB layout guidelines.

It is generally not recommended to power-up ADCs directly from the switching regulator output because
the switching regulator output always contains ripple noise due to switching frequency and high-frequency
noise. Rapid transitions in the voltage or currents cause high-frequency noise. Applying the switching
regulator output directly to the ADC would kill the ADC's performance. Therefore, it is always best practice
to power-up ADCs from a low noise LDO with high PSRR. The LDO selected for the design is
TPS7A4901. TPS7A4901 supports up to 36 V of input voltage and has an ultra-low noise of 15.4 uyVgys
and 72 dB PSRR. The low-frequency ripple noise from the switching regulator can adequately be
attenuated by the TPS7A4901. Typically, PSRR of LDOs is high at lower frequencies, tends to decrease
at higher frequencies, and becomes zero above a few MHz. Therefore, it is important to add at least a
single damped LC filter right at the LDO input to prevent the noise coupling through the LDO to the ADC.

The TPS7A4901 comes from a series of high-voltage, ultra-low noise LDOs that are ideal for precision
applications. A resistor divider at the LDO output sets the output voltage (V. po our) pProportional to the
LDO's internal reference voltage (Voo rer). FOr this device, V po rer = 1.194 V. In order to set Vo our O
the desired 5 V, the resistor divider components are selected as: -

VLDO _OUT = VLDO _OUT x {% + 1}

where
¢« R3=475K
and
e R1=147K
then
« VLDO OUT=5V (48)
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Figure 58. LC Filter and LDO Implemented in Design

ADS1220 has a separate analog supply (AVDD) and digital supply (DVDD). Both are generated using 5 V
Vibo_our but are separated from each other using ferrite beads to prevent digital switching noise from
entering in to the AVDD pin of the ADC.

LDO_OuT AVDD_ISO

FB1
—1 o
l
C5 C11

1uF 1uF

——

SIG_GND SIG_GND
DVDD_ISO

FB2
|

C15 —==C20
1uF 1uF

-
[

\%4
SIG_GND SIG_GND

Figure 59. AVDD and DVDD Separated by Ferrite Bead

Test Setup, Calibration, Histogram, Verification, and Measured Performance

Offset Calibration

It is recommended to run an offset calibration routine before performing any measurements or when
changing the gain of the PGA to compensate for the offset related PGA and ADC within the ADS1220
device. The internal offset of the ADS1220 can be measured by shorting the inputs to mid-supply by
setting MUX [3:1] bits to 1110 in configuration register 0. The TIVA microcontroller (on the base board)
then takes multiple readings (32 readings as implemented in the firmware) from the ADS1220 with the
inputs shorted, averaging the results to reduce the effect of noise and store the average value in the TIVA
microcontroller memory. When measuring the sensor signal, the microcontroller then subtracts the stored
offset value from each ADS1220 reading to get an offset compensated result (OCR) as shown in
Equation 49. The offset calibration for thermocouple and RTD input channels is done in the same method
as internal to the ADS1220.

OCR = RAW_CODE,,. — OFFSET_COUNTS (49)
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Figure 61. Offset Calibration Routine

Offset error may change on every power-up or whenever PGA gain is changed. Therefore, it is

recommended to

run the offset calibration routine at least once after power-up and PGA gain initialization.

It is also best practice to run the offset calibration periodically in order to correct the error due to offset drift

with temperature.
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8.2 RTD Input Channel Testing

8.2.1 Noise Histogram

The peak-to-peak noise of the acquisition system can be approximated from an output code histogram.
The RTD was replaced with a high precision resistor of 0.01% tolerance. ADS1220 was configured for a
data rate of 20 SPS. Then, 1000 samples were recorded by the TIVA MCU to generate the histogram plot
shown in Figure 62. The peak-to-peak spread of the codes in the histogram is roughly 70 codes.

Equation 50 calculates the Least-Significant Bit (LSB) size of the ADC, which is then used to translate the
peak-to-peak noise voltage in Equation 51.

90

80

70

Frequency

341745
341747
341827
341829

More

Figure 62. Raw ADC Code Distribution Histogram for RTD Input

ZXV';EF /PGA _ 2 X 22f9V/8 _37104nV
27 —-1 27 -1 (50)
Input Re ferred Noise (PP) = ADC Code Spread x 1LSB =70 x 37.104 nV = 2.5973 pV (51)

1LSB =

The noise can be further reduced by applying averaging or filtering in the software. The peak-to-peak input
referred noise of the ADC can be used to calculate the total noise in degrees Celsius as given in
Equation 52.

Peak —to —Peak Input Referred Noise 2.5973 v ~0.0135 °C

Noise Free Resolution = — — = s
PT100 Sensitivity x Excitation Current  0.385Q/ C x 500 pA (52)

8.2.2 Measured ADC Error for RTD Input

To emulate RTD for testing, several high precision resistors (with 0.01% and/or 0.05% tolerance) and their
combinations have been used. Their resistance values have been measured again using four wires (4W)
resistance measurement method by 6% digits multimeter and recorded. These measured resistance
values are treated as precision reference and converted to their corresponding reference temperatures
using the manufacturer’'s lookup table. Then, precision resistors are connected to the J1 connector.
Firmware running in the TIVA MCU based I/O controller evaluation platform controls the ADS1220 to take
measurements. The TIVA MCU based 1/O controller evaluation platform also sends the measured
resistance and corresponding temperature to the GUI for display. Table 8 captures the reference values,
measured values, and measurement errors.
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Table 8. Measured ADC Error of RTD Input
(A) (B) (©) (D) (E)
PRECISION REFERENCE MEASURED RTD CALCULATED MEASURED ADC
RESISTANCE VALUES | TEMPERATURE RESISTANCE BY ADC | TEMPERATURE BY ERROR
MEASURED BY 6% CORRESPONDING TO | AFTER OFFSET RUNNING PT100 (E=|D-BJ))
DIGIT MULTIMETER (4 | MEASURED CALIBRATION AND LOOKUP TABLE
WIRE METHOD) RESISTANCE, IDAC CHOPPING LINEAR
CALCULATED USING INTERPOLATION ON
PT100 LOOKUP MEASURED RTD
TABLE LINEAR RESISTANCE
INTERPOLATION
20.02 -196.5349 19.996 -196.5907 0.0558
30.06 -173.0238 30.043 -173.0643 0.0405
33.026 -166.0095 32.996 -166.081 0.0714
43.06 -141.9756 43.039 -142.0268 0.0512
49.894 -125.3952 49.868 -125.4571 0.0619
59.932 -100.8 59.902 -100.8732 0.0732
66.078 -85.58 66.057 -85.6325 0.0525
69.953 -75.9425 69.928 -76.005 0.0625
82.954 -43.3231 82.927 -43.3923 0.0692
99.81 -0.4872 99.797 -0.5205 0.0333
109.962 25.5949 109.939 25.5359 0.059
120.01 51.6053 119.982 51.5316 0.0737
130.03 77.7105 130.021 77.6868 0.0237
159.89 156.8684 159.864 156.8 0.0684
169.93 183.9189 169.911 183.8676 0.0514
219.94 322.25 219.921 322.1972 0.0528
249.96 408.3529 249.935 408.2794 0.0735
259.97 437.6176 259.967 437.6088 0.0088
259.97 437.6176 259.965 437.6029 0.0147
299.86 557.25 299.844 557.2 0.05
350.01 715.2903 349.996 715.2452 0.0452
359.94 747.7097 359.932 747.6839 0.0258
360.07 748.1333 360.048 748.06 0.0733
369.99 780.9333 369.97 780.8667 0.0667
390.07 848.5862 390.045 848.5 0.0862
0.45
0.40 V\
0.35
Target specification for -200°C to +850°C
0.30
0025
u;cj 0.20
0.15
Measure ADC Error in °C
0.10 \‘
L~
NN \k/ M~
0.00
—400 -300 —200 -100 0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)
Figure 63. Measured Error of RTD Input
across Temperature Range of -200°C to 850°C
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8.3

8.3.1

8.3.2

The overall accuracy can be further improved by calibration at the system level.
Thermocouple Input Channel Testing

Noise Histogram

Both the pins of the thermocouple connector shorted together generating 0 mV differential input voltage.
ADS1220 was configured for the data rate of 20 SPS. Then, 1000 samples were recorded by the TIVA
MCU to generate the histogram plot shown in Figure 64. The peak-to-peak spread of the codes in the
histogram is roughly 226 codes. Equation 53 calculates the Least-Significant Bit (LSB) size of the ADC,
which is then used to translate the peak-to-peak noise voltage in Equation 54.
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Figure 64. Raw ADC Code Distribution Histogram for Thermocouple Input

2 X st,: /PGA _ 2 X 2.gf8V/32 _763nV
27 -1 27 -1 (53)
Input Re ferred Noise (PP) = ADC Code Spread x 1LSB =226 x 7.63 nV =1.7244 uVv (54)

1LSB =

The peak-to-peak input referred noise of the ADC can be used to calculate the total noise in degrees
Celsius as given in Equation 55.

Peak —to —Peak Input Referred Noise ~ 1.7244 nv ~0.0425 °C

Noise Free Resolution = —— = s
K — Type Thermocouple Sensitivity 406uv/ C (55)

Measured ADC Error for Thermocouple Input

It is not always possible to test the module with a thermocouple over the entire temperature range in the
laboratory. In order to test the module over the entire temperature range in the laboratory, a thermocouple
may be replaced with a precision source meter capable of generating all the voltages accurately as
produced by the thermocouple itself. The control stations (which contain electronic modules performing
control and monitoring tasks) maintain a controlled environment where temperature may vary from 0°C to
60°C. In order to simulate the actual environment where the module is to be used, the module is kept
inside a thermal chamber, as shown in Figure 65. This test setup is expected to reveal inaccuracies that
arise because of changes to the system board temperature, cold junction temperature, and ADS1220
parameters. The results shown in Figure 66 indicate an approximately 0.8°C drift when the system
temperature is varied from 0°C to 60°C. These results include errors as a result of ADS1220 internal
reference drift, temperature sensor error, and isothermal errors.
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Temperature sensor interface module
plugged into 10 controller evaluation board

67 Digit Multimeter |

(To measure input voltage)

v

Precision Source
Meter ¢
(Emulating Thermocouple)
+24VDC Power
Supply
uUsB
to
GPIB
USBCable _ Cable
—_— I
Thermal Chamber
Laptop

(Temperature varied from 0°C to 60°C)

Figure 65. Thermocouple Test Setup with Varying Cold Junction Temperature
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Figure 66. Measured Error of Thermocouple Input across Temperature Range of -200°C to 1372°C

The overall accuracy can be further improved by calibration at system level using a thermal bath and a
thermocouple calibrator.
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9 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00018. Table 9 shows the BOM for

the Temperature Sensor Interface Module for Programmable Logic Controllers (PLC).

Table 9. BOM
PART PACKAGE
FITTED DESCRIPTION | DESIGNATOR | MANUFACTURER NOMBER QUANTITY | RoHS | PACKASE
CAP, CERM,
Fitted 0.01UF, 50V, +- giém, C38, | kemet CO603C103K5RACTU 4 0603
10%, X7R, 0603
CAP, CERM, o
Fitted 1000pF, 2KV 10% gg,?cm, a5, fr?cha”s"” Dielectrics | »0,r18w102KV4E 4 1206
X7R 1206
CAP, CERM,
Fitted 0.47UF, 100V, +- | C3 MuRata GRM21BR72A474KA73L | 1 0805
10%, X7R, 0805
CAP, CERM, 1uF, | C5, C11, C15,
Fitted 25V, +-10%, X7R, | C20, C25, C31, | TDK C1608X7R1E105K080AB | 8 0603
0603 48, C65
CAP, CERM, 10uF,
Fitted 25V, +/-20%, X7R, |C6,C9,Cl0 | TDK C3225X7R1EL06M 3 1210
1210
CAP, CERM, 0.1uF,
Fitted 50V, +-10%, X7R, | C7 AVX 06035C104KAT2A 1 0603
0603
CAP, CERM,
Fitted 3300pF, 50V, +- | C8 MuRata GRM188R71H332KA01D | 1 0603
10%, X7R, 0603
CAP, CERM, 0.1uF,
Fitted 50V, +-10%, X7R, | C12, C50 MuRata GRM188R71H104KA93D | 2 0603
0603
C13, C16, C22,
C23, C26, C27,
C28, C33, C34,
CAP, CERM, 0.1uF, | C36, C40, CAL,
Fitted 50V, +/-10%, X7R, | C42, C43, C44, | Kemet CO603C104K5RACTU 26 0603
0603 C49, C55. C57,
C59, C60, C6L,
C62, C64. C66,
C68, C69
CAP, CERM,
Fitted 4700pF, 50V, +- | C14, C24 TDK C1608X8R1HAT2K 2 0603
10%, X8R, 0603
CAP, CERM,
Fitted 0.047UF, 50V, +- | C17 TDK C1608X7R1H473K 1 0603
10%, X7R, 0603
CAP, CERM, 10uF,
Fitted 35V, +-20%, X7R, | cC18 Taiyo Yuden GMK325AB7106MM-T | 1 1210
1210
CAP, CERM, 2.2uF,
Fitted 100V, +/-10%, X7R, | C21 MuRata GRM32ER72A225KA35L | 1 1210
1210
CAP, CERM,
Fitted 1000pF, 100V, +/- | C29 AVX 06031C102MAT2A 1 0603
20%, X7R, 0603
CAP, CERM,
Fitted 0.47UF, 25V, +/- c32 MuRata GRM188R71E474KAL2D | 1 0603
10%, X7R, 0603
CAP, CERM, 1uF,
Fitted 25V, +/-10%, X7R, | C37 MuRata GRM188R71E105KA12D | 1 0603
0603
CAP CER 1000PF
Fitted 100V 10% X7R €39, C47, C5L, | v heo CC1206KRX7ROBB102 | 6 1206
oo C54, C58, C63
CAP, CERM,
Fitted 3300pF, 50V, +- | C52, C56 Kemet CO603C332K5RACTU 2 0603
10%, X7R, 0603
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Table 9. BOM (continued)

PART PACKAGE
FITTED DESCRIPTION DESIGNATOR MANUFACTURER NUMBER QUANTITY RoOHS REFERENCE
CAP, CERM,
Fitted 0.033uF, 50V, +/- Ch3 MuRata GRM188R71H333KA61D |1 Y 0603
10%, X7R, 0603
Diode, Schottky,
Fitted 200V, 1A, D1, D3, D11 Diodes Inc. DFLS1200-7 3 Y PowerDI123
PowerDI123
. DIODE ZENER 5.4V Rohm
Fitted 1W PMDS D2, D12 Semiconductor PTZTE255.1B 2 DO-214AC, SMA
TVS DIODE
Fitted 11.1VWM 18.2VC D4, D5, D7, D9, Littelfuse Inc P4SMA13CA 6 SMA
D18, D21
SMD
. Diode, P-N, 70V, D6, D10, D16, .
Fitted 0.2A, SOT-323 D17, D19, D20 Diodes Inc DESD1PORFW-7 6 Y SOT-323
. LED SmartLED
Fitted Green 570NM D8, D13, D14 OSRAM LG L29K-G2J1-24-Z 3 0603
. Diode, Schottky, .
Fitted 45V, 0.1A, SOD-523 D15 Diodes Inc. SDM10U45-7-F 1 Y SOD-523
FERRITE CHIP .
. FB1, FB2, FB3, | Murata Electronics
Fitted éggg OHM 100MA FB4 FB5. FB6 | North America BLM18HG102SN1D 6 Y 0603
CONN TERM
Fitted BLOCK 2.54MM Ji ?&ﬁﬂ&f nc OSTVNO4A150 1 Y kH:aedder axt
4POS PCB oy 4
. Circuit board mini
Fitted connectors, type K J2 OMEGA PCC-SMP-K-5 1
. Receptacle, 0.8mm, ERF8-025-05.0-L-DV-K- .
Fitted 25x2, SMT J3 Samtec =R 1 Y 25x2 Socket Strip
Inductor,
Fitted Wirewound, Ferrite, ) ; MuRata LQH32PN6RSNNO 1 Y 1210
6.8uH, 0.85A, 0.24
ohm, SMD
MOSFET, N-CH, Texas Instruments
Fitted 60V, 50A, SON Q1 Inc CSD18537NQ5A 1 Y SON 5x6mm
5x6mm
. RES, 14.7k ohm, .
Fitted 1%, 0.1W, 0603 R1 Yageo America RCO0603FR-0714K7L 1 Y 0603
. RES, 110k ohm, )
Fitted 1%, 0.1W, 0603 R2 Vishay-Dale CRCWO0603110KFKEA 1 Y 0603
. RES, 47.5k ohm, .
Fitted 1%, 0.1W, 0603 R3 Yageo America RCO0603FR-0747K5L 1 Y 0603
. RES, 2.0 ohm, 5%, .
Fitted 0.125W, 0805 R4 Panasonic ERJ-6GEYJ2R0OV 1 Y 0805
- RES, 75.0k ohm, ]
Fitted 1%, 0.1W, 0603 R5 Vishay-Dale CRCWO060375K0FKEA 1 Y 0603
. RES, 6.34k ohm, )
Fitted 1%, 0.1W, 0603 R6 Vishay-Dale CRCWO06036K34FKEA 1 Y 0603
. RES, 137k ohm, ]
Fitted 1%, 0.1W, 0603 R7 Vishay-Dale CRCWO0603137KFKEA 1 Y 0603
. RES, 46.4k ohm, !
Fitted 1%, 0.1W, 0603 R8 Yageo America RCO0603FR-0746K4L 1 Y 0603
. RES, 4.12k ohm,
Fitted 0.1%, 0.1W, 0603 R9, R13 Susumu Co Ltd RG1608P-4121-B-T5 2 Y 0603
. RES, 10.0k ohm, .
Fitted 0.1%, 0.1W, 0603 R10 Yageo America RT0603BRDO0710KL 1 Y 0603
RES 249 OHM Panasonic
Fitted 1/10W 1% 0402 R11, R12, R40, | 10 ctronic ERJ-2RKF2490X 6 Y 0402
R41, R43, R44
SMD Components
0,
Fitted RES, 300 ohm, 5%, | 14 Rog R30 | Vishay-Dale CRCWO603300RINEA | 3 Y 0603
0.1w, 0603
. RES, 47 ohm, 5%, R15, R24, R25, .
Fitted 0.1W, 0603 R27. R28 Vishay-Dale CRCWO060347R0JNEA 5 Y 0603
Fitted R oz ohm, 1%, | g1 Susumu Co Ltd PRL1632-R020-F-T1 1 Y 1206
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Table 9. BOM (continued)

FITTED

DESCRIPTION

DESIGNATOR

MANUFACTURER

PART
NUMBER

QUANTITY

RoHS

PACKAGE
REFERENCE

Fitted

RES, 4.7k ohm, 5%,
0.1w, 0603

R17, R35, R36

Yageo America

RCO0603JR-074K7L

0603

Fitted

RES, 71.5k ohm,
1%, 0.1W, 0603

R18

Vishay-Dale

CRCWO060371K5FKEA

0603

Fitted

RES, 56k ohm, 5%,
0.1W, 0603

R19

Yageo America

RCO0603JR-0756KL

0603

Fitted

RES, 14.7k ohm,
1%, 0.1W, 0603

R22

Vishay-Dale

CRCWO060314K7FKEA

0603

Fitted

RES, 1.00k ohm,
1%, 0.1W, 0603

R23

Vishay-Dale

CRCWO06031K00FKEA

0603

Fitted

RES, 1.0Meg ohm,
5%, 0.1W, 0603

R26, R29

Vishay-Dale

CRCWO06031MO0JNEA

0603

Fitted

RES, 1.5k ohm, 5%,
0.063W, 0402

R31, R32, R33,
R34

Vishay-Dale

CRCWO04021K50IJNED

0402

Fitted

RES 2.49K OHM
1/4W 0.1% 1206

R37

Vishay-Dale

TNPW12062K49BEEA

1206

Fitted

RES, 4.70k ohm,
0.1%, 0.1W, 0603

R38, R39

Susumu Co Ltd

RG1608P-472-B-T5

0603

Fitted

RES, 95.3k ohm,
1%, 0.1W, 0603

R42

Vishay-Dale

CRCWO060395K3FKEA

0603

Fitted

RES, 499 ohm, 1%,
0.1W, 0603

R45, R47

Vishay-Dale

CRCWO0603499RFKEA

0603

Fitted

RES, 7.50k ohm,
1%, 0.1W, 0603

R46

Vishay-Dale

CRCWO06037K50FKEA

0603

Fitted

TRANSFORMER,
ER9.5 PACKAGE,
260uH

T1

WURTH
ELEKTRONIK

750342304

ER9.5

Fitted

100V, 600mA
Constant On-Time
Synchronous Buck
Regulator,
DDA0008B

Ul

Texas Instruments
Inc

LM5017MRE/NOPB

DDA0008B

Fitted

IC REG LDO ADJ
.15A 8MSOP

u2

Texas Instruments
Inc

TPS7A4901DGNR

MSOP8

Fitted

1-O DUAL SPDT
ANALOG SWITCH
5-V/3.3-V 2-
CHANNEL 2:1
MULTIPLEXER/DE
MULTIPLEXER,
DGS0010A

us, u7

Texas Instruments
Inc

TS5A23159DGS

DGS0010A

Fitted

50 mA, 24V, 3.2-
mA Supply Current
Low-Dropout Linear
Regulator,
DCKO005A

U4

Texas Instruments
Inc

TPS71533DCK

DCKO0O005A

Fitted

low power,lpw noise
analog to digital
converter

U5

Texas Instruments
Inc

ADS1220IPWR

TSSOP

Fitted

Positive High
Voltage Hot Swap /
Inrush Current
Controller with
Power Limiting, 10-
pin MSOP, Pb-Free

U6

National
Semiconductor

LM5069MM-2/NOPB

MUB10A

Fitted

IC, 0.5 ° C Digital
Out Temperature
Sensor

us

Texas Instruments
Inc

TMP275AIDGK

MSOP-8

Fitted

4242-VPK Small-
Footprint and Low-
Power Quad
Channels Digital
Isolators,
DBQO016A

U9

Texas Instruments
Inc

1ISO7141CCDBQ

DBQOO016A
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Table 9. BOM (continued)

PART PACKAGE
FITTED DESCRIPTION DESIGNATOR | MANUFACTURER NUMBER QUANTITY RoHS REFERENCE
1.5V, Multi-Gain
Analog Temperature National
Fitted Sensor with Class- u10 . LM94022QBIMG/NOPB 1 Y MAAO5A
: Semiconductor
AB Output, 5-pin
SC-70, Pb-Free
. IC DGTL ISO 3CH Texas Instruments
Fitted 12C 8S0IC U1l Inc ISO1541DR 1 Y 8-SOIC
. IC 1/0 EXPANDER Texas Instruments
Fitted 12C 8B 16TSSOP u12 Inc TCA6408APWR 1 Y 16-TSSOP
IC, EEPROM,
Fitted 2KBIT, 1IMHZ, u13 Atmel AT24C02C-SSHM-B 1 Y SOIC-8
SOIC-8
CAP, CERM, 0.1uF,
Not Fitted 50V, +/-10%, X7R, C30 Kemet C0603C104K5RACTU 0 Y 0603
0603
CAP, CERM, 1uF,
Not Fitted | 25V, +/-10%, X7R, C35 TDK C1608X7R1E105K080AB | 0 Y 0603
0603
. RES, 499 ohm, 1%, )
Not Fitted 0.1W, 0603 R21 Vishay-Dale CRCWO0603499RFKEA 0 Y 0603
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10 Schematics

To download the Schematics, see the design files at TIDA-00018.
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Figure 67. Schematic Sheet 3
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Figure 69. Schematic Sheet 5
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Figure 70. Schematic Sheet 6

59

TIDU271-May 2014
Submit Documentation Feedback

Temperature Sensor Interface Module for Programmable Logic Controllers

Copyright © 2014, Texas Instruments Incorporated

(PLC)


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU271

60

13 TEXAS
INSTRUMENTS

Schematics www.ti.com

AVDD_ISO AVDD_ISO
& 4
c55
C16 P!
uF
0.1pF SIG_GND
DVDD_ISO ngg SIG_GND DFm
c22 c23 cs7
I} i P
1T 1T
1F 0.1pF 0.1pF
SIG_GND SIG_GND SIG_GND
us
8
v+
SCLK IS0, SgL‘KSéSO SCLK DIN RiE 7 m%%' :gg MOSI IS0, 10 Nt [ RTD_AINP
cs DOUT/DRDY DROY <I> COM1 2
CLK BROY DRDY 4 NO1
DGND DVDD (—1— =1 Nt ;
oo AvsS avop [ Ao p . nez
AIN3 P AN AINJREFNT  AINOREFP1 7 ANTN ANO P_] comz 4
i AIN2_ N > RTD REFNG 5 AIN2 AIN1 RTD R:EFPO AINT_N 5 NO2 [t TC N ]
REFNO REFPO SELECT RTD TC>- IN2 5
ADST220PWR CiD
y u3
SIG_GND TS5A23159DGS
SIG_GND
AVDD_ISO
4
C64
WF
SIG_GND
DFBs
c62
0.1y
SIG_GND
8 vs .
Ne1
1% comt
f Not [
IN1
Nea <t RTD_IEXC
comz 4
NO2
SELECT_IEXC_CJ IN2 5
DVDD IS0 ovop 150 DVDD_ISO SO
ca2 C43 u7
}7, H TS5A23159DGS
SIG_GND
0.1puF 0.1pF
R17  SIG_GND SIG_GND
4.7k u12
veel veep
ADDR SDA gg ggf 2C_SD.
—2ReseT ScL 12C SC
il INT —
DROY - > P1 P7{—
borm i P6 — <
i ps P5 SELECT_RTD_TC
8
GND P4 SELECT IEXC CJC
TCAB408A
V.
SIG_GND R36 JR35
DVDD_ISO 4.7k 34.7k

Figure 71. Schematic Sheet 7
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11  PCB Layer Plots

To download the PCB Layer Plots, see the design files at TIDA-00018.
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Figure 74. Top Layer

Figure 75. Negative GND Plane
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Figure 76. Power Layer
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Figure 78. Bottom Solder
Figure 79. Bottom Overlay
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12 Conclusion

Temperature sensors (such as thermocouples and RTDs) have their own advantages and disadvantages,
even when they are widely used across the industrial sector. Thermocouples and RTDs generally have
long wires running to a monitoring room or station. Thermocouples and RTDs generate weak analog
output signals, which make measurement more difficult. Clearly, it requires precise sensor excitation, high
resolution, low noise, low drift, low power, and small size A> ADC to perform the temperature sensing
task. ADS1220 becomes an ideal choice for the DC sensing application as ADS1220 is equipped with two
differential or four single-ended inputs, a highly flexible input multiplexer, a low noise PGA, two
programmable excitation current sources, an internal reference, an internal oscillator, a low side bride
switch, and a precision internal temperature sensor. ADS1220 has a SPI™ compatible interface and is
easy to program and use. This Industrial Tl Design shows how ADS1220 can be used with thermocouple
and RTD in different configurations. This reference design is an effort to provide sufficient information to
users who wish to develop a precision temperature measurement solution using ADS1220.
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Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
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reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which TI components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.
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subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any TI components in
Buyer's safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
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