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ABSTRACT

This application report describes the implementation of a single-phase electronic electricity meter using
the Texas Instruments MSP430F673x metering processor. It also includes the necessary information with
regard to metrology software and hardware procedures for this single-chip implementation.

WARNING

Failure to adhere to these steps and/or not heed the safety
requirements at each step may lead to shock, injury, and damage
to the hardware.

The project collateral and source code that is described in this application report can be downloaded from
http://www.ti.com/lit/zip/slaa517.
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1 Introduction

The MSP430F6736 device is the latest metering system-on-chip (SoC), that belongs to the MSP430F67xx
family of devices. This family of devices belongs to the powerful 16-bit MSP430F6xxx platform and
includes new features and flexibility to support robust 1-phase, 2-phase, and 3-phase metrology solutions.
This application report, however, discusses the implementation of a 1-phase solution only. These devices
find their application in energy measurement and have the necessary architecture to support them.

The F6736 has a powerful 25-MHz CPU with MSP430CPUX architecture. The analog front end consists of
up to three 24-bit ZA analog-to-digital converters (ADC) based on a second-order sigma-delta architecture
that supports differential inputs. The sigma-delta ADCs (2A24) operate independently and can output 24-
bit results. They can be grouped together for simultaneous sampling of voltage and currents on the same
trigger. In addition, the ADCs have an integrated gain stage that supports gains up to 128 for amplification
of low-output sensors. A 32-bit x 32-bit hardware multiplier on this chip can be used to further accelerate
math-intensive operations during energy computation. The software supports calculation of various
parameters for 1-phase energy measurement. The key parameters calculated during energy
measurements are: RMS current and voltage, active and reactive power, active and reactive energy,
power factor, and frequency. Complete metrology source code is provided and can be downloaded from
http://www.ti.com/lit/zip/slaa517.
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System Diagrams

Figure 1 shows typical connections of electronic electricity meters (also called energy meters or e-meters)
in real-life applications. The supported ac voltages and associated currents are 230 V or 120 V at 50 Hz or
60 Hz. The labels LINE and NEUTRAL indicate low-voltage ac coming from the utilities.
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CURRENT LOAD
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Figure 1. Typical Connections Inside Electronic Meters

More information on the current and voltage sensors, ADCs, and other hardware is provided in the
following sections.

Figure 2 shows a block diagram of the high-level interface that is used for a single-phase energy meter
application using the F6736. A single-phase two-wire star connection to the mains is shown with tamper
detection. Current sensors are connected to each of the current channels, and a simple voltage divider is
used to measure the corresponding voltages. The CT has an associated burden resistor that must be
connected at all times to protect the measuring device. The choice of the CT and the burden resistor is
done based on the manufacturer and current range required for energy measurements. The choice of the
shunt resistor value is determined by the current range, gain settings of the SD24, and the power
dissipation at the sensors. The voltage divider resistors for the voltage channel are selected to make sure
that the mains voltage is divided down to the normal input ranges that are valid for the MSP430™ SD24.
For these values, see the MSP430x5xx and MSP430x6xx Family User's Guide (SLAU208) and the
device-specific data sheet (SLAS731 for the MSP430F6736).
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Figure 2. 1-Phase 2-Wire Star Connection Using MSP430F6736

L and N refer to the line and neutral voltages, respectively, and are interchangeable as long as the device
is subject to only one voltage and not both simultaneously at its pins. The other signals of interest are the
PULSEL1 and PULSE2. They are used to transmit active and reactive energy pulses used for accuracy
measurement and calibration.

Hardware Implementation
This section describes the hardware for the design of a working 1-phase energy meter using the F6736.

Power Supply

The MSP430 devices are ultralow-power microcontrollers from Texas Instruments. These devices support
a number of low-power modes and improved power consumption during active mode when the CPU and
other peripherals are active. The low-power features of this device family allow the design of the power
supply to be extremely simple and cheap. The power supply allows the energy meter to be powered
directly from the mains. The following sections describe the various power supply options that are
available to support your designs.

Resistor Capacitor (RC) Power Supply

Figure 3 shows a simple capacitor power supply for a single output voltage of 3.3 V directly from the
mains voltage of 110 V and 220 V and 50 Hz and 60 Hz VRMS ac.
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Figure 3. A Simple Capacitive Power Supply for the MSP430 Energy Meter

Appropriate values of resistor R20 and capacitor C28 are chosen based on the required output current
drive of the power supply. Voltage from mains is directly fed to a RC-based circuit followed by rectification
circuitry to provide a dc voltage for the operation of the MSP430. This dc voltage is regulated to 3.3 V for
full-speed operation of the MSP430. For the circuit in Figure 3, the drive provides approximately 12 mA.
The design equations for the power supply are shown in the Capacitor Power Supplies section of MSP430
Family Mixed-Signal Microcontroller Application Reports (SLAA024). If there is a need to slightly increase
the current drive (up to 20 mA), the capacitor values of C28 can be increased. If drive higher than 20 mA
is required, especially to drive RF technology, additional drive can be used either with an NPN output
buffer or a transformer and switching-based power supply.

3.2 Analog Inputs

The MSP430 analog front end that consists of the A ADC is differential and requires that the input
voltages at the pins do not exceed +920 mV (gain = 1). To meet this specification, the current and voltage
inputs need to be divided down. In addition, the SD24 allows a maximum negative voltage of -1 V,
therefore, ac signals from mains can be directly interfaced without the need for level shifters. Section 3.2.1
and Section 3.2.2 describe the analog front end used for voltage and current channels, respectively.

3.2.1 Voltage Inputs

The voltage from the mains is usually 230 V or 110 V and needs to be brought down to a range of 1 V.
The analog front end for voltage consists of spike protection varistors (not shown in this figure) followed by
a simple voltage divider and a RC low-pass filter that acts like an anti-alias filter.

Figure 4 shows the analog front end for the voltage inputs for a mains voltage of 230 V. The voltage is
brought down to approximately 700 mV RMS, which is 990 mV peak and fed to the positive input,
adhering to the MSP430 %A analog limits. A common-mode voltage of zero can be connected to the
negative input of the ZA. In addition, the ZA has an internal reference voltage of 1.2 V that can be used
externally and also as a common-mode voltage if needed. GND is referenced to the neutral voltage or line
voltage, depending on the placement of the current sensor.
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Figure 4. Analog Front End for Voltage Inputs

It is important to note that the anti-alias resistors on the positive and negative sides are different, because
the input impedance to the positive terminal is much higher and, therefore, a lower value resistor is used
for the anti-alias filter. If this is not maintained, a relatively large phase shift of several degrees would
result.

3.2.2 Current Inputs
The analog front-end for current inputs is a little different from the analog front end for the voltage inputs.
Figure 5 shows the analog front end used for the current channels 11 and 12.
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Figure 5. Analog Front End for Current Inputs
Resistors R14 and R18 are the burden resistors that would be selected based on the current range used
and the turns-ratio specification of the CT (not required for shunt). The value of the burden resistor for this
design is around 13 Q. The anti-aliasing circuitry consisting of R and C follows the burden resistor. The
input signal to the converter is a fully differential input with a voltage swing of £ 920 mV maximum with
gain of the converter set to 1. Similar to the voltage channels, the common mode voltage is selectable to
either analog ground (GND) or internal reference on channels connected to LSP3 and LSP4.
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4 Software Implementation
The software for the implementation of 1-phase metrology is discussed in this section. The first subsection
discusses the set up of various peripherals of the MSP430. Subsequently, the entire metrology software is
described as two major processes: foreground process and background process.
4.1 Peripherals Setup
The primary peripherals used for this application are the 24-bit sigma delta (SD24) ADC, clock system,
timer, LCD, and watchdog timer (WDT).
4.1.1 SD24 Setup
The F673x family has up to three independent sigma delta data converters. For a single phase system at
least two 2ZAs are necessary to independently measure one voltage and current. The code accompanying
this application report addresses the metrology for a 1-phase system with limited discussion to anti-
tampering, however, the code supports the measurement of the neutral current. The clock to the SD24
f,
fo=—m
(fw ) is derived from DCO running at 16 MHz. The sampling frequency is defined as ® OSR, the OSR is
chosen to be 256 and the modulation frequency, f,,, is chosen as 1.1 MHz, resulting in a sampling
frequency of 4.096 ksps. The SD24s are configured to generate regular interrupts every sampling instant.
The following are the £A channels associations:
» SDOPO and SDONO — Voltage V1
+ SD1PO0 and SD1INO — Current 11
e SD2P0 and SD2NO — Current IN (Neutral)
4.2 Foreground Process
The foreground process includes the initial set up of the MSP430 hardware and software immediately after
a device reset. Figure 6 shows the flowchart for this process.
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RESET

HW setup
Clock, SD24_B, Port pins, Timer,
USCI, LCD

Main Power OFF? Go to LPMO

1 second of Energy
accumulated? Wait for
acknowledgement from
Background process

Calculate RMS values for current,
voltage; Active and Reactive
Power

v

Send Data out through SPI/
UART to PC

Figure 6. Foreground Process

The initialization routines involves the set up of the analog to digital converter, clock system, general
purpose input/output (GPIO) port pins, timer, LCD and the USCI_A1 for universal Asynchronous
receiver/transmitter (UART) functionality. A check is made to see if the main power is OFF and the device
goes into LPMO. During normal operation, the background process notifies the foreground process
through a status flag every time a frame of data is available for processing. This data frame consists of
accumulation of energy for 1 second. This is equivalent to accumulation of 50 or 60 cycles of data
samples synchronized to the incoming voltage signal. In addition, a sample counter keeps track of how
many samples have been accumulated over the frame period. This count can vary as the software
synchronizes with the incoming mains frequency. The data samples set consist of processed current,
voltage, active and reactive energy. All values are accumulated in separate 48-bit registers to further
process and obtain the RMS and mean values.

4.2.1 Formulas
This section briefly describes the formulas used for the voltage, current, and energy calculations.
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42.1.1 Voltage and Current

As discussed in the previous sections simultaneous voltage and current samples are obtained from three
independent ZA converters at a sampling rate of 4096 Hz. Track of the number of samples that are
present in 1 second is kept and used to obtain the RMS values for voltage and current for each phase.

V =K, *|—
RMS =%v Sample count

Sample
count

> 2 (n)
n=1
Sample count

IrRMS =Ki *

v(n)= Voltage sample at a sample instant ‘n’
I(n)= Current sample at a sample instant ‘n’
Sample count= Number of samples in 1 second
K, = Scaling factor for voltage

K, = Scaling factor for current

4.2.1.2 Power and Energy

Power and energy are calculated for a frame’s worth of active and reactive energy samples. These
samples are phase corrected and passed on to the foreground process that uses the number of samples
(sample count) and use the formulae listed below to calculate total active and reactive powers.

Sample
count

% vgp (n)xi(n)

P =K
REACT p Sample count

Vg (N) = Voltage sample at a sample instant ‘n’ shifted by 90°
K, = Scaling factor for power

The consumed energy is then calculated based on the active power value for each frame in similar way as
the energy pulses are generated in the background process except that:

EacT =PacT * Sample count

For reactive energy, the 90° phase shift approach is used for two reasons:
» This allows us to measure the reactive power accurately down to very small currents.
e This conforms to international specified measurement method.

Since the frequency of the mains varies, it is important to first measure the mains frequency accurately
and then phase shift the voltage samples accordingly. This is discussed in Section 4.3.3.

The phase shift consists of an integer part and a fractional part, the integer part is realized by providing an
N samples delay. The fractional part is realized by a fractional delay filter (refer to: Phase compensation).
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4.3 Background Process
The background process uses the A interrupt as a trigger to collect voltage and current samples (three
values in total). These samples are further processed and accumulated in dedicated 48-bit registers. The
background function deals mainly with timing critical events in software. Once sufficient samples (1
second worth) have been accumulated then the foreground function is triggered to calculate the final
values of Vrys, lrus, pOWer and energy. The background process is also wholly responsible for energy
proportional pulses, frequency and power factor calculation for each phase. Figure 7 shows the flow
diagram of the background process.
SD24_B Interrupts @
4096/sec
Read Voltages V1
Read Currents I1, and 12
a. Remove residual DC
b. Accumulate samples for instantaneous Power
c¢. Accumulate for Igus for both currents and Vgrus
N 1 second of energy
calculated?
Store readings and notify foreground
process
Y
Pulse generation in accordance to
power accumulation
Calculate frequency
Calculate power factor
Return from Interrupt
Figure 7. Background Process
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43.1

43.2

The following sections discuss the various elements of electricity measurement in the background
process.

Voltage and Current Signals

The Sigma-Delta Converter has a fully differential input; therefore, no added dc offset is needed to
precondition a signal, which is the case with most single ended converters.

The output of the Sigma Delta is a signed integer. Any stray dc offset value is removed independently for
V and | by subtracting a long term dc tracking filter’s output from each A sample. This long term dc
tracking filter is synchronized to the mains cycle to yield a highly stable output.

The resulting instantaneous voltage and current samples are used to generate the following information:

e Accumulated squared values of voltage and current for Vs and Izys Calculations.

» Accumulated energy samples to calculate Active Energy.

» Accumulated energy samples with current and 90° phase shifted voltage to calculate Reactive Energy.

These accumulated values are processed by the foreground process.

Phase Compensation

The Current Transformer (CT) when used as a sensor and the input circuit’'s passive components together
introduces an additional phase shift between the current and voltage signals that needs compensation.
The ZA converter has built in hardware delay that can be applied to individual samples when grouped.
This can be used to provide the phase compensation required. This value is obtained during calibration
and loaded on to the respective PRELOAD register for each converter. Figure 8 shows the application of
PRELOAD (SD24PREX).

SD24GRP0OSC Set by SW L [set by SW
Rest by SW

: Channel 0

| SD24SCSx=100b
| SD24SNGL=0 -
| —

1 SD24PREX=00N 1 sppsc _ [Setby GRPOSC L [Setby GRPOSC L [Setbysw
I i Reset by GRPOSC Rest by SW

|

|

| __ [Conversion { ) Conversion{ ) Cd _ _ [ Conversion ( ) Conv] __ _ [ Conversion (
|

|

: Channel 0 |

| oo | [(PRET ] Conversion { ) i [Comers
_ | _ _ _LPRE1 Conversion . _ _ _ |PrRE1 Conversion o Convers

| SD24SNGL=1 | . .

| i _
SD24INTDLYx=11b|

| SD24SC ____ [Set by GRPOSC 1 [Set by GRPOSC Set by SW
= | y

1 SD24PREX=PRE1 | Auto-clear Auto-clear

Q = Result written into SD24BMEMH/Lx

Figure 8. Phase Compensation Using PRELOAD Register

The fractional delay resolution is a function of input line frequency (f,,), OSR and the sampling frequency

(fs).

Delay resolutionDeg = ?(’)GSSORX f;N _ 360f xfiy
X S M

In the current application for input frequency of 60 Hz, OSR of 256 and sampling frequency of 4096, the
resolution for every bit in the preload register is about 0.02° with a maximum of 5.25° (maximum of 255
steps). Since the sampling of the 3 channels are group triggered, an often method used is to apply 128
steps of delay to all channels and then increasing or decreasing from this base value. This allows + delay
timing to compensate for phase lead or lag. This puts the practical limit in the current design to + 2.62°.
When using CTs that provide a larger phase shift than this maximum, an entire sample delay along with
fractional delay must be provided. This phase compensation can also be modified on the fly to
accommodate temperature drifts in CTs.
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4.3.3

4.3.4

Frequency Measurement and Cycle Tracking

The instantaneous | and V signals for each phase are accumulated in 48 bit registers. A cycle tracking
counter and sample counter keep track of the number of samples accumulated. When approximately one
second’s worth of samples have been accumulated, the background process stores these 48-bit registers
and notifies the foreground process to produce the average results like RMS and power values. Cycle
boundaries to trigger the foreground averaging process are used since it gives very stable results.

For frequency measurements, a straight line interpolation is created between the zero crossing voltage
samples. Figure 9 depicts the samples near a zero cross and the process of linear interpolation.

noise corrupted samples
=

p good samples

linear interpolation

Figure 9. Frequency Measurement

Because noise spikes can also cause errors, therefore, the rate of change check to filter out the possible
erroneous signals is used and make sure that the two points interpolated from are genuine zero crossing
points. For example, if you have two negative samples, a noise spike can make one of them positive and
therefore making the negative and positive pair looks as if there is a zero crossing.

The resultant cycle to cycle timing goes through a weak low pass filter to further smooth out cycle to cycle
variations. This results in a stable and accurate frequency measurement tolerant of noise.

LED Pulse Generation

In electricity meters, the energy consumed is normally measured in fraction of kilowatt hour (kWh) pulses.
This information can be used to accurately calibrate any meter or to report measurement during normal
operation. To serve both these tasks efficiently, the microcontroller has to accurately generate and record
the number of these pulses. It is a general requirement to generate these pulses with relatively little jitter.
Although, time jitters are not an indication of bad accuracy, as long as the jitter is averaged out it would
give a negative indication on the overall accuracy of the meter.

The average power to generate the energy pulses is used. The average power (calculated by the
foreground process) is accumulated every ZA interrupt. This is equivalent to converting it to energy. Once
the accumulated energy crosses a threshold, a pulse is generated. The amount of energy above this
threshold is kept and new energy amount is added on top of it in the next interrupt cycle. Since the
average power tends to be a stable value, this way of generating energy pulses is very steady and free of
jitter.

The threshold determines the energy "tick" specified by the power company and is a constant. For
example, this can be in kWh. In most meters, the pulses per kWh decide this energy tick. For example in
this application, the number of pulses generated per kWh is set to 6400 for active and reactive energies.
The energy "tick" in this case is 1 kWh or 6400. Energy pulses are generated and also indicated via LEDs
on the board. Port pins are toggled for the pulses with control over the pulse width for each pulse.

Figure 10 shows the flow diagram for pulse generation.

12
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SD interrupts @
4096 Hz

Energy
Accumulator+=
Average Power

nergy Accumulator >
1KWh threshold?

Energy Accumulator -
=1KWh threshold?

Y

Generate 1
pulse

Proceed to other
tasks

Figure 10. Pulse Generation for Energy Indication

The average power is in units of 0.01 W, and the 1-kWh threshold is defined as:

1 kWh threshold

1/0.01 * 1 kW * (Number of interrupts/second) * (humber of seconds in 1 hour)
100000 * 4096 * 3600 = 0x15752A00000
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5 Energy Meter Demo

The energy meter evaluation module (EVM) associated with this application report has the MSP430F6736
and demonstrates energy measurements. The complete demonstration platform consists of the EVM that
can be easily hooked to any test system, metrology software, and a PC GUI that is used to view results
and perform calibration.

5.1 EVM Overview

The following figures of the EVM describe the hardware. Figure 11 is the top view of the energy meter.
Figure 12 discuses the location of various pieces of the EVM based on functionality.

L'Eugl =

2 LB .
F s - SRR

Figure 11. Top View of the Single Phase Energy Meter EVM
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Figure 12. Top View of the EVM With Blocks and Jumpers

511

AC voltage or currents can be applied to the board for testing purposes at these points.

Eag el ¥

TI RF EM
HEADERS &
ADERS |

160 Segment LCQ, :

%: Voltage/Current
Front End

%

123310135ar

Connections to the Test Setup for AC Voltages

= 1

ol Isolate
& Pulses F

Z[:_l

il o

N

» LINE and NEUTRAL for voltage inputs, connect to Line and Neutral voltages, respectively. This can be
up to 240 V ac, 50 Hz and 60 Hz. Currently available on top of the terminal block.

* CUR1+ and CUR1- are the current inputs after the sensors. When CT or shunts are used, make sure
the voltages across CUR1+ and CUR1- does not exceed 920 mV. Not currently used on the EVM.

 CUR2+ and CUR2- can also be used as current inputs after the sensors. When CT or shunts are used,
make sure the voltages across CUR2+ and CUR2- does not exceed 920 mV. Currently connected to a

CT.
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To read active energy pulses for accuracy measurements, there are several options available on the

board. The related pulse rate is 6400 pulses per kWh by default, but is configurable using the energy
library.

» Optical output via LED1.
* Non-isolated electrical pulse via ACT header. The left pin is the signal, and the right pin is GND.

» Isolated pulses via JP7. The opto-isolator used will close the circuit between these two pins on an
active pulse.

Figure 13 shows the various connections that need to be made to the test set up for proper functionality of
the EVM.

4 — e,
-

Figure 13. Top View of the EVM With Test Setup Connections
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If a test setup needs to be connected, the connections have to be made according to the EVM design.
Figure 13 shows the connections from the top view. L and N correspond to the voltage inputs from the test
setup. I+ and I- corresponds to one set of current inputs and I'+ and I'- corresponds to the second set of
current inputs. Although the EVM hardware and software supports measurement for the second current,
the EVM obtained from Texas Instruments do not have the second sensor and any current inputs must be
connected to I+ and I- only. If additional sensor needs to be placed, please use the two bottom left slots
close to terminals I'+ and I'-. Additional connections need to be made to connect the output of these
sensors to points CUR1+ and CURL1- on the PCB.

51.2

Power Supply Options and Jumper Settings

The entire board and the UART communication is powered by a single dc voltage rail (DVCC). DVCC can
be derived either via JTAG, external power or the ac mains through the capacitive power supply. Various
jumper headers and jumper settings are present to add to the flexibility to the board. Headers JP1 to JP15
constitute the entire headers on the EVM shown above. Some of these headers require that jumpers be
placed appropriately for blocks to function correctly. Table 1 indicates the functionality of each jumper on
the board and the associated functionality.

Table 1. Header Names and Jumper Settings on the F6736 EVM

Header Name

Main Functionality

Valid Use-case

Comments

JP1

JP4

JP3

JP2

AUX1

AUX2

AUX3

JP7

JP8

Svi

Sv2

RF1 + RF2

ACT

REACT

JTAG power selection

DVCC Power Selection

External power input

Current Sensor Reference

AUXVCC1 selection

AUXVCC2 selection

AUXVCC3 selection

Isolated active energy pulses
Isolated reactive energy
pulses

DVCC Power Tap

DGND Power Tap

Tl EMK Headers

Non-isolated active energy
pulses + GND

Non-isolated reactive energy
pulses + GND

Jumper placed during JTAG
programming

Jumper placed during
operation

Not a jumper header

Connects the -ve input of the
current sensor sigma delta to
AGND

Connects AUXVCC1 to GND
and input of external supply of
AUXVCCL1.

Connects AUXVCC2 to GND
and input of external supply of
AUXVCC2.

Connects AUXVCC3 to DVCC
and input of external supply of
AUXVCCS3.

Not a jumper header

Not a jumper header

Not a jumper header

Not a jumper header

Not a jumper header

Not a jumper header

Not a jumper header

Jumper on "INTERNAL" selects JTAG voltage
from the attached USB FET. Jumper on
"EXTERNAL" selects JTAG voltage from an
external source.

Jumper on "VCC_PL" selects voltage from the
cap drop power supply on board, and jumper
on "VCC_EXT" selects an external input from
JP3.

When using an external source for DVCC,
attach VCC and GND here.

Place a jumper if Current transformers are
used. Do not place jumper if shunt is used.
Needs to be placed on the EVM if used as
provided

Jumper must be present if AUXVCCL1 is not
used. When removed, it can be used to supply
an external voltage to AUXVCCL1.

Jumper must be present if AUXVCC?2 is not
used. When removed, it can be used to supply
an external voltage to AUXVCC2.

Jumper can be placed if AUXVCC3 needs to be
used; when removed it can be used to supply
an external voltage to AUXVCC3.

Isolated output to probe the active energy
output pulses using external equipment.

Isolated output to probe the reactive energy
output pulses using external equipment.

Used to measure DVCC or connect power to an
external module.

Used to measure DGND or connect power to
an external module.

Used to connect a standard Tl Wireless
Evaluation Module Kit (EMK) such as the
CC2530 or CC3000

Not isolated from ac voltage. Do not connect
external equipment if external isolation is not
present. The left pin is the signal, and the right
pin is GND.

Not isolated from ac voltage. Do not connect
external equipment if external isolation is not
present. The left pin is the signal, and the right
pin is GND.
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5.2 Loading the Example Code

The source code is developed in the IAR environment using IAR compiler version 6.x. If earlier versions of

IAR are used, the project files will not open. If later than 6.x versions are used when project is loaded, a

prompt to create a back-up will be issued and you can click YES to proceed. There are two parts to the

energy metrology software: the toolkit that contains a library of mostly mathematics routines and the main

code that has the source and include files.
5.2.1 Opening the Project

The "source" folder structure is shown in Figure 14.

"Source
Marne Size Twpe
[Jemeker-ng File Folder
[ emeker-toolkit File Folder
Figure 14. Source Folder Structure

The folder "emeter-ng" contains multiple project files. For this application, the emeter-6736.ewp project file

is to be used. The folder "emeter-toolkit" has corresponding project file emeter-toolkit-6736.ewp. Choose

only the projects that have the succeeding terms 6736 for this application. For first time use, it is

recommended that both the projects be completely rebuild.

1. Open IAR window.

2. find and load the project emeter-toolkit-6736.ewp.

3. Rebuild all.

4. Close the existing workspace and open the main project emeter-6736.ewp.

5. Rebuild all and load this on to the MSP430F6736, which is shown in Figure 15.
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# emeter - IAR Embedded Workbench IDE

File Edit “iew Project Simulator Tools  Window  Help

D=l PMM

| emeter-toolkit-6733 - Debug L |

Files Ex B A
B [ emeter*
Lo SW--
fsmaCcurm  CPHONS...
n'_i:‘nb!nEbD Make .
Bsm binZhcs *
T, 1 .
e CIC_filte: gy
dds.c Clean x
debour .
divd8.c x
div_shs ] R x
flash_c *
flash_ri  Remove x
flash_re x
flash_re Yersion Control Syskem L4 ’
flash_s *
flagsh_w  ©Open Containing Folder. .. .
flash_w  File Properties... N
flash_w x
hex2 AL N
host_char.c .
host_declB.c x
host_dec3?.c x
host_deculb.c x
host_decu32.c x
host_hex16.c x
host_hex32.c x
host_str.c .
iiceepram.c x
1 femirnul16.543 x
Figure 15. Toolkit Compilation in IAR
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J: emeter - IAR Embedded Workbench IDE

File Edit Wiew Project Emulator Tools  window  Help

DeE PMM

\Workspace

| emeter-6733 - Debug w |

Files £ B
B D emeter®
e alemeter-6732 . Dabuo v |

emeter-phz  Options.. .
emeterbs  pake .
erneter-co *
emeterc! N
emeter-fir lean x
erneter-fol .
efmeter-ic .
BMEtErm gy R .
emeter-mi .
emeter-ph  Remove .
erneter-rc *
emeterse Wersion Control System 3 '
[ emeter-to
hal_prmrm.  Open Containing Folder,,, -
hal_lUCS.q  File Properties. .. *
3 Output

Figure 16. Metrology Project Build in IAR

Results and Calibration

If the procedures and configurations are complete in the previous two sections, the results can be
observed and based on these; calibration can be performed. Calibration is key to any meter’'s performance
and is absolutely necessary for every meter to go through this process. Initially every meter would exhibit
different accuracies due to silicon-silicon differences, sensor accuracies and other passive tolerances. To
nullify their effects, every meter should be calibrated. Simple procedures to accomplish this process are
shown in this section. For any calibration to be performed accurately there should be an accurate source
available. The source should be able to generate any desired voltage, current and phase shifts (between
V and 1) or power factors. In addition to an accurate source, there should also be a reference meter that
acts as an arbitrator between the source and the meter being calibrated. This section discusses a simple
and effective method of calibration of this 1-phase EVM.

A PC GUI is included in the zip file that can be downloaded from http://www.ti.com/lit/zip/slaa517. After
decompressing the zip file, a folder named GUI has all of the files that are necessary to run this
application.
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6.1 Viewing Results

Once the meter is turned ON, the results can be easily viewed using this GUI by connecting the RS-232
header to the PC. Run calibrator.exe in the GUI folder.

Ml Texas Instruments M5P430 E-meter mass calibration

Cornms | F ; [ '. - _
Phase A = g g fﬁ % %
Phase B ' [
Phase C i1 |1 : ' ! fﬁ % 5
Newrral rﬁ fﬁ == ==
Ll e 4 I8 6 e R
Cﬂmrﬂﬁf"f] camms ﬁ E ! = ﬁ E [fl -
Priase A || ||| | ||| ||
Voltage [ phase [ == = - =
Phase C 1 | s
current 1 weutral ||| | s |
Een g || 10 12 || 13 || 14 || 5 )| 18
Camms = Cornins. | — f f [:1 — =
- Phase & F ﬁ f:i [ i
Phase C f — 1L
Neutral f /== rﬁ % B
Ref | 17 18 20 21 22 || 23 || 24

| Updateinfo || Statgenerator || Startcafibration |

Figure 17. E-Meter Mass Calibration

Under correct connections, you should see the GREEN filled button under "Comms". If there are problems
with connections or if the code is not configured correctly, the button will be RED in color. Click on the
green button to see the meter results immediately on the GUI.
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Bl Meter status

Meter 1

[Phase & Phase B

Fhase C Meutral

RIS vn|tagsi|-229_99v | !|

RMS current |§.0004 ] II

Active power | 1150, 7w |

Reactive power
|

Apparent power | 1149 9w |

Phase Vsl |:'D.DD deg. | |

Power factor |9.999L i
Frequency |50 00Hz | |

Valtage DC [-68.40 I

Current DG [.'1*5"_:‘5@ " ] |

| Meter calloration factors | | Meter features |

Figure 18. Meter Status

The configuration of the meter can also be viewed by clicking on "Meter features" (Example only) to get

the screen shown in Figure 19.

Meter 1 features

Single phase

Meutral renitaring

Ling mace

Phase correction

Dyramic phase correction
RTC

Temperature corrected BTC
Temperature measurement
GEIf fEst

Multi-rate and peak demand

=X

Active power measurement

Reactive power measurement (trig)
Reactive power measurement (quad)
Anparent (VA) power measurement
RS voltage measurement

REMS current measurement

Power factor measurement

ains frequency measurement

TuwE GUFERNT Tanes

Figure 19. Meter 1 Features

Results can also be viewed as pulses fed back to any energy meter test setup. Energy pulses for total

active and total reactive energies are available at JP9 and JP12 (ACT) and JP14 and JP13 (REACT). In
addition, the pulses go through on-board opto-couplers that might be necessary for interface to any test
equipment. Look at Table 1 and choose the right header for energy pulses.
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6.2 Calibrating the Meter

The meter can be calibrated easily using the included GUI. Gain correction for voltage, current and active
power can be done simultaneously. However, phase correction for active power is an additional step.

6.2.1 Gain Correction

Gain correction for voltage, current and active power can be done simultaneously and the procedure is
discussed below.

1. Connect the meter to the test setup with known voltage and currents.
2. Connect GUI to view results for voltage, current, active power, and so forth.
3. Click on Manual cal seen in Figure 18 to give you this screen.

M Meter error

Meter 1 errors (for manual correction)
i Phaze A : | Phase B ;i_F"_h_a_s_e C igNeutral
Voltage (2.5 |5 |0 % || % |
Current (luw)é -0 567 % 0 % 0 % ] |%
Current (highy| U % ] o ] % I ] %
Active (low)| |2 35 | % 0 % 0 % : ] %
Active (highy| O % ] % ] % r 0 %
Phase (low) 0] ' 0 0 ' 0
Phase (high)| 0 o i o
| I 8 |
Update meter |

Figure 20. Meter 1 Errors (for manual correction)

4. The values that need to be entered are in % and these values are calculated by the formula in
Equation 1. For any particular voltage, the value will be:

% Ve
VAL = [701’39”/‘%’ - 1J x100

Vdesired 1)

5. Negative values are accepted in the voltage and current fields and the same procedure is applicable
for other voltages and currents. For voltages, enter in field "Voltage" and for currents, enter in field
Current (low). After these values are entered, click on Update meter.

6. Gain correction for active power is done differently; the accuracy obtained from any test system when
pulses are fed from the meter is the most accurate method.

7. Measure accuracy in the reference meter of the test system. This gives the true accuracy of the meter
for active energy.

8. Enter the "% accuracy" seen as-is in the Active (low) field. Click on update meter to do a gain
correction on Phase A.

6.2.2 Phase Correction

Phase correction has to be done differently and the following is the procedure.

1. Set voltage and current values to the same as Gain correction and introduce a known phase shift
between voltage and current to +60°.

2. See % error on the test setup. If errors are not acceptable, enter correction factors in the Phase (low)
field. Only increments and decrements should be entered in this field and preferably start with 1 or -1
to determine the direction of correction. Click "Update meter".
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3. Measure error again to see if error has increased or decreased. If error has decreased, continue to
add desired increments until you arrive at an error close to zero, else add decrements.

4. Click on "Update meter" every time a modification is made to this field.

5. Change the phase now to -60° and check if this error is still acceptable. If not, fine tune the values of
Phase (low) again. Ideally, errors should be symmetric for same phase shift on lag and lead conditions.

After the meter has been calibrated, it is possible to see these calibrated values for reference. Click "Meter
calibration factors" to open this screen (sample values only).

I8 Meter calibration factors

|
Current {high) |

|
Active (high |
|
i
Phase (high]|
|

Meter 1 calibration factors

Phase &
“oltage | 9983
Current (low) 5331

Active (low) | 7328

Phase {low) | 16

| |[Phase B ii:_'h_a%g_(_}_

e [

% 1]

%

o

%

%

%o

|| Newtral

%

%

%

%

Figure 21. Meter Calibration Factors

If the calibration procedure goes wrong, such that the calibration values are either negative or zero, further
calibration of the meter should be stopped and code must be reloaded on to the device and the calibration

routine repeated.

6.2.3 Metrology Results
In this discussion, metrology results are shown. Current transformers have been used, however, the code
supports shunt resistors as well. Figure 22 shows the results for current that is varied from 50 mA to 100
A exhibiting a 2000:1 dynamic range. Table 2 shows the values for the error at room temperature.
Table 2. Energy Measurement Accuracy With Error in (%)
Calibrated at 230 V, 15 A, 50 Hz
Current (Amps) -60° (PF =-0.5) 0° (PF =1) 60° (PF=0.5)
Error (%) Error (%) Error (%)
0.05 0.077
0.1 0.103 0.064 -0.382
0.25 -0.16 0 0.1231
0.5 -0.051 -0.002 0.405
-0.057 -0.019 0.128
-0.07 -0.025 0.058
0.026 -0.013 -0.019
10 0.025 -0.004 -0.057
20 0.0533 -0.0107 -0.075
30 0.0747 -0.0107 -0.096
40 0.1177 -0.032 -0.117
50 0.174 -0.032 -0.15
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Table 2. Energy Measurement Accuracy With Error in (%) (continued)
Calibrated at 230 V, 15 A, 50 Hz
Current (Amps) -60° (PF =-0.5) 0° (PF =1) 60° (PF=0.5)
Error (%) Error (%) Error (%)
60 0.1677 -0.01 -0.174
70 0.189 0.0037 -0.18
80 0.21 0.0037 -0.195
90 0.21 0.025 -0.195
100 0.224 0.011 -0.188
Accuracy vs. Current
2
15
1
. 05
R
E o ——-60 deg
‘é 0.05 0.1/ 025 05 1 2 5 10 20 30 40 50 60 80 90100 —Odeg
< 60 deg
-0.5
-1
-15
-2
Current (in A)
Figure 22. Measurement Accuracy Across Current
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ADDITIONAL TERMS AND CONDITIONS, WARNINGS, RESTRICTIONS, AND DISCLAIMERS FOR
EVALUATION MODULES

Texas Instruments Incorporated (TI) markets, sells, and loans all evaluation boards, kits, and/or modules (EVMs) pursuant to, and user
expressly acknowledges, represents, and agrees, and takes sole responsibility and risk with respect to, the following:

1. User agrees and acknowledges that EVMs are intended to be handled and used for feasibility evaluation only in laboratory and/or
development environments. Notwithstanding the foregoing, in certain instances, Tl makes certain EVMs available to users that do not
handle and use EVMs solely for feasibility evaluation only in laboratory and/or development environments, but may use EVMs in a
hobbyist environment. All EVMs made available to hobbyist users are FCC certified, as applicable. Hobbyist users acknowledge, agree,
and shall comply with all applicable terms, conditions, warnings, and restrictions in this document and are subject to the disclaimer and
indemnity provisions included in this document.

2. Unless otherwise indicated, EVMs are not finished products and not intended for consumer use. EVMs are intended solely for use by
technically qualified electronics experts who are familiar with the dangers and application risks associated with handling electrical
mechanical components, systems, and subsystems.

3. User agrees that EVMs shall not be used as, or incorporated into, all or any part of a finished product.
User agrees and acknowledges that certain EVMs may not be designed or manufactured by TI.

5. User must read the user's guide and all other documentation accompanying EVMs, including without limitation any warning or
restriction notices, prior to handling and/or using EVMs. Such notices contain important safety information related to, for example,
temperatures and voltages. For additional information on TI's environmental and/or safety programs, please visit www.ti.com/esh or
contact TI. —

6. User assumes all responsibility, obligation, and any corresponding liability for proper and safe handling and use of EVMs.

7. Should any EVM not meet the specifications indicated in the user’s guide or other documentation accompanying such EVM, the EVM
may be returned to Tl within 30 days from the date of delivery for a full refund. THE FOREGOING LIMITED WARRANTY IS THE
EXCLUSIVE WARRANTY MADE BY Tl TO USER AND IS IN LIEU OF ALL OTHER WARRANTIES, EXPRESSED, IMPLIED, OR
STATUTORY, INCLUDING ANY WARRANTY OF MERCHANTABILITY OR FITNESS FOR ANY PARTICULAR PURPOSE. Tl SHALL
NOT BE LIABLE TO USER FOR ANY INDIRECT, SPECIAL, INCIDENTAL, OR CONSEQUENTIAL DAMAGES RELATED TO THE
HANDLING OR USE OF ANY EVM.

8. No license is granted under any patent right or other intellectual property right of Tl covering or relating to any machine, process, or
combination in which EVMs might be or are used. Tl currently deals with a variety of customers, and therefore TI's arrangement with
the user is not exclusive. Tl assumes no liability for applications assistance, customer product design, software performance, or
infringement of patents or services with respect to the handling or use of EVMs.

9. User assumes sole responsibility to determine whether EVMs may be subject to any applicable federal, state, or local laws and
regulatory requirements (including but not limited to U.S. Food and Drug Administration regulations, if applicable) related to its handling
and use of EVMs and, if applicable, compliance in all respects with such laws and regulations.

10. User has sole responsibility to ensure the safety of any activities to be conducted by it and its employees, affiliates, contractors or
designees, with respect to handling and using EVMs. Further, user is responsible to ensure that any interfaces (electronic and/or
mechanical) between EVMs and any human body are designed with suitable isolation and means to safely limit accessible leakage
currents to minimize the risk of electrical shock hazard.

11. User shall employ reasonable safeguards to ensure that user’'s use of EVMs will not result in any property damage, injury or death,
even if EVMs should fail to perform as described or expected.

12. User shall be solely responsible for proper disposal and recycling of EVMs consistent with all applicable federal, state, and local
requirements.

Certain Instructions. User shall operate EVMs within TI's recommended specifications and environmental considerations per the user’s
guide, accompanying documentation, and any other applicable requirements. Exceeding the specified ratings (including but not limited to
input and output voltage, current, power, and environmental ranges) for EVMs may cause property damage, personal injury or death. If
there are questions concerning these ratings, user should contact a Tl field representative prior to connecting interface electronics including
input power and intended loads. Any loads applied outside of the specified output range may result in unintended and/or inaccurate
operation and/or possible permanent damage to the EVM and/or interface electronics. Please consult the applicable EVM user's guide prior
to connecting any load to the EVM output. If there is uncertainty as to the load specification, please contact a Tl field representative. During
normal operation, some circuit components may have case temperatures greater than 60°C as long as the input and output are maintained
at a normal ambient operating temperature. These components include but are not limited to linear regulators, switching transistors, pass
transistors, and current sense resistors which can be identified using EVMs’ schematics located in the applicable EVM user's guide. When
placing measurement probes near EVMs during normal operation, please be aware that EVMs may become very warm. As with all
electronic evaluation tools, only qualified personnel knowledgeable in electronic measurement and diagnostics normally found in
development environments should use EVMs.

>

Agreement to Defend, Indemnify and Hold Harmless. User agrees to defend, indemnify, and hold TI, its directors, officers, employees,
agents, representatives, affiliates, licensors and their representatives harmless from and against any and all claims, damages, losses,
expenses, costs and liabilities (collectively, "Claims") arising out of, or in connection with, any handling and/or use of EVMs. User’s
indemnity shall apply whether Claims arise under law of tort or contract or any other legal theory, and even if EVMs fail to perform as
described or expected.

Safety-Critical or Life-Critical Applications. If user intends to use EVMs in evaluations of safety critical applications (such as life support),
and a failure of a Tl product considered for purchase by user for use in user's product would reasonably be expected to cause severe
personal injury or death such as devices which are classified as FDA Class Ill or similar classification, then user must specifically notify Tl
of such intent and enter into a separate Assurance and Indemnity Agreement.


http://www.ti.com/corp/docs/csr/environment/ESHPolicyandPrinciples.shtml

RADIO FREQUENCY REGULATORY COMPLIANCE INFORMATION FOR EVALUATION MODULES

Texas Instruments Incorporated (TI) evaluation boards, kits, and/or modules (EVMs) and/or accompanying hardware that is marketed, sold,
or loaned to users may or may not be subject to radio frequency regulations in specific countries.

General Statement for EVMs Not Including a Radio

For EVMs not including a radio and not subject to the U.S. Federal Communications Commission (FCC) or Industry Canada (IC)
regulations, Tl intends EVMs to be used only for engineering development, demonstration, or evaluation purposes. EVMs are not finished
products typically fit for general consumer use. EVMs may nonetheless generate, use, or radiate radio frequency energy, but have not been
tested for compliance with the limits of computing devices pursuant to part 15 of FCC or the ICES-003 rules. Operation of such EVMs may
cause interference with radio communications, in which case the user at his own expense will be required to take whatever measures may
be required to correct this interference.

General Statement for EVMs including a radio

User Power/Frequency Use Obligations: For EVMs including a radio, the radio included in such EVMs is intended for development and/or
professional use only in legally allocated frequency and power limits. Any use of radio frequencies and/or power availability in such EVMs
and their development application(s) must comply with local laws governing radio spectrum allocation and power limits for such EVMs. It is
the user’s sole responsibility to only operate this radio in legally acceptable frequency space and within legally mandated power limitations.
Any exceptions to this are strictly prohibited and unauthorized by Tl unless user has obtained appropriate experimental and/or development
licenses from local regulatory authorities, which is the sole responsibility of the user, including its acceptable authorization.

U.S. Federal Communications Commission Compliance
For EVMs Annotated as FCC — FEDERAL COMMUNICATIONS COMMISSION Part 15 Compliant

Caution

This device complies with part 15 of the FCC Rules. Operation is subject to the following two conditions: (1) This device may not cause
harmful interference, and (2) this device must accept any interference received, including interference that may cause undesired operation.
Changes or madifications could void the user's authority to operate the equipment.

FCC Interference Statement for Class A EVM devices

This equipment has been tested and found to comply with the limits for a Class A digital device, pursuant to part 15 of the FCC Rules.
These limits are designed to provide reasonable protection against harmful interference when the equipment is operated in a commercial
environment. This equipment generates, uses, and can radiate radio frequency energy and, if not installed and used in accordance with the
instruction manual, may cause harmful interference to radio communications. Operation of this equipment in a residential area is likely to
cause harmful interference in which case the user will be required to correct the interference at its own expense.

FCC Interference Statement for Class B EVM devices

This equipment has been tested and found to comply with the limits for a Class B digital device, pursuant to part 15 of the FCC Rules.
These limits are designed to provide reasonable protection against harmful interference in a residential installation. This equipment
generates, uses and can radiate radio frequency energy and, if not installed and used in accordance with the instructions, may cause
harmful interference to radio communications. However, there is no guarantee that interference will not occur in a particular installation. If
this equipment does cause harmful interference to radio or television reception, which can be determined by turning the equipment off and
on, the user is encouraged to try to correct the interference by one or more of the following measures:

« Reaorient or relocate the receiving antenna.
« Increase the separation between the equipment and receiver.
« Connect the equipment into an outlet on a circuit different from that to which the receiver is connected.
« Consult the dealer or an experienced radio/TV technician for help.
Industry Canada Compliance (English)
For EVMs Annotated as IC — INDUSTRY CANADA Compliant:

This Class A or B digital apparatus complies with Canadian ICES-003.

Changes or madifications not expressly approved by the party responsible for compliance could void the user’s authority to operate the
equipment.

Concerning EVMs Including Radio Transmitters

This device complies with Industry Canada licence-exempt RSS standard(s). Operation is subject to the following two conditions: (1) this
device may not cause interference, and (2) this device must accept any interference, including interference that may cause undesired
operation of the device.

Concerning EVMs Including Detachable Antennas

Under Industry Canada regulations, this radio transmitter may only operate using an antenna of a type and maximum (or lesser) gain
approved for the transmitter by Industry Canada. To reduce potential radio interference to other users, the antenna type and its gain should
be so chosen that the equivalent isotropically radiated power (e.i.r.p.) is not more than that necessary for successful communication.

This radio transmitter has been approved by Industry Canada to operate with the antenna types listed in the user guide with the maximum
permissible gain and required antenna impedance for each antenna type indicated. Antenna types not included in this list, having a gain
greater than the maximum gain indicated for that type, are strictly prohibited for use with this device.



Canada Industry Canada Compliance (French)
Cet appareil numérique de la classe A ou B est conforme a la norme NMB-003 du Canada

Les changements ou les modifications pas expressément approuvés par la partie responsable de la conformité ont pu vider I'autorité de
I'utilisateur pour actionner I'équipement.

Concernant les EVMs avec appareils radio

Le présent appareil est conforme aux CNR d'Industrie Canada applicables aux appareils radio exempts de licence. L'exploitation est
autorisée aux deux conditions suivantes : (1) I'appareil ne doit pas produire de brouillage, et (2) I'utilisateur de I'appareil doit accepter tout
brouillage radioélectrique subi, méme si le brouillage est susceptible d'en compromettre le fonctionnement.

Concernant les EVMs avec antennes détachables

Conformément a la réglementation d'Industrie Canada, le présent émetteur radio peut fonctionner avec une antenne d'un type et d'un gain
maximal (ou inférieur) approuvé pour I'émetteur par Industrie Canada. Dans le but de réduire les risques de brouillage radioélectrique a
I'intention des autres utilisateurs, il faut choisir le type d'antenne et son gain de sorte que la puissance isotrope rayonnée équivalente
(p.i.r.e.) ne dépasse pas l'intensité nécessaire a I'établissement d'une communication satisfaisante.

Le présent émetteur radio a été approuvé par Industrie Canada pour fonctionner avec les types d'antenne énumérés dans le manuel
d’'usage et ayant un gain admissible maximal et I'impédance requise pour chaque type d'antenne. Les types d'antenne non inclus dans
cette liste, ou dont le gain est supérieur au gain maximal indiqué, sont strictement interdits pour I'exploitation de I'émetteur.

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2014, Texas Instruments Incorporated

Important Notice for Users of EVMs Considered “Radio Frequency Products” in Japan
EVMs entering Japan are NOT certified by Tl as conforming to Technical Regulations of Radio Law of Japan.

If user uses EVMs in Japan, user is required by Radio Law of Japan to follow the instructions below with respect to EVMs:

1. Use EVMs in a shielded room or any other test facility as defined in the notification #173 issued by Ministry of Internal Affairs and
Communications on March 28, 2006, based on Sub-section 1.1 of Article 6 of the Ministry’s Rule for Enforcement of Radio Law of
Japan,

2. Use EVMs only after user obtains the license of Test Radio Station as provided in Radio Law of Japan with respect to EVMs, or

3. Use of EVMs only after user obtains the Technical Regulations Conformity Certification as provided in Radio Law of Japan with respect
to EVMs. Also, do not transfer EVMs, unless user gives the same notice above to the transferee. Please note that if user does not
follow the instructions above, user will be subject to penalties of Radio Law of Japan.

http://www.tij.co.jp
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IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI 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 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.

TI does not warrant or represent that any license, either express or implied, is granted under 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.

Reproduction of significant portions of Tl information in Tl data books or data sheets 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.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

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 which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in 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 Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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