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2-Wire Galvanically Isolated IC Temperature Sensor With
Pulse Count Interface
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Tl Designs Design Features

This Tl Design is an accurate and robust solution for e Allows Single Low-Profile Transformer for Power
remote temperature sensing that works in an indoor or and Data Isolation While Eliminating the Need for
outdoor building environment. Optocoupler or Digital Isolator on Data Line

e Power and Data Coexist on 2—Wire Interface for
Remote Temperature Sensing Across Isolation

TIDA-00752 Design Folder * No Need of System Level Calibration Unlike
Thermistors

Design Resources

LMTO1 Product Folder
SNB505 Product Folder . Replac_ement for RTDs and NTC or PTC
MSP430F5528 Product Folder Thermistors
TPD2E001 Product Folder » Eliminates High-Precision Active or Passive
Components
n e Functional Isolation of 400 Vs and Dielectric up to
T-l EEE“‘I I ASK Our E2E Experts 2500-V AC' for 60 segonds
Community e Pre-Compliance Testing: Meets IEC61000-4-4 EFT

(Level 4): +2 kV — Class-A
* Accuracy Over Temperature:
— Measured Error Using LUT: < 0.25°C (-35°C to
150°C)
— Measured Error Using First Order Transfer
Function: < 0.25°C (15°C to 100°C)

— Guaranteed Limits From LMTO01 Datasheet
Using LUT: < 0.5 max. (—20°C to 90°C), 0.62
max. (90°C to 150°C), < 0.7 max. (-50°C to
—20°C)

Featured Applications

e Building Automation: HVAC and Elevators
— Duct Temperature Measurement

— Clip-on Temperature Sensor for Refrigerant
Copper Pipes

— Ring Lug Surface Temperature Sensor

— Temperature Sensor for Motor Protection

» —— — Compressor Discharge Temperature Monitor
« Digital Temperature Sensor Probe Assemblies

e Factory Automation and Process Control

mperature Accuracy (C)

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

All trademarks are the property of their respective owners.
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1 Key System Specifications
Table 1. Key System Specifications
PARAMETER SPECIFICATION DETAILS
Sensor type ngh accuracy, 2-pin digital output temperature sensor IC with pulse count Section 3.1
interface
Temperature sensor package |2-pin TO-92/LGP (3.1 x 4 x 1.5 mm), half the size of a traditional TO-92 Section 3.1
Sensor temperature range -50°C to 150°C Section 3.1
. Section 3.1 and
(o]
Resolution 0.0625°C Section 4.3.2
Using LUT: Section 6.4
» For —35°C to 150°C range: < 0.25°C max. '
Using first order transfer function:
« For -50°C to 150°C range: < 2°C max.
Svstem accuracy or maximum | ° For 15°C to 100°C range: < 0.25°C max. Section 6.4
m)éasured errory e For 30°C to 90°C range: < 0.1°C max. (Better results than LUT for
short temperature range)
Guaranteed limits from LMTO1 datasheet using LUT:
» For —20° ° :<0. .
or —20°C to 90°C range: < 0.5 max Section 3.1
« For 90°C to 150°C range: < 0.62 max.
¢ For -50°C to —20°C range: < 0.7 max.
Calibration No calibration required during production or in the field Section 4.1.1
Sensor linearization First order polynomial equation or compact look-up table Section 4.3.2
Operating voltage 4.25 t0 5.35 V (USB VBUS) Section 4.1.3
Power consumption =16 mA Section 4.3
Continuous conversion time + | 54 ms + 50 ms = 104 ms (max), which means 9 samples per seconds in Section 4.3
Data transmission time continuous conversion mode '
Isolation type Galvanic isolation using single low cost low profile transformer for both Section 4.3.1
power and data transfer
Dielectric 2500-V AC for 1 minute Section 4.3.1
Functional isolation or "
continuous working voltage 400-Vgys Or 560-V peak Section 4.3.1
IEC EFT testing IEC61000-4-4 (Level-4): £2 kV — Class A using capacitive coupler Section 6.5
Working environment Building indoor or outdoor environment Section 4.4
Connectivity interface USB2.0 Section 4.1.2
Debugging interface 4-pin Spy-Bi-Wire™ (SBW) interface —
PCB breakout slots Three perforated slots allow user to break apart the PCB and insert long Section 5.1
wires for remote temperature measurement.
Form factor USB stick form factor Section 5.1
Remote temperature sensing | Tested with 30-m long shielded twisted pair cable Section 5.2
Sensor wiring diagnostic Sensor wire open or short circuit fault detection Section 4.5
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2 System Description

Any temperature sensor connected to wires in a hostile environment can have its performance adversely
affected by intense electromagnetic sources such as radio transmitters, induction heating systems, high-
speed power switching elements, large solenoids, relays, motors with arching brushes, high AC voltage
and current conductors, poorly grounded environments, interference from electrical transients, welders,
lightning strikes, and so on. In such situations, lacking isolation impairs safety and induces
electromagnetic interference (EMI). Therefore, it becomes necessary to provide galvanic isolation between
the hazardous high voltage side and low voltage controller side. Electrically isolating the sensor provides
safety and seamless voltage level shifting and eliminates ground noise, which ultimately enhances
performance and reliability while making the system design more complicated because power and data
need to be transferred across an isolation barrier. One would use one transformer for power isolation and
another transformer, optocoupler, or digital isolator for isolating the data, which increases complexity, cost,
and footprint of the overall temperature measuring solution.

The 2-Wire Galvanically Isolated IC Temperature Sensor with Pulse Count Interface reference design
provides system designers the recommendations on how to design a new cost-effective, easy to use,
small form factor, accurate, repeatable, and electrically isolated temperature measurement system based
on a new digital output IC temperature sensor. The new tiny 2-pin digital output IC temperature sensor
with a single wire pulse count interface enhances reliability and greatly simplifies the design of galvanic
isolation architecture for sending both power and unidirectional data through a single low-cost, low-profile
transformer. The 2500-V AC breakdown barrier between the temperature sensor and power/data ports
permit operation at high common-mode voltage enhancing safety and data integrity. For example, isolation
protects sensitive circuit components and human interface on the system side from potentially dangerous
voltage levels present on the field side. Isolation also eliminates ground loops that affect the measurement
accuracy. By simply following the recommendations provided, the user can realize remote temperature
sensing over long cables with lengths while achieving the performance as stated in the datasheet
specification. With a less than +0.25°C maximum measured error and a +0.7°C guaranteed error over
temperature range of -50°C to 150°C, functional isolation of 400 Vs, and IEC61000-4-4 pre-compliance
testing, this design significantly reduces the design time of a high-accuracy temperature measurement
system.

This reference design subsystem is highly differentiated over existing solutions by offering the following
benefits:

* Innovative approach allows single low-profile transformer for power and data isolation while eliminating
the need of optocoupler or digital isolator on data line

» Eliminates high precision active or passive components like high PSRR LDO, ADC, instrumentation
amplifier, op amps, voltage reference, analog multiplexer, filters or better tolerance resistors, and
capacitors

» Power and data coexist on 2-wire interface for remote temperature sensing across isolation
» Functional isolation of 400 Vs and dielectric up to 2500-V AC for 60 seconds

» No special power supply requirements; a simple open loop DC-DC power supply with high switching
frequency of 420 kHz that eliminates traditional bulky transformer

e Eliminating complex calibration schemes, which saves cost during manufacturing and in after sales
servicing

* Replacement for RTDs and NTC/PTC thermistors

» Pre-compliance testing: Meets IEC61000-4-4 EFT (Level 4): £2 kV — Class A with shielded twisted pair
cable

» Sensor wire open or short circuit fault detection without any additional hardware
« No measurement error due to jitter, propagation delay, and rise or fall time of isolated signal output

» Extremely easy for system designers to get started with this approach and access market faster than
ever

» With only one error source (the sensor itself), computation of error budget is pretty straightforward and
honest

» Gets performance as stated in the datasheet specification
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At a high level, the 2-Wire Galvanically Isolated IC Temperature Sensor with Pulse Count Interface
Reference Design system consists of a high accuracy digital output IC temperature sensor, push-pull
transformer driver, system MCU, ESD protection device, and power management.

The overall system-level requirements for this reference design include:

» Overall system accuracy: The system must be designed to meet the overall system error specification.
The maximum measured error must be less than +0.5°C for a temperature range of 0°C to 100°C and
less than 0.7°C for temperatures below 0°C and above 100°C.

* Remote sensor operation: In remote sensing applications, the costs are kept to a minimum by reducing
the amount of running copper over long distances. Therefore, the system must send temperature
measurements across isolation over long distances through 2-wire link without any loss of accuracy
due to system wiring.

» Galvanic isolation: The isolation barrier must be designed to have a minimum dielectric withstand
rating of 2000 Vs for 60 seconds and a continuous working voltage of 250 Vpgak-

» Calibration and compensation: The system must require zero calibration during manufacturing and in
the field for quick and easy maintenance and minimizing amount of system downtime.

» Noise immunity: The system must be designed to meet IEC61000-4-4 EFT to provide robust
temperature monitoring with improved accuracy and noise immunity at reduced overall system cost.

» Less system complexity: The system must be simple and easy to use by minimizing number of
components and software protocol overheads.

» Solution size: Entire solution needs to be in a small form factor design that can be easily installed.

This design guide addresses component selection, design theory, and test results of the Tl Design
system. The scope of this design guide gives system designers a head-start in integrating TI's industrial
temperature sensor, push-pull transformer driver, system MCU, ESD protection device, and power
management technologies into their end-equipment systems. This reference design provides a complete
set of downloadable documents such as a comprehensive design guide, schematic, Altium PCB layout
files, Gerber files, bill of materials (BOM), test results, firmware, and GUI that helps system designers in
the design and development of their end-equipment systems.

The following subsections describe the various blocks within the Tl Design system and what
characteristics are most critical to best implement the corresponding function.
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3 Block Diagram
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3.3-t0 5-V
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shifter
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|
EN_SN6505 O —» Power Cable sensor
1:2
Transformer
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L

IR = 34 uA
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Figure 1. Conceptual Schematic Diagram of 2-Wire Galvanically Isolated IC Temperature Sensor With
Pulse Count Interface (TIDA-00752)

3.1 Highlighted Products
The 2-Wire Isolated Temperature Sensor Reference Design features the following devices:
* LMTO1: 0.5°C Accurate 2-Pin Digital Output Temperature Sensor with Pulse Count Interface
* SN6505: Low-Noise 1-A Transformer Driver for Isolated Power Supplies

» MSP430F5528: 16-Bit Ultra-Low-Power Microcontroller, 128KB Flash, 8KB RAM, USB, 12-Bit ADC, 2
USCIs and 32-Bit HW MPY

 TPD2E001: Low-Capacitance 2-Channel £15-kV ESD-Protection Array for High-Speed Data Interfaces
For more information on each of these devices, see their respective product folders at www.ti.com.
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3.1.1 LMTO1
Features Applications
« High accuracy over —-50°C to 150°C wide < Digital output wired probes
temperature range: «  White goods
— —20°C to 90°C: +£0.5°C (max) « HVAC
— 90°C to 150°C: +0.62°C (max) «  Power supplies
— —50°C to —20°C: £0.7°C (max) « Industrial Internet of Things (IoT)
» Precision digital temperature measurement « Automotive
simplified in a 2-pin package
. . L . * Battery management
» Single-wire pulse count digital output easily
read with processor timer input
» Number of output pulses is proportional to
temperature with 0.0625°C resolution
e Communication frequency: 88 kHz
« Continuous conversion plus data-
transmission period: 100 ms
» Conversion current: 34 yA
* Floating 2 to 5.5-V (VP-VN) supply
operation with integrated EMI immunity
e 2-pin package offering TO-92/LPG
(3.1 x 4 x 1.5 mm), half the size of a
traditional TO-92
VP
Chip Vop ¢ T
Chip Vss Voltage
Regulator
Thermal Diod o
ermal Diode Output
o Data uip
Analog Circuitry ADC | Interface > Slgpal'
{ Conditioning
VN
Figure 2. LMTO1 Functional Block Diagram
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The LMTOL1 is a high-accuracy, 2-pin temperature sensor with an easy-to-use pulse count interface, which
makes it an ideal digital replacement for PTC or NTC thermistors both on and off board in automotive,
industrial, and consumer markets. The LMTO1 digital pulse count output and high accuracy over a wide
temperature range allow pairing with any MCU without concern for integrated ADC quality or availability
while minimizing software overhead. TI's LMTO1 achieves flat £0.5°C accuracy with very fine resolution
(0.0625°C) over a wide temperature range of —20°C to 90°C without system calibration or hardware or
software compensation.

Unlike other digital IC temperature sensors, the LMTO1's single wire interface is designed to directly
interface with a GPIO or comparator input, thereby simplifying hardware implementation. Similarly, the
LMTO1's integrated EMI suppression and simple 2-pin architecture makes it ideal for onboard and off-
board temperature sensing. The LMTO1 offers all the simplicity of analog NTC or PTC thermistors with the
added benefits of a digital interface, wide specified performance, EMI immunity, and minimum processor
resources.
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3.1.2

Features

SN6505

Push-pull driver for transformers

Wide input voltage range: 2.25t0 5.5V
High output drive: 1 A at 5-V supply
Low Rgy: 0.25 Q max at 4.5-V supply
Ultra-low EMI

Spread spectrum clocking

Precision internal oscillator options: 160 kHz
(SN6505A) and 420 kHz (SN6505B)

Synchronization of multiple devices with
external clock input

Slew-rate control

1.7-A current limit

Low shutdown current: < 1 pA

Thermal shutdown

Wide temperature range: —55°C to 125°C
Small 6-pin SOT23/DBV package

Soft start to reduce inrush current

Applications

Isolated power supply for CAN, RS-485,
RS-422, RS-232, SPI, I°’C, and
low-power LAN

Low-noise isolated USB supplies
Process control

Telecom supplies

Radio supplies

Medical instruments

Distributed supplies

Precision instruments

Low-noise filament supplies

Vee EN D2 D1
o ol o—0
UvLO TEMP
sSC
L 2 y
osc -\~ | - _ll: :II_|
g +2 [®MOSFET
> Driver

\¥J

CLK ¢

@

O O
GND GND
Figure 3. SN6505 Functional Block Diagram

L Ext CLK
SN6505 Detect

The SN6505 is a transformer driver designed for low-cost, small form-factor, isolated DC-DC converters
utilizing the push-pull topology. The device includes an oscillator that feeds a gate-drive circuit. The gate-
drive, comprising a frequency divider and a break-before-make (BBM) logic, provides two complementary
output signals which alternately turn the two output transistors on and off.

The output frequency of the oscillator is divided down by two . A subsequent break-before-make logic
inserts a dead-time between the high-pulses of the two signals. Before either one of the gates can assume
logic high, the BBM logic ensures a short time period during which both signals are low and both
transistors are high-impedance. This short period, is required to avoid shorting out both ends of the
primary. The resulting output signals, present the gate-drive signals for the output transistors.
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3.1.3 MSP430F5528

Features

Low supply voltage range: 3.6 V down to
18V
Ultra-low power consumption
— Active mode (AM):
» All system clocks active:
e 290 pA/MHz at 8 MHz, 3.0 V,
flash program execution (typical)
e 150 yA/MHz at 8 MHz, 3.0 V,
RAM program execution (typical)
» Standby mode (LPM3):
* Real-time clock (RTC) with crystal,
watchdog, and supply supervisor

operational, full RAM retention,
fast wake up:

 19pAat2.2V,2.1pAat
3.0V (typical)

* Low-power oscillator (VLO),
general-purpose counter,
watchdog, and supply supervisor
operational, full RAM retention,
fast wake up:

e 14 pAat3.0V (typical)
» Off mode (LPM4):

e Full RAM retention, supply
supervisor operational, fast wake
up:

e 1.1 pAat3.0V (typical)
— Shutdown mode (LPM4.5):
* 0.18 yA at 3.0 V (typical)
Wake up from standby mode in 3.5 ys
(typical)
16-bit RISC architecture, extended memory,
up to 25-MHz system clock
Flexible power management system:
— Fully integrated LDO with programmable
regulated core supply voltage
— Supply voltage supervision, monitoring,
and brownout

16-bit timer TAO, Timer_A with five
capture/compare registers

16-bit timer TA1, Timer_A with three
capture/compare registers

16-bit timer TA2, Timer_A with three
capture/compare registers

16-bit timer TBO, Timer_B with seven
capture/compare shadow registers

Two universal serial communication
interfaces:

— USCI_A0 and USCI_A1 each support:

e Enhanced UART supports automatic
baud rate detection

« IrDA encoder and decoder
e Synchronous SPI
— USCI_BO0 and USCI_B1 each support:
« I°C
e Synchronous SPI
Full-speed universal serial bus (USB)
— Integrated USB-PHY

— Integrated 3.3-V and 1.8-V USB power
system

— Integrated USB-PLL
— Eight input and eight output endpoints

12-bit analog-to-digital converter (ADC)
(MSP430F552x only) with internal reference,
sample-and-hold, and auto-scan feature

Comparator

Hardware multiplier supports 32-bit
operations

Serial onboard programming, no external
programming voltage needed

Three-channel internal DMA
Basic timer with RTC feature

For complete module descriptions, see the
MSP430x5xx and MSP430x6xx Family
User's Guide (SLAU208)

Applications

Analog and digital sensor systems
Connection to USB hosts
Data loggers
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XIN XOUT RST/NMI

DVCC DVSS VCORE

AVCC AVSS PA PB PC
A ‘ ‘ ‘ ‘ ‘ P1.x, P2x;, P3.x,, P4.x_ P5x P6.x DP,DM,PUR
v v v v v
A A
XT2IN —1-
Unified [ ACLK Power SYs 1/0 Ports 1/0 Ports 1/0 Ports Ful "
ull-spee
XT20UT 41— syeien t20ke || akgear | [MEnSOemen | watenaes || 5505 || 2igs || 1o Uss
yotem 1= SMCLK|  geka 6KB+2KB interrupt [ [ 1x8110s || 1x81/0s
64KB 4KB+2KB DO PortMap ] o Wakeup USB-PHY
32KB svmisvs || Cone! USB-LDO
MCLK Flach RAM Brownout (P4 PA PB PC USB-PLL
as 1x16 1/0s || 1x131/0s || 1x141/0s
CPUXV2 MAB DMA
and
Working MDB 3 Channel
Registers
EEM
(L: 8+2)
uUsCI0,1 ADC12_A
TAO TA1 TA2 TBO 4 12 Bit
JS-I-QVG\/ UﬁCA:‘_‘_’_?x 200 KSPS REF COMP_B
Interface MPY32 Timer_A Timer_A Timer_A Timer_B RTC_A CRC16 IrDA, SPI
5CC 3cC 3cC 7¢cC 12 Channels 8 Channels
Registers Registers Registers Registers USCI Bx: | [(10 ext, 2 int)
SPI, FC Autoscan

Figure 4. MSP430F5528 Functional Block Diagram

Copyright © 2016, Texas Instruments Incorporated

Figure 4 shows the functional block diagram for the MSP430F5528 in the RGC and ZQE packages and in

the YFF package.
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3.14 TPD2EO01

Features Applications
» |EC 61000-4-2 ESD protection (level 4): e USB20
— 18-kV contact discharge e Ethernet
— x15-kV air-gap discharge e FireWire™
* 10 capacitance: 1.5 pF (typical)  LVDS
* Low leakage current: 1 nA (max) ¢ SVGA video connections
e Low supply current: 1 nA ¢ Glucose meters
e 0.9-to 5.5-V supply voltage range « Medical imaging
e Space-saving DRL, DRY, and QFN package
options

» Alternate 3-, 4-, and 6-channel options
available: TPD3E001, TPD4EO001,
TPD6E001

A A
|

101 02

GND

i

Figure 5. TPD2E001 Functional Block Diagram

The TPD2EO0OL1 is a uni-directional ESD protection device with low capacitance. The device is constructed
with a central ESD clamp that features two hiding diodes per line to reduce the capacitive loading. This
central ESD clamp is also connected to V. to provide protection for the V. line. Each IO line is rated to
dissipate ESD strikes above the maximum level specified in the IEC 61000-4-2 level 4 international
standard. The TPD2EOQO01's low loading capacitance makes it ideal for protection high-speed signal

terminals.
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4

4.1

41.1

System Design Theory and Considerations

Component Selection

Before starting the circuit design and layout of the actual system, this reference design carefully examine
all the captured system level requirements and features. Then, use a top-down approach to translate
these system level requirements into subsystem or component level requirements that helps in selecting
the right set of devices. Some of the subsystem or component level requirements are as follows.

Selecting a Temperature Sensor

Selecting a temperature sensor is a critical part in the design of any temperature measurement system
because the reliability, stability, and accuracy of the entire system cannot be better than that of the
sensing element. Selecting a temperature sensor is also very important because it decides the overall
system architecture and greatly influences the selection of other supporting devices. The right temperature
sensor depends upon various factors such as operating temperature range, accuracy, linearity, sensitivity,
interchangeability, repeatability, stability and drift, corrosion and contamination effects, lead-wire
resistance, cost, power consumption, size, mounting, design cycle time, and ease of designing the
necessary support circuit. From a system level standpoint, the temperature sensor must satisfy the
following requirements:

» The temperature sensor must have a minimum operating temperature range of —40°C to 125°C.
e The temperature sensor must simplify the design of galvanic isolation architecture.

e The temperature sensor must be available in a smaller package, which makes it easy to mount the
sensor inside sealed metallic housing or lug to produce standard or custom probe assemblies.

* The temperature sensor must not have more than two pins that reduce the amount of copper running
over long distances in wire-limited or remote-sensing applications.

* The temperature sensor’s lead-wire resistance must not introduce significant errors.
» The temperature sensor must have very little self-heating effect.
e The temperature sensor must have superior noise immunity.
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A good place to start is to look at some of the available temperature sensor options and weigh the pros
and cons of each. Figure 6 highlights some of the popular options available today.

m Thermocouple _ Thermistor Semiconductor

Temperature range
(typical values)

Accuracy
Repeatability
Long-term stability
Sensitivity (out)
Linearity

Response
Size/Packaging
Interchangeability
Point (end) sensitivity
Lead effect

Self heating

Overall advantages

Overall disadvantages

Very wide
—200°C to +2000°C

Medium
Fair
Poor to fair
Low
Fair
Medium to fast
Small to large
Good
Excellent
High
No

Self powered, simple,
inexpensive, rugged, vari-
ely of physical forms, wide

range of temperature

Non-linear, low voltage,
reference required, least
stable, least sensitive

—2[)D°C to +650 C
High
Excellent
Good
Medium
Good
Medium
Medium to small
Excellent
Fair
Medium
Very low to low

Most stable, most accurate,
more linear than
thermocouple

Expensive, slow, current
source required, small resis-
tance change, four-wire
measurement

Narrow

-50°C to +300°C

Medium
Fair to good
Poor
Very high
Poor
Medium to fast
Small to medium
Poor to fair
Good
Low
High

High output, fast, two-
wire ohms measurement

Non-linear, limited

temperature range,
fragile, current source

required

Figure 6. Common Temperature Sensors

Narrow
-50°C to +200°C

High
Good to excellent
Good
High
Good
Medium to fast
Small to medium
Good
Good
Low

Very low to low

Most linear, highest
output, inexpensive

T < 250°C,
power supply
required

Each sensor type has its own strengths (for example, accuracy, stability, cost, temperature range, and so

on) that make it better suited to certain types of applications. For example, high temperature applications
such as flame detection in boiler systems approach temperatures of several hundred to up to a thousand
degrees require the use of RTDs or thermocouples. The majority of temperature-sensing applications,

particularly in building automation and HVAC systems, measuring refrigerant, water, and air temperatures
are limited to a range from 0°C to 100°C. This temperature range is commonly monitored by temperature

probes utilizing either RTDs or thermistors. RTDs are perceived as the more accurate and stable over
wide temperature range, but also more costly, whereas thermistors are most sensitive and low-cost

alternative but with high nonlinearity and larger resistance drift over time.
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41.2

From Figure 6, it is quite evident that thermocouple, RTD, thermistor or IC temperature sensor-based
solutions have a number of design drawbacks such as the accumulated error of all the components,
power consumption, linearity, quantization noise, calibration, operating temperature range, complexity,
board area, and production cost. Each temperature sensor has its own advantages and disadvantages.
Therefore, this reference design uses a new tiny LMTO1 (see Figure 7) to address most of these design
drawbacks. Standalone IC temperature sensors have rarely been considered for implementation into
sensor probes or assemblies due to their larger geometries. However, designers exploit the process
technology of these IC temperature sensors to everyone’s advantage. The LMTO1 is a complete
temperature data-acquisition system on a monolithic silicon chip. A silicon-based sensor, internal voltage
reference, and delta-sigma ADC all fit in a 2-pin (power and ground) TO-92/LGP package (half the size of
traditional TO-92) while delivering unmatched value-for-performance such as high accuracy over time and
temperature, very low power consumption, and simple design-in capability. Integrating the whole
temperature-to-digital signal chain on a single chip, therefore, saves space, design time, and money. Now,
system designers need not worry about power supply noise, complex linearization algorithms, cold-
junction compensation, comparators, additional ADCs, voltage references, and so on. Unlike analog
temperature sensors, the pulse count interface of the LMTO1 offers superior noise immunity especially in
remote sensing applications.

Figure 7. Parametric Table for Selecting Temperature Sensor

Selecting an Ultra-Low Power Microcontroller (MCU)

The 2-Wire Galvanically Isolated IC Temperature Sensor with Pulse Count Interface reference design has
relatively few requirements for the MCU. This TI Design reproduces the LMTO01 pulses on the MCU side
across isolation barrier that needs to be counted by the MCU to know the temperature. There are various
methods for pulse counting utilizing common resources such as GPIOs with interrupt capability, timers,
and comparators, which are available on virtually any low cost MCU. In addition, this Tl Design needs
USB connectivity with a PC or laptop for easy transfer of data to GUI that aids in testing and
demonstration.

Because this Tl Design is meant to demonstrate Tl technology, the USB-equipped MSP430F5528 device
was selected as the system MCU. This device fulfills all the requirements of this Tl Design subsystem, and
features ultra-low power performance.
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4.1.3 Selecting a Power Configuration

This TI Design has few power supply requirements. The design’s hardware is configured to be powered
from a standard USB host that provides nominal voltage of 5 V over the USB cable, called VBUS. The
USB VBUS may vary from 4.25 to 5.35 V. Because this design will be permanently tethered to the USB
host, this eliminates the need for a separate local power supply. This design requires a regulated non-

isolated 3.3-V voltage rail for all components on the low-voltage side and an unregulated isolated DC/DC
converter generating 8 V on the field side.

4.1.3.1 Regulated Non-Isolated 3.3-V Voltage Rail

As USB hosts source 5 V over the bus, an LDO is required to drop the voltage to the 3.3-V nominal of ICs
on low voltage side. The USB-equipped MSP430 devices simplify power design and conserve board
space by integrating an efficient LDO as well as associated pull-up functionality. This eliminates the need
for a system LDO. In addition to allowing the MSP430 to operate directly from 5 V, integrating the LDO
and pullup resistors reduces component count and saves cost relative to discrete implementations. The
3.3-V voltage rail can be used to source:

* On-chip USB module

» MSP430 DVCC power rail (most MSP430 devices use a 1.8- to 3.6-V DVCC rail)

* Rest of the board

The connection between the LDO and the USB module is internal. The rail is also made available on the
VUSB pin. There is no internal connection between VUSB and DVCC,; they are isolated from each other.

This preserves flexibility for the engineer designer to arrange power in a way that is best for a given

application.

System
...................... A= )= L0 4 & R
i USB Module
AN IEE, 1.8V
|X: LDO LDO PMM
]—: PUR i
= < >
D D+ Transceiver j&»{ USB ey cPU RAM/Flash
Engine
D+ “} 5 8 USB|RAM
' i || 48MHz PLL <> DMA Peripherals
i 7y
Y > :
— VL
= || XT2 [ 0 <
Use crystal, [ g < >
resonator, orinput ! . ';/II\(/I:ISEK
an external clock : XT1 ¢ ¢

Figure 8. Powering MSP430 From USB Using Internal LDO
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4.1.3.2 Unregulated Isolated 8-V Voltage Rail

This is an excellent example how the LMTO1 takes away all the pain of building an accurate isolated
temperature measurement system, while relaxing the requirements on other supporting blocks. Because
the LMTO1 has an integrated regulator that provides a stable power supply to its internal circuitry and
operates on a floating 2- to 5.5-V (VP-VN) power supply that can vary greatly, unlike other noise-sensitive
circuitry, the LMTO1 enforces no special requirements such as tight regulation under dynamic load
conditions, low noise, and low ripple when designing the isolated power supply.

Some of the basic requirements for unregulated isolated power supply are:

* Input voltage: 5-V nominal UBS VBUS (4.25 to 5.35 V)

* Ramp rate faster than 2.5 ms

* Smaller magnetic component

* Simple, low-cost and area-compliant approach

» Enable and disable feature to put power supply in shutdown mode

* Very low shutdown current

To best demonstrate the performance of this Tl Design subsystem, an open-loop isolated push-pull
converter topology is chosen because this application does not require a precise output voltage. The
open-loop isolated push-pull converter works without feedback circuitry or a signal isolator, which reduces
cost and solution size. Due to the low cost and circuit simplicity, the open-loop isolated push-pull
converters are commonly used as DC transformers to provide galvanic isolation. For a push-pull
converter, the control circuitry consists of only an oscillator along with two gate drivers, which generates
two complimentary fixed 50% duty cycle gate signals to drive D1 and D2. The transformer turns ratio is
selected to deliver the desired output voltage. To do this job better, this Tl Design chooses the SN6505B,
a transformer driver designed for low-cost, small form-factor, isolated DC-DC converter utilizing the push-
pull topology. The device includes an oscillator that feeds a gate-drive circuit. The gate drive, comprising a

frequency divider and a break-before-make (BBM) logic, provides two complementary output signals,
which alternately turn the two output transistors on and off.

VCC
\

fala
SN6505 =

T—::D Dzz %gbf

Vcce 0 O
6 1 ; T
CLK D1

Figure 9. Unregulated Isolated DC/DC Converter Using SN6505

Integrating the technology demonstrated in this Tl Design into an end-equipment system may necessitate
a different power management configuration. The choice of devices for power management could change,
depending on existing input voltage rails. If lower voltage point-of-load rails already exist, then different Ti
devices for power management can be chosen to suit the conditions of the system (see
www.ti.com/power).
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4.1.4

4.2

EMI Protection
This Tl Design has robust protection against electromagnetic interference (EMI) because USB allows the

application to have an open connection to the external environment, which could expose the entire system
to ESD. Therefore, it is recommended to increase ESD protection on the USB DP, DM, and VBUS lines.
This protection should be located as close as possible to the USB connector to reduce the potential
discharge path and reduce discharge propagation within the entire system.

This Tl Design uses the TPD2E001, a low-capacitance 2-channel ESD protection optimized for high speed
applications help save design time. TPD2E001 clean up the application around the interface and maximize
protection of system chips while minimizing the impact on signal integrity.

LMTO1 versus Thermistor

There are many reasons why the LMTO1 is an ideal digital replacement for thermistors:

1.

Thermistor JRT I

Output Code (LSB)

Figure 10 shows that the LMTO1 pulse count output is almost linear over entire temperature range
compared to a thermistor. The output ADC code corresponding to thermistor’s change in voltage per
°C is linear for a limited range and starts to saturate towards the low and high temperatures. This is
because the thermistor’s resistance versus temperature characteristic is highly exponential.

Figure 10 also shows that the LMTO1 has a fine resolution of 0.0625°C, which is flat over the entire
temperature range. When interfacing with an ADC, the thermistor’s nonlinearity gives a reduced
resolution towards the extreme temperatures. As a result, the thermistor tends to be less accurate
across the entire operating temperature range. However, thermistors can be combined with complex
resistive networks to help linearize the curve over a limited temperature range. Note that the resistive
networks used with thermistors increase the complexity, cost, and footprint of the overall temperature
sensing solution.

AVce 2

Cer 1 AVee

MSP430 12-bit ADC with Thermistor:
* Rysoc: 10k £ 1%; B-Constant (25-80°C): 3960k % 1%; -55°C to 150°C
* No Op-amp
» RBias: 4.7k £ 0.5%

I.\ = Input
— Pin
IA\ISN -

CriLter

A—] —

RBias %
Output Value vs Temperature Output Resolution vs Temperature
4,500 0.60

4,000
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3,000
2,500
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0
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0.30 Thermistor

0.20

0.10

Output Resolution (°C/LSB)

0.00
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Figure 10. Output Code and Output Resolution versus Temperature
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3. Figure 11 shows that the LMTO1’s consistent low power consumption across temperature minimizes
self-heating and system power, further easing the design challenge of temperature monitoring that
most of the system engineers encounter when using thermistors. Thermistors have a supply current
that varies greatly over temperature. As temperature increases, the NTC thermistor’s resistance
decreases; this causes the current through the voltage divider network to increase. When the current is
high, NTC thermistors can self-heat above the ambient temperature of the environment, resulting in
temperature errors.

Supply Current vs Temperature Self Heating vs Temperature

—. 600 0.35

< p—

3500 O 0.3

- fropse s 1

£ 400 EO

g — 0.2

300

3 8 0.15

> 200 u o )

= w01 400k Thermistor

g 100 2 0.0s

5 v

v 9 ! I o ! ! ! ! 1 1 ]

-50 -25 0 25 S50 75 100 125 150 50 -25 0O 25 50 75 100 125 150

Temperature (°C) Temperature (°C)

Figure 11. Supply Current and Self Heating versus Temperature

4. Another thing to consider when deciding to use a thermistor is the output impedance. The output
impedance of a thermistor is generally higher and varies depending on the temperature. When using
an ADC with a thermistor, ensure that the ADC can handle thermistor’s source impedance. In some
cases, a buffer may be required whereas an easy connection of the LMTO01 with the MCU requires
minimum components (for example, a simple 5% tolerance resistor).

241055V
; Vpp: 3t105.5V CP

. - GPIO
Thermistor
AVcc [e—— Upto2m >
Voltage
Bute! - Min. 2V
Ir;li):t LMTO1 | F'\g,%%
L
L VN ASIC
LPV521 |
% GPIO/
[ ] COMP
Reins CF‘LTER ® LMTO1 pulse count interface
® Comerson ime
s T EE 3
D T Ny N Iy Y
)
Figure 12. Typical Thermistor and LMTO1-Based Circuits
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5. One of the most important measurements in any temperature sensor circuit is the accuracy (or error) of
the total circuit. When designing a discrete thermistor-based solution, the error from each component
must be added to determine the worst-case total error of the measurement whereas the LMTO1
accuracy specification includes digitization and quantization errors. System designers do not need to
worry about various errors because a single error source makes computing the error budget

straightforward.
_ AVce ?
H = Cep I AVce
Thermistor /7 J‘_
= Input
| . - Pin
L=
l L Lpvsa1
RBias I Criter
Error Contribution vs T t

3

Temperature Error (° C)

-50 -25 0
Temperature (°C)

25 50 75 100 125 150

LMT01 < 0.5°C @ 100°C

Thermistor :1.5°C
RBias + Op-amp :0.4°C
12-Bit ADC :0.4°C

System error @ 100°C : 2.2°C

MSP430 12-bit ADC with Thermistor:
* Rysc: 10k £ 1%; B-Constant(25-80°C): 3960k £ 1%; -55°C to 150°C
* Op-amp: 1mV offset 80dB CMRR
* RBias: 4.7k £ 0.5%

Comparison of 10- and 12-BitADCs

— 10-Bit ADC

— 12-Bit ADC

— LMTO1

-12
-50 -25 0 25 50 75 100 125 150

Temperature (°C)

Temperature Error (° C)

Figure 13. Thermistor and LMTO1 Error Contribution versus Temperature
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6. Figure 14 compares the accuracy of the LMTO01 with the total system accuracy of three different
thermistors. The LMTO1 provides the best system accuracy over full temperature range that is
guaranteed by testing.

Accuracy vs Temperature

— R25°C: 100k £ 5%; B-Constant (25-50°C): 4390k £ 1%; -40 to 125°C
Op-amp: 5mV offset and 60dB CMRR;
Rbias: 47k £ 1%

— R25°C: 10k % 3%; B-Constant (25-50°C): 3380k £ 1%; -40 to 125°C
No Op Amp

gy RBias: 4.7k £ 1%
o
g7l — R25°C: 10k £ 1%; B-Constant (25-80°C): 3960k £ 1%; -55 to 150°C
o] No Op-amp
t RBias: 4.7k * 0.5%
w
Q — LMTO1 with 0.0625°C resolution
'5 (LMTO01 has an internal ADCI)
® -1
E -
o
2.2
[
- -3
-4
-5
-6

-50 -25 0 25 50 75 100 125 150
Temperature (° C)
Figure 14. Accuracy versus Temperature

7. The LMTOL is very precise over a wide temperature range and power supply ranges compared to
thermistors.
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4.3 Circuit Operation

A simple way to transmit analog information across the isolation barrier is to first convert the analog signal
into a frequency-type signal such as period, PWM or pulse count. The frequency type signal can then
easily be transferred on the other side of the isolation barrier and measured by a microcontroller. The
circuit in Figure 15 works on the same principle by taking the advantage of the 2-pin LMTO1 digital output
IC temperature sensor outputting current pulses that vary depending upon temperature.

Isolated DC-DC Converter

(Push-Pull Topology)
T°5

B

a3
MMBT3904

D
R22
2

'
17
K 1k Iso Isof
s w
Ri6 )
249 MMBT3904
1508ND

P12 150GND

GND GND =)

Isolation Barrier

Figure 15. Galvanically Isolated IC Temperature Sensor (LMT01) With Pulse Count Interface

Once enabled from the MCU, the push-pull transformer driver SN6505B drives a low profile 1:2 center-
tapped transformer primary from 4.7-V nominal (VBUS-VD3). The transformer’s secondary winding
followed by rectifier diodes generate an unregulated 8 V, which is subsequently regulated at 5.1 V using a
Zener diode for powering the LMTO1 temperature sensor. Once the voltage (VP-VN) across the LMTO1 is
greater than 2.15 V, the LMTO1 draws only 34 pA for at most 54 ms while the LMTOL1 is determining the
temperature. Once the temperature is determined, the train of current pulses begins, which typically
change from 34 to 125 pA. The individual pulse frequency is typically 88 kHz (nominal). The LMTO1 will
continuously convert and transmit data when the power is applied approximately every 104 ms (max) as
shown in Figure 16. A simple resistor can then be used to convert the current pulses to voltage pulses.
With a 10-kQ (R21) resistor, the output voltage levels range from 340 mV to 1.25 V, typically.

Power Start of data End of data Start of next End of data
ON / transmission conversion result data
54 ms
max 104 ms max
_()( ( (()__S( ( ((r
— ) ) ) ) ) )
D 50 ms max E— D 50 ms max —_—
Power

sSonhhnnhhnhnn

Figure 16. Temperature to Digital Pulse Train Timing Cycle
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The output voltage pulse train then drives the base of an NPN transistor (Q4) with a 22-kQ (R22) base
resistor. The Q4 in-turn controls the on-off of PNP transistor (Q5). This means the LMTO1 temperature’s
output indirectly connects or disconnects a 249-Q (R16) load resistor to the unregulated 8-V supply rail.
Therefore, the 249-Q load resistor suddenly demands a high current during a positive half cycle and very
less current during a negative half cycle of the temperature sensor’s output. The filter capacitor (C16) at
rectifier output on secondary side was intentionally kept very small that places more demands on the input
bulk capacitor (C19) at the center tap of the primary for supplying large currents during the fast switching
transients on the secondary side due to the LMTO1 temperature sensor’s output. This makes the pulse
frequency of 88 kHz visible on the primary side in the form of supply current, which is then sensed by
placing a small shunt resistor (R19) in the ground return path of SN6505B as shown in Figure 17 and
Figure 18. The output (DATA_OUT) from R19 and C18 then drives the base of an NPN transistor (Q3)
with a 10-kQ (R18) base resistor to generate a level shifted output (DATA_OUT_NOT). Figure 20 shows
the DATA_OUT and DATA_OUT_NOT waveforms. This configuration successfully reproduces the
sensor’s output on the primary side across isolation as shown in Figure 19. The value of the R19 shunt
resistor was chosen such that circuit quiescent current during sensor’s conversion time does not turn on
Q3. The outputs DATA_OUT and DATA_OUT_NOT are then fed to P1.0/TAOCLK/ACLK, P2.4/TA2.1, and
P6.7/CB7/A7 pins of the MSP430 for implementing different pulse counting methods utilizing the
MSP430's resources such as GPIO with interrupt, comparator, and timers. This innovative approach
isolates the temperature sensor utilizing a single transformer for simultaneous transfer of both power and
data across the isolation barrier. The entire circuit draws about 16 mA of average current from VBUS to
operate.

[ [
L

’ »
Y
SN6505B
I3 0 5 q H"
C19

)
1
| 7
|
i LMTO1 with
[1— < i 3 Support Circuitry
M :
< Iy
]
|
|
|
)
1
1
1

rp 1

Oscillator and
Gate Drive

To MCU and Transistor Level
Shifter for Pulse Counting

Figure 17. LMTO1 Output Current Pulse Train Reproduced on Primary Side Across R19
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Figure 19. VN (Trace-1) and DATA_OUT (Trace-2) Waveforms
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Figure 20. DATA_OUT (Trace-1), EN_PWR (Trace-2), and DATA_OUT_NOT (Trace-3) Waveforms
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Transformer Selection

To prevent a transformer from saturation its V-t product must be greater than the maximum V-t product
applied by the SN6505. Therefore, the transformer’s minimum V-t product is determined through
Equation 1:

\Y
VE(min) = Viymay) X T(max) _ IN(max)

2 2 % fsw(min) @

Vt(min) > Vin (max) _ VBUS(max)-Vps _535V-03V
2xfgy (min) 2x 363 kHz 2% 363 kHz

Vt(min) > 7 Vps

where

* V,(max) is the maximum input voltage to the SN6505B

o fgu(min) is the minimum switching frequency of the SN6505B

The transformer selected for this Tl Design is 760390015 from Wurth Electronics, which provides V-t
product of 11 Vus with significantly reduced footprint of 10.05 x 6.73 x 4.19 mm. The selected transformer

has a working voltage of 400 Vs and dielectric-withstand voltage of 2500-V AC, which is more than
enough for this design.
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4.3.2 Sensor Linearization

There are two different methods of converting the pulse count (PC) to a temperature value, first using a
first-order transfer function and second using the datasheet’s look-up table. This reference design

demonstrates the performance using both options.

4.3.2.1  Output Transfer Function
The first-order linear approximation model is as follows:

_ (PCX256J—50°C

4096 @

where
 PC = Pulse count
* T = Temperature reading

NOTE: There is no temperature information in the output frequency of the sensor; only the number
of output pulses contains temperature information.

(PC+1)>< 256 PC x 256
Resolution = Weight of one pulse = T —Tpc=|——=——1|-50°C - 50°C
Re solution = 256 = 0.0625°C
4096
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4.3.2.2 Look-up Table
For better accuracy, use the linear interpolation of the value found in Table 2.
Table 2. Compact Pulse Count to Temperature Look-up Table
T1 T2 PC1 PC2 SLOPE
-50 —40 26 181 0.064516
—40 -30 181 338 0.063694
-30 -20 338 494 0.064103
-20 0 494 808 0.063694
0 10 808 966 0.063291
10 50 966 1602 0.062893
50 60 1602 1762 0.062500
60 90 1762 2245 0.062112
90 130 2245 2893 0.061728
130 140 2893 3057 0.060976
140 150 3057 3218 0.062112

Figure 21 shows the output transfer function using the first-order equation (blue line) and using linear
interpolation of look-up table values (red line). The LMTO1 output transfer function as described by the
LUT appears to be linear, but upon close inspection it can be seen that it is not truly linear. Figure 21 also
shows the error introduced by the first-order linear approximation model considering look-up table values

as baseline.
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Figure 21. LMTO1 Output Transfer Function and Accuracy With Linear Approximation
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4.3.3

Self-Heating

More or less, all temperature sensors exhibit a phenomenon known as self-heating. The internal self-
heating is a byproduct of electrical current flow in the electronic device during its operation. Dissipating
power in the temperature sensor causes its temperature to rise above that of the surrounding
environment. Any difference between the temperature of the sensor and the environment produces a
temperature measurement error or uncertainty. Minimizing the temperature measurement uncertainty thus
requires balancing the uncertainties due to self-heating. The thermal resistance junction-to-ambient (Rg;,)
is the parameter used to calculate the rise of a device junction temperature (self-heating) due to its
average power dissipation. The average power dissipation of the LMTO01 is dependent on the temperature
it is transmitting as it affects the output pulse count and the voltage across the device. Equation 3 is used
to calculate the self-heating in the LMTO1's die temperature (Tgy).

tcony pc (o +lon)) ((4096 - PC) toaTA
Tsn =||loL x 7= *Vconv |+ x + xlop | [x 77— |* Vbata | *Rasa
K (t cony + tDATA) 4096 2 4096 (t cony + tDATA)
(3)

where

* Tgy is the ambient temperature

* lg and Iy, are the output low and high current level, respectively
*  Vcon is the voltage across the LMTO1 during conversion

*  Vpara IS the voltage across the LMTO1 during data transmission
* teony iS the conversion rate

* tpata IS the data transmission time

» PC is the output pulse count

* Ry, is the junction to ambient package thermal resistance

With a temperature range of —50°C to 150°C, a Vo Of 4.76 V was used for the self-heating calculation.
As can be seen in the curve in Figure 22, the average self-heating changes linearly over temperature
because the number of pulses increases with temperature. A negligible self-heating of about 42 m°C is
observed at 150°C with continuous conversions. If temperature readings are not required as frequently as
every 100 ms, self-heating can be minimized by shutting down power to the part periodically thus lowering
the average power dissipation as shown in Figure 23. Be sure to use a power down wait time of 50 ms, at
minimum, before the device is turned on again.
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Figure 22. LMTO1 Self-Heating
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Figure 23. VCC (Trace-1), VP (Trace-2), and VN (Trace-3) Waveforms
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4.4

4.5

Wired Temperature Sensor Probes Using LMTO1

Remote temperature sensors require some form of packaging to allow them to withstand conditions such
as rough handling, vibration and moisture. Many temperature sensors are so fragile that even normal
installation can be harmful for them. The main purpose of the housing is to protect the sensing element. A
rugged, moisture resistant temperature sensing probes and assemblies have proven extremely effective in
high moisture environments and quite commonly used in HVAC applications such as chillers, heat pumps,
packaged terminal air conditioners (PTACS), boilers, furnaces, air handlers, zone controls, and many other
heating and cooling products. Its low cost, tiny package (TO-92/LGP), and 2-pin interface make the
LMTO1 IC temperature sensor a best choice for wired-sensor probe assemblies benefitting in building
indoor and outdoor temperature measurement applications. Figure 24 shows some of the wired-sensor
probe assemblies, which were built using the LMTO1 having form-factors fully compatible with RTD or
thermistor-based temperature probes.

Figure 24. LMTO1 IC Temperature Sensor Based Wired-Probe Assemblies

Sensor Wiring Diagnostics

Knowing the amount of current being delivered to a sensor can be useful in wiring fault detection and
protection. The current being delivered can be easily monitored by adding a sense resistor in series with
the circuit. By nature, this circuit already uses a sense resistor in the primary circuit for its normal
operation. This capability can also be used to detect open or short circuits caused by wiring or connector
failures and can timely trigger a preventive action. Therefore, this novel circuit allows simple and reliable
diagnostics of system wiring faults without requiring any additional hardware.

The default firmware does not support the sensor diagnostic feature. However, by writing a small code on
top of your application as per directions in this section can perform continuous on-line sensor diagnosis
without running a separate diagnostic cycle. This may save production costs, and hours of troubleshooting
time, by letting you know when a problem occurs and its type.
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45.1 Open Circuit Fault Detection

Figure 25 shows an example of an open circuit fault. If there is an open circuit connection on the sensor
leads or wires, this does not complete the circuit. The sensor does not see any supply voltage between
the VP and VN pins; therefore, the sensor cannot output the current pulse train. As a result, the MCU
receives no pulses for counting, which can be easily detected in software. If pulses are not received
consistently for a few cycles, it may be declared as a sensor open circuit fault.

l N
I g
Cable Length, L1 TP13 TP7 TP8
D7 ele ? ? R4 ?
55}) - - o VP II(,‘ Cable Length, L2 ;')II VP
D5 c16 o R20 D6 c17 R23
0.1uF 110k 5.4V 1uF 5.1k
Qs 1 |
= = = 0
= ® 11k 1s0GND 1sOGND  IsoGND pen
IsoGND
ol
N1 R22 o VN VN
R16 PO 22k
249 MMBT3904
o R21
10.0k
IR=0pA
1soGND 1soGND 1s0GND

Figure 25. Open Circuit Connection on Sensor Leads

45.2 Short Circuit Fault Detection and Protection

Figure 26 shows an example of a short circuit fault between the sensor leads. In this case, 5.1 V (VP)
starts driving the NPN transistor (Q4) directly. This connects the 249-Q (R16) resistor forever to the 8-V
rail demanding high current from primary, which causes voltage drop across R19 sufficient to drive Q3.
The conduction in Q3 makes DATA_OUT_NOT signal to go low as shown in Figure 27. During normal
operation as shown in Figure 20, the DATA_OUT_NOT signal remains high for about 54 ms (conversion
time) after applying EN_PWR signal to the SN6505. The DATA_OUT_NOT signal going low in the initial
54 ms indicates a short circuit fault, which can be easily detected in the software. Once the short circuit is
detected, the EN_PWR signal to the SN6505 can be immediately disabled from the MCU as a preventive

measure.
lu N
o7 r Cable Length, L1 i TP13 TP7 TP8
e R o ? o vP L Cable Length, L2 J VP
OO 1 1 ' {
D5 cte [ A o R20 D6 c17 LR23
0.1uF 110k 5.1V 1pF 5.1k
MMBT3836 jw_"RH 1 1: -4 _\>< MY XXX X B Z“r‘éﬁn
= o) 211k 10GND 1S0BND  IsoGND [ Ny
IsoGND
N1 R22 N VN
R16 rae 22k
249 MMBT3904
| *R21
>10.0k
Figure 26. Short Circuit Between Sensor Leads
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Figure 27. Circuit Behavior During Short Circuit Fault Between Sensor Leads

Figure 28 shows another example of short circuit in the 8-V rail wiring. In this situation, a dead short in the
8-V rail suddenly puts an excessive current demand on the primary. The SN6505 has a current limiting

function, which gets activated at 1.7 A; this is perhaps too high for an end-equipment application. The

voltage drop across R19 starts ramp-up. As soon as this voltage goes slightly higher than 0.7 V, the
conduction in Q3 starts, which immediately pulls DATA_OUT_NOT signal low. All this happens much
before the short circuit current shoots to a very high value and triggers the SN6505 current limiting
function. Just like the previous situation, the DATA_OUT_NOT signal going low in the initial 54 ms
indicates a short circuit fault, which can be easily detected in the software. Once the short circuit is
detected, the EN_PWR signal to the SN6505 can be immediately disabled from the MCU as a preventive

measure.
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Figure 28. Short Circuit in 8-V Rail Wires
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5 Getting Started

5.1 Hardware Overview

This Tl Design hardware allows users to evaluate the performance of the LMTO1 2-pin digital temperature
sensor (U4) located on the extreme right side of the board. All of the components such as ICs
(TPD2E001, MSP430F5528, SN6505B, and LMTO01), USB connector, transformer, and others are placed
on the top side of the PCB. There are test points located on the PCB for most of the signal lines as well as
the power nodes. The hardware comes in a convenient USB stick form factor package with an onboard
MSP430F5528 (U1) MCU that interfaces with both the host computer and the galvanically isolated LMTO1.
The hardware also comes with perforation at three locations on the PCB as shown in Figure 30. The first
perforation (breakout-1) separates the MCU side of the board from rest of the sections that allows user to
connect a different MCU board for temperature measurement.

Breakout-1 Breakout-2 Breakout-3

PCB PCB PCB PCB
Section 1 Section 2 Section 3 Section 4

Figure 30. TIDA-00752 Tl Design Subsystem Hardware

5.2 Modification for Remote Temperature Sensing

This TI Design comes with three perforated slots where the user can snap apart PCB sections as desired.
Snap off the PCB at breakout-2 and then solder wires between the snapped off sections (Section #1+2
and Section #3+4) for remote temperature measurements as shown in Figure 31.

PCB Shielded or unshielded PCB
Section 1+2 twisted pair cable Section 3+4

Figure 31. Remote Temperature Sensing

This Tl Design uses a 30-m long low-capacitance 24 AWG shielded twisted pair cable (Part Number: 8641
060100) from Belden for testing.

5.3 Software Overview

The 2-Wire Galvanically Isolated IC Temperature Sensor with Pulse Count Interface reference design
reuses the LMTO1EVM’'s MSP430 firmware and GUI. The computer runs the GUI software that
communicates with the MSP430 on the Tl Design over a USB connection. The MSP430 firmware
implements 12 methods of measuring the output pulse train from the LMTO1. The GUI software allows
users to select any measurement method for their application. Figure 32 shows all 12 pulse train
measurement methods with their actual code sizes. Figure 33 shows the flow diagram for one of the
method which was mostly used during the testing.

The LMTO1EVM GUI software is available in the LMTO1EVM product folder on the Tl website
(www.ti.com). For more information about installing LMTO1EVM's GUI software, GUI descriptions, loading
firmware into board, and implementations of 12 different pulse train measurement methods, see the
LMTO1EVM User’s Guide (SNIU027).
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Pulse Counting
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Figure 32. Different Pulse Counting Methods and Code Size
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Figure 33. Flow Diagram for Two Timers Synchronous Transistor Mode Pulse Counting Method
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6 Test Data

NOTE: Unless otherwise noted, the test data in the following sections were measured with the
system at room temperature.

NOTE: All of the measurements in this section were measured with calibrated lab equipment.

6.1 Overview

Some of the functional and environmental testing was also performed to verify how the reference design
acts in different environments. The following subsections describe the test setup, procedures, and test
data with some explanation.

6.2 Power Supply Ramp Rate

Since the LMTO1 is only a 2-pin device, the power pins are common with the signal pins. As a result, the
LMTO1 has a floating supply that can vary greatly. The LMTO1 has an internal regulator that provides a
stable voltage to internal circuitry. Power supply ramp rate can affect the accuracy of the first result
transmitted by the LMTOL. Therefore, it is recommended that either the power supply be within the final
value before a conversion is used or that ramp rates be faster than 2.5 ms. The measures rise time of the
LMTO1 power supply (VP) is 1.158 ms as shown in Figure 34.

______ R m—

——
u |

i

VP: LMTO01 power supply rise time /' e R T s LS

n.\ J.. .
(@ 1oov 111.00ms ] T.00mMs/s || @B & .00 v}
| Value Mean  Min Ma Std Dey |Ll=w0.000000s J10Kk paints .
(D Rise Time  1.158ms  1.158m  1.158m  1.158m  0.000
3Ja n ).Lillﬁ
15:11:58
Figure 34. LMTO1 Power Supply Rise Time
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6.3 Test for No Missing Pulses

Other than the LMTO1, the only place that can introduce error in the measurement is pulse counting in the
MCU. If the MCU is unable to detect even a single pulse, it adds an error of 0.0625°C in the

me
not

asurement. Therefore, it is really important to make sure that the interface is robust and the MCU does
miss any pulse generated by the LMTOL.

However, it is difficult to test for any missing pulses with the LMTO01 connected in the circuit because it is
unknown exactly how many pulses the LMTOL1 is going to transmit. The simplest way to test this is to
remove the LMTO1 from circuit and connect an arbitrary function generator as shown in Figure 35. This
reference design uses AFG3051C Arbitrary Function Generator from Tektronix to simulate the LMTO01
pulse output functionality. Now change these functional generator settings to generate a repetitive burst of
square waveform with a known number of pulses:

Frequency: 88 kHz

Amplitude: Vo, = 1.25 V and V,, = 0.34 V (Similar to the voltage levels produced by the LMTOL1 across
a 10-kQ resistor)

Function: Square waveform
Period: 104 ms
Pulses (PC): Varied from 32 to 3200

Isolated DC-DC Converter
(Push-Pull Topology)

TP6 VBUS TP14 GND 10GND
9 c1s
H Cable L L
able Length, L1
o us 01uF k k& 3
SNE505BDBVR = T P13 TP7 P8
vee GND D7 vee
5en oy 3 4 ﬁ — Open circuit
b n D5 ==C16 c
5B ob ok 2|3 > 0.1pF .
GND N .
= —— Arbitrary function
o0 = 11k 1s0GND 150GND  1soGND generator
I PO 0 o 1s0GND AFG3051C
c18 R19 ==c19
0.22uF 10.0 10uF ollie 1 R22 VN | VoH=1.25V
5 TP15, Q4 22k VoL =0.34V
2 MMBT3904
= = = = R21
GND GND GND IsoGND 10.0k
P12 1s0GND 1s0GND 1s0GND

Isolation Barrier

Figure 35. Test Setup for No Missing Pulses

Now the pulse count was increased from 32 to 3200 in increments of 32 pulses, representing a
temperature between —50°C to 150°C. The LMTO1EVM'’s GUI was used to log the pulses counted by the
MCU for about 5 minutes at each set pulse count. At the end of the test, the log files were verified and it
was found that MCU does not miss any pulse.
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6.4 Oil Bath Testing

An excellent way to test the overall accuracy of this Tl Design is to place the LMTO1 temperature sensor
in a very stable, uniform, and accurate temperature source and sweep its temperature. A calibrated
thermal oil bath is a good temperature source for this test. The experimental setup for this test is shown in
Figure 36. This experiment is specifically intended to reveal inaccuracies in the LMTO1 temperature
sensor. The rest of the circuitry is held at a relatively constant ambient temperature (room temperature)
with no temperature forcing. The temperature of thermal oil bath is varied from —35°C to 150°C in
increments of 5°C with a soaking time of 30 minutes at each temperature, followed by temperature
measurement of the LMTO01. The temperature readings of the LMTO1 are recorded to find out the
temperature error from the set temperature in thermal oil bath. Figure 37 and Figure 38 show the plot of
temperature errors against the thermal oil bath temperature obtained in this experiment when using LUT
linear interpolation and first-order transfer function methods, respectively. The results in Figure 37 indicate
approximately 0.25°C of error over the temperature range from —35°C to 150°C. This result is well within
the guaranteed accuracy limits of the LMTO1 as specified in the datasheet. The results in Figure 38
indicate an approximately 0.25°C of error for a short range of temperature from 15°C to 100°C and around
1.35°C over the complete temperature range of —35°C to 150°C.
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Figure 36. Oil Bath Test Setup
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Figure 37. LMTO1 Accuracy When Using LUT Linear Interpolation
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Figure 38. LMTO1 Accuracy When Using First-Order Transfer Function

When compared, the improved performance when using the LUT linear interpolation method can clearly
be seen. For a limited temperature range of 25°C to 90°C, the error shown in Figure 38 is pretty flat and

thus the linear equation provides good results. For a wide temperature range, use linear interpolation and
the LUT.
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6.5 |IEC61000-4-4 EFT
This Tl Design was characterized through pre-compliance test for EFT using a 30-m long shielded twisted

pair cable.
Table 3. Criteria and Performance as Per IEC61131-2
CRITERIA PERFORMANCE (PASS) CRITERIA

A The system shall continue to operate as intended with no loss of function or performance even during the test.

B Temporary degradation of performance is accepted. After the test, the system shall continue to operate as
intended without manual intervention.

c During the test, loss of functions accepted, but no destruction of hardware or software. After the test, the system
must continue to operate as intended automatically, after a manual restart, powering off, or powering on.

For the IEC 61000-4-4 pre-compliance test, the system was powered and the temperature readings were
recorded through a USB stream before, during, and after test conditions were applied. Figure 39 shows
the setup for the EFT testing. The results as shown in Figure 40 indicate slow and fast variations in
temperature readings. The fast variations were mainly caused by applied EFTs. The slow variations were
due to the fact that the LMTO1 was measuring the ambient lab temperature, which is not very precisely
controlled and kept on changing slowly by a few degrees. During the EFTs, the temperature error stayed
well within 1°C peak-to-peak (£0.5°C) accuracy limits of the LMTO1 as specified in the datasheet by using
shielded twisted pair cable with a shield terminated to ground reference plane (GRP) at either end.
However, as soon as the EFT test concluded, the fast variations fully disappeared and did not require any
manual power reset.

Host
computer

EUT
(TIDA-00752 Breakout
Section 1+2)

Y s . LMTO1
Shielding Capacitive coupling
100m¢ I I clamp
Insulating supports l —»

(TIDA-00752 Breakout
Section 3+4)

oooo EFT
generator

Ground reference plane (GRP)

Figure 39. IEC61000-4-4 EFT Immunity Test Setup

TIDUB78B—December 2015—Revised June 2016 2-Wire Galvanically Isolated IC Temperature Sensor With Pulse Count 39

Submit Documentation Feedback Interface
Copyright © 2015-2016, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUB78B

13 TEXAS
INSTRUMENTS

Test Data www.ti.com

22.05
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21.8 (1] Ln

21.75 [N | —
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21.55 |
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21.5
21.45
21.4 |
21.35 i
21.3
21.25
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Measured Temperature (T)

(0] 100 200 300 400 500 600 700 800 900 1000
Samples

Figure 40. Performance During EFT Immunity Test Using Shielded Twisted Pair Cable

When using shielded cables, it is also necessary to determine how the shielding will be bonded otherwise
the benefits are considerably reduced. To be effective, the shielding should be bonded over 360°.

Figure 41 shows different ways of earthing the cable shielding. Use cable rounding clamp as shown in
Figure 42 to improve bonding between the cable shield and GRP and off-course for better results.

All bonding connections must be made to bare metal

Not acceptable Acceptable

Collar, clamp, etc.

= Bonding bar
connected

- to the chassis

Bonding wire
(“pigtail’)

Poorly connected shielding = reduced effectiveness

Comant Collar, clamp, etc. s

Equipotential metal panel Cable gland = circumferential contact to
equipotential metal panel

Figure 41. Implementations of Shielded Cables
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Test Data
Figure 42. Cable Grounding Clamp for Shielded Cables
Table 4. IEC61000-4-4 EFT Immunity Test Results
TEST CONDITION PASS/FAIL CRITERIA MEASURED PERFORMANCE RESULTS
O -to-

2-kV EFT ‘(I;eoms;zg)ature error < 1°C peak-to-peak < 0.45°C peak-to-peak Meets class-A

—2-kV EFT '(I;eomsl?)%r;\ture error < 1°C peak-to-peak < 0.65°C peak-to-peak Meets class-A
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7 Design Files

7.1 Schematics
To download the schematics, see the design files at TIDA-00752.
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Figure 43. TIDA-00752 Schematics
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7.2

7.3

7.4

7.5

7.6

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00752.

Layout Prints
To download the layout prints, see the design files at TIDA-00752.

Altium Project
To download the Altium project files, see the design files at TIDA-00752.

Gerber Files
To download the Gerber files, see the design files at TIDA-00752.

Assembly Drawings
To download the assembly drawings, see the design files at TIDA-00752.
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated (‘TI") reference designs are solely intended to assist designers (“Designer(s)”) who are developing systems
that incorporate Tl products. Tl has not conducted any testing other than that specifically described in the published documentation for a
particular reference design.

TI's provision of reference designs and any other technical, applications or design advice, quality characterization, reliability data or other
information or services does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl products, and
no additional obligations or liabilities arise from TI providing such reference designs or other items.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its reference designs and other items.

Designer understands and agrees that Designer remains responsible for using its independent analysis, evaluation and judgment in
designing Designer’s systems and products, and has full and exclusive responsibility to assure the safety of its products and compliance of
its products (and of all Tl products used in or for such Designer’s products) with all applicable regulations, laws and other applicable
requirements. Designer represents that, with respect to its applications, it has all the necessary expertise to create and implement
safeguards that (1) anticipate dangerous consequences of failures, (2) monitor failures and their consequences, and (3) lessen the
likelihood of failures that might cause harm and take appropriate actions. Designer agrees that prior to using or distributing any systems
that include TI products, Designer will thoroughly test such systems and the functionality of such TI products as used in such systems.
Designer may not use any TI products in life-critical medical equipment unless authorized officers of the parties have executed a special
contract specifically governing such use. Life-critical medical equipment is medical equipment where failure of such equipment would cause
serious bodily injury or death (e.g., life support, pacemakers, defibrillators, heart pumps, neurostimulators, and implantables). Such
equipment includes, without limitation, all medical devices identified by the U.S. Food and Drug Administration as Class Il devices and
equivalent classifications outside the U.S.

Designers are authorized to use, copy and modify any individual TI reference design only in connection with the development of end
products that include the TI product(s) identified in that reference design. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY
ESTOPPEL OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR
INTELLECTUAL PROPERTY RIGHT OF Tl OR ANY THIRD PARTY 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 Tl products or
services are used. Information published by Tl 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 the reference design or other items described above may require a license from a
third party under the patents or other intellectual property of the third party, or a license from TI under the patents or other intellectual
property of TI.

TI REFERENCE DESIGNS AND OTHER ITEMS DESCRIBED ABOVE ARE PROVIDED “AS IS” AND WITH ALL FAULTS. TI DISCLAIMS
ALL OTHER WARRANTIES OR REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING THE REFERENCE DESIGNS OR USE OF
THE REFERENCE DESIGNS, INCLUDING BUT NOT LIMITED TO ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE
WARRANTY AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-
INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY DESIGNERS AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS AS
DESCRIBED IN A TI REFERENCE DESIGN OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT,
SPECIAL, COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH
OR ARISING OUT OF THE REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, AND REGARDLESS OF WHETHER TI
HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

TI's standard terms of sale for semiconductor products (http://www.ti.com/sc/docs/stdterms.htm) apply to the sale of packaged integrated
circuit products. Additional terms may apply to the use or sale of other types of Tl products and services.

Designer will fully indemnify TI and its representatives against any damages, costs, losses, and/or liabilities arising out of Designer’s non-
compliance with the terms and provisions of this Notice.
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