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[SO7320%& i3 % Z & T, JEMBEMRA\OERAMRICAD 9, ThoDiRMN T 27 4 7/) 727 14 TEFIE. mAELN
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Load
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Phase A
."'.v .
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5o SDCLK
% Currentl(Bitstream) [y Reactive Energyﬂﬂ
b3 <AMC13OA DVCC D2DT0”| 24 Digital Filter byl Puse N
DGND > Y
— 1 ISO-DVCC
AGNDL. | Active Energy
[ISOGND
L76_DO-IN Pulse
4 | Currenp(Bitstream) N Px. 1507320 | s acTvVE
2 <AMC1304 [ pvee— DIDTOP| 24 Digital Filter » MM SOREAC
N DGND -
AGND2
s
LDO"N:i vV Current3(BitStream) N
3 AMC1304 | DVCC [SDODIO[| 24 Digital Filter
A N | DGND "t
A Trigger §
Level Shifted Lt Generator =
L L= >
Voltage Divider | Voltage1(Analog) A5 o UARTT < - _’4_ _’4—
£ UART RX| <& 1S07321 TRS3232
Level shifted | Voltage2(Analog) || a4 ADC10 E ]
Voltage Divider Channels & -hvec —o RS232
Voltage3(Analog) A3 Connection
Level Shifted Analog to Digital Conversion RS-232vCC | DTR/
Voltage Divider TPs76333 | RIS/
RS-232GND(RGND) RGN
'AMC1304 High-Side Power Sources
LDOIN
AGNDL SNE501 DGND
LDO-IN
LDO-IN
AGND2 SN6501 DGND
LDO-I
LDO-IN:
AGND3 SNE50L DGND
LDO-IN:
Source.

Ha4 254 -Tuy s

KA 7 a vy 7 i, M v v b & A 72MSP430F67641 X — ZD =M AL E—ET 7Y r—¥ 3 VIcH L THAI S
AV E =T 24 ZOMEERLTOET, K4id, ZOFHFA ¥ TORHACEITIZN T 2 M4l 2 2 —#EFEE R L CnWES, 207
PA VT BT LTy v v ML Y EAMCI3047 7354 20kt x ., ¥ v v MERE Ve 5 EEAEL T, Vv v
b OEPUE, T IOLF —HIEICBELERTIICHEDE, ¥ v v b ORKINEBENARNRICHA 5h b X5 EINSh ThE T,

AMC1304D N4 4 4 FADBFHMPAED 72012, FAMCL304 IS EBICHAFE RSB ST E . AMCLI304D %A 4
FIZZNhEThEED 74 VETEEEL TR D 5720, 3DOMBEBRI/HEH N TR Z EICHEBL T 230, X
NTWBHBEIIZ. DVCC. PF v A, BIUSNE501 TV A FIANEMHL T, WIET2AMCI304IcEBHR A MG L 3, W
HEMIZ, AMC1304F v 7Dy + v — FAIOBPFEMIGIZONTIE, $RTHDAMCI304%4, MSP430F676417 /%4 Z £ [E LY — A H»
LGB ENZ2RLENRDD FT,

BEFITT 272012, TRXTDAMCLI304F » FICE UMz vy 7 2 G2 08X B0 £ 3, ZOTH 4~ Tidk, SD24_BE
Va2 —Z& 5T, MSP430F67641NE CAR XN B EH 2y 0y 2 BT h, ZOE#s 0 v 2 & T NXTOAMCI304F v 7 iZfi
MLEd., Zhickb. AMC1304F v TIE2hFhxtind a2y b2 U =22 HLEST, ZhEDEy P2 MY =41 Fu
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Va— DL 4 IV IBRERICIL TS hCREh b K512, ADC10%Z ) AL F T,

4D THIZERTNEFE ST, HENE ERIEDZDIZHHENE 7774 THLT)V 7074 72X X —-2SLZTT,
1SO73201%. IRtk as N DEHHIZ. T b D70 215§ 2 fiaiE 2 24 L ¥, xS iz v 2Icma <, 20794 v
3. TPS76333. 1S07321. ¥ X UTRS32327 /34 ZDOFIC & 0 #EARIIRS-232E & 4K — P LT E T, 794 ¥ OHARIRS-
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21 (ER%RmM
211  MSP430F67641

MSP430F67641 % a1MHAISoCIE, BN ABEMT AL T —HEY V2 -3 v ThH D, T2 aIBHR TERVEE L EH Y 27
L3 M EFEBLET, F676411%, (KIHEEIOMSP430 CPUA32E » bRERZEE EGICHEHAL. $NTOZFLF -G, #
KEMELCOFMT TV r—v 3y, BEXOCHIRRE (AMR) 72 3@HERA Y75 (AMD ®Y 2 — L EDBEEFEITLES, Z
DF v FI20F, K320 AV M &Y R—-FFALCDAY -5, A7ty FBIXOREKREZNBELZ) TLEAL L0y Y
(RTC) ®Y 2 — b, BLUF v FTNOMDESTH 5557 L TRTCI uﬁ%@fﬁé{lﬂﬂd)ﬁﬁbgﬁ’ﬁﬁ BiRxhtnEd, K52, Zhs
% 7=MSP430F67641 SoCO & FfAE L N L £ 9,

XIN  XOUT DVCC DVSS AVCC AVSS  AUXL AUX2 AUX3  RST/INMI PA PB pC PD PE
A P1.x|,P2.x P3.x P4x, P5.x| P6.x|, P7.x|P8Xx P9.x;
o [ I | | | |
v v v v v v v v
ACLK
. 1/0 Ports 1/0 Ports 1/0 Ports 1/0 Port:
SYs orts 1/0 Ports
Ucn|glcekd —> 128KB sk | L_->12_ P1/P2 P3/P4 P5/P6 P7/P8 P9
System 64KB 4KB Watchdog 2x81/0s 2x81/0s 2x8 1/0s 2x8 1/0s 1x4 /0
Y —> Interrupt,
SMCLK |  Flash RAM | [~ por || CRC6 MPY32 Wakeup
Mapping
MCLK Controller PA PB PC PD PE
1x16 I/0s 1x16 I/0s 1x16 1/0Os 1x16 1/0Os 1x4 1/0
CPUXV2
and
Working
Registers|
(25 MHz)
EEM
(S: 3+1)
PMM
oy LCD C TAL eUSCI_A0
ITAG éﬁgg'ﬁ‘e“s’ Sp24.B ADCI0A - REF TAO TA2 euscl_AL| | eusci_Bo DMA
SBW » o f RTC_C TA3 eUSCI_A2 —
Interface LDO 3 Channel 10 Bit Reference X anne
svM. svs | |2 Channel 200ksps | | Upto320 | | 15v,20v, Timer_A Timer_A (UART, (SPI,12C)
Port PJ BOR Segments 25V 3cc 2cc IrDA,SPI)
PIX il B Registers Registers

5. MSP430F676417 1 v &

2.1.2 AMC1304M05

AMCI13047 /54 213, EREEDO T4 -2 < (AD)EFHTH O, WA THICH L TEOVE 2 RoEEMiE ) 712k - T
B AN & A TaE$, Zov) 7id, UL 157784%. VDE V-0884-10HUKIZHE > TIRAT000 Ve DAL & 724
BERE L., 734 ZDHMERIZD 72 5 TRRL.0-kVacrus DEMEMGREIE # H2ETE 2 Z L BARE STV E T, AMC1304D
494 FTiE, WELDOL F 2L — 212k THEMNMHG N, 22k, 4V~18VOIEL X 2L —v 3 VEBEEAHALCF v 7
DN B4 FISHEESARETY,
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2.1.3 SN6501

SN6501id., gAY 4 =7 24 Z2- 77V r—v a v CHiH & h 2/ NUOMERAIERm G IZGt Shiz, £ ) ¥y o2 sRlRE
/B T4 NTT, 3.3VEALIISVODCEEL» S, KDYy & —-2 9 FE b7y ZO1RMAERRI L 4, 2z, 32
DOBRIIZIE SO TR OB EIL ISE TE £,
SN65011d. FERMIEEIZHEN T, 7T ¥ FIEHEDONF v A UVBEZ 4 v 7 2 BKE)$ 5 720 O 155 % 59 5 77— b ERajn
AR L COET, ey vy 212k, 220D X4 v F [ CTBreak-Before-Make BIEMREE & L E 4,

2.1.4 TRS3232

TRS32327 /54 ZlE, 220D F4 V- FFA4NE2DDFA4 V-Ly—N, BIXOE VM (YU 70-K— MEHKEY . GND
EE)IZ215kVORIESNE (ESD)IR#EZMA /T 27 - F v =V - KUy TRELHME I TWET, TOT/A XL
Telecommunications Industry Association & UfElectronic Industries Alliance D TIA/EIA-232-FEAFIZ#ERL L . JERIHERF 2 >~ b
O—F& YT - K= - AX 0 2 EOBIZERNA V24— T 2 A ARELE T, Fr -V - Ry Tedilo/hs sar 7o+
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3

3.1

3.11

3.1.11

System Design Theory
Design Hardware Implementation

Analog Inputs

The design of the front end consists of the three AMC1304 chips used for measuring current, the
MSP430F67641s three digital filters that are connected to each AMC1304, a 10-bit SAR ADC (ADC10_A),
and a mechanism to synchronize the digital filters with the SAR ADC.

For maximum accuracy, the AMC1304 requires that the input analog signal voltage does not exceed
+50 mV. In addition, the AMC1304 has differential inputs; therefore, the AC current signal from mains can
be directly interfaced without the requirement for level shifters.

In contrast, the ADC10_A module has single-ended inputs. Therefore the ADC10_A requires that the
sensed voltage is between 0-Vgge Volts, with the option to select the Vg source and voltage in the
software. As a result, after the mains voltage is divided down for sensing, the voltage front-end circuitry
requires a level shifter to properly interface to the ADC10_A module.

Voltage Analog Front-End

The voltage from the mains is usually 230 V or 120 V and must be brought down to within Vg Volts. The
analog front-end for voltage consists of spike protection varistors followed by a voltage divider and shifter
network, and a RC low-pass filter that functions like an anti-alias filter.

LINE 1 . L1 R4 R14 R15 R32 R99 R100  R101 LINE_VI
= EXCML20A ™ v - - - - —

AvCC

D44
1N4148D035-7
LINE_V1 ) R116

S20K275%
u
g
&
X[ﬂ
<
hS
=

R1

L6, EXCML20A

NEUTRAL W‘j_

GND

GND GND GND GND

Figure 6. Analog Front-End for Voltage Inputs

Figure 6 shows the analog front-end for the voltage inputs for a mains voltage of 230 V. The voltage is
brought down to a range within Vg volts, where Vgee is selected to be the 2.0-V reference produced by
the chips reference module. The maximum voltage that is fed to the ADC is usually a certain margin below
the maximum Vgee voltage. As an example, when the 2.0-V reference is selected, the front end may be
built to produce a maximum voltage of 1.4 V to 1.6 V when the maximum mains voltage is applied. This
margin helps prevent ADC clipping when the system is exposed to harmonics or an over-voltage
condition.
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3.1.1.2 Current Front-End

3.11.21 AMC1304 High-Side Power Supply

To sense the voltage across the shunt, the high-side of each AMC1304 device must be powered. Because
each AMC1304 should be referenced from a different line voltage, a different power supply is required for
each AMC1304. Figure 7 shows the designs different power options for the AMC1304.

Us$14

3 pvcc
bvcc

gou

Ccsiypou
%: 100 N3 i
U$15 &N
L1 5, 1
s 1 3
Usi1 % D2 GND2
CSQpou_AGND 13 P 2| yee
7 3 1

T—g D1 GND1
£ 8 é 4 SN6501
1

uUs17 Transformer

AMC3PWR-0R EXT3
]

o]
o

Figure 7. AMC1304 High-Side Power Options

In Figure 7, LDO_IN3 is fed directly into the AMC1304 to provide power to it. Because the AMC1304 has
an integrated LDO, LDO_IN3 can be unregulated as long as the voltage fed into LDO_IN of the AMC1304
is within the 4- to 18-V operating range.

In this design, there are two options for powering the high side of the AMC1304. The first option (shaded
blue in Figure 7), is to provide the necessary 4- to 18-V from an external isolated voltage supply to its
associated terminal block (U$14 in Figure 7). The second option ( shaded red in Figure 7), is to use the
on-board isolated power supply that uses DVCC as a voltage input, a transformer, and the SN6501
transformer driver to provide an unregulated voltage into the AMC1304s integrated LDO input. In this

design, a ferromagnetic core transformer is used; however, the SN6501 can also be used with an air-core
transformer instead.

For further details on this power supply implementation, please refer to Section 3.6 of the
Isolated, Shunt-Based Current Sensing Reference Design (TIDU384).

3.1.1.2.2 Current Sensing

The analog front-end for current inputs is different from the analog front-end for the voltage inputs.
Figure 8 shows the analog front-end used for a current channel.
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Figure 8. Analog Front-End for Current Inputs

The analog front-end for current consists of diodes and transorbs for any additional transient voltage
suppression, footprints (R/L3 and R/L4) that could be replaced with inductors for EMI suppression (these
footprints are populated with 0-Q resistors by default), an anti-alias filter (R139, R140, and C10), and the
AMC1304 isolated delta-sigma modulator.
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3.2

3.2.1

In Figure 8, the three-terminal shunt used for current measurement is to be connected at 13+, 13—, and
I3Live. The value of this shunt is selected based on balancing maximizing the peak analog voltage input
into the AMC1304 with minimizing the power dissipation of the shunt. In particular, for optimal accuracy,
the peak DC voltage fed into the AMC1304 must be as close as possible to 50 mV without surpassing this
voltage. This peak voltage is dependent on the rated maximum current of the system and the resistance of
the selected shunt. For example, this design uses 400-uQ shunts (utilized shunts are shown here:
http://www.vishay.com/docs/30173/wsms3124.pdf). With these 400-uQ shunts and a maximum RMS
current of 90 A, the maximum DC voltage fed into the AMC1304 is 90 x V2 x (400 x 107 = 50 mV. To
minimize the power dissipation in the shunt, a smaller value shunt can also be used. In this design,
200-pQ shunts are also used. However, by using smaller value shunts, the voltage fed into the AMC1304
is also reduced. As a result, there is a tradeoff in accuracy. Based on the requirements of the system, the
tradeoff in accuracy from using a shunt with a small resistance and the reduced power dissipation from
choosing the smaller shunt must be taken into account when selecting the proper shunt value.

Metrology Software Implementation

This section discusses the software for the implementation of three-phase metrology. The first subsection
discusses the setup of various peripherals of the metrology and application processors. Subsequently, the
metrology software is described as two major processes: the foreground process and background
process.

Peripherals Setup

3.21.1 SD24 B Setup

The MSP430F67641 has three delta-sigma data converters, with each of them having the ability to bypass
its internal modulator and accept an external bit-stream to be used with its associated digital filters. This
feature is used to obtain ADC samples using the bit-stream input that is output from the AMC1304.

In addition, the SD24 B has a trigger generator module that is used to trigger the ADC10, which in turn is
used to sense the corresponding three voltages of the three-phase system. In this application, all of the
digital filters for the SD24_B ADCs and the trigger generator are grouped together for synchronization.

The modulation clock (fM) to the trigger generator and the digital filters of the SD24_B ADCs is derived
from system clock, which is configured to run at 19,798,016 Hz. Because the AMC1304 can support a
clock from 5 MHz to 20 MHz, this clock can be used as the modulation clock for the AMC1304 without
being further divided down. Similarly, the digital filters of the MSP430F67641s SD24 B ADC can also
operate at this 20-MHz modulation clock frequency (unlike the internal modulators of the SD24 B ADC,
which are bypassed in this application). In this design, the modulation clock used in the SD24_B is derived
internally and output from the SD24_B module to the AMC1304 device.

To reduce the central processing unit (CPU) utilization, the effective sample rate is divided down to
4833.5 samples per second for the digital filters. This reduction is first accomplished by choosing the
highest oversampling ratio (OSR) setting for the digital filters and trigger generator, which is 1024.
Because the sampling frequency is defined as F, = fM / OSR, this results in a sampling frequency of
19334. To further divide this sample rate, the software skips the ADC samples produced from the digital
filter. In this design, three samples are skipped for every four samples, which results in an effective
sample rate of 4833.5 samples per second for the ADC samples produced from the digital filter. For every
sample that is not skipped, it is used for performing metrology calculations.

In contrast, because the trigger generator is used to keep track of when to skip samples, the trigger
generator still has a triggering frequency of 19334 samples per second. Despite having a trigger frequency
of 19334 , the sample rate for the voltage samples is still 4833.5 because the ADC10_A used for sensing
voltages is only re-enabled for conversions one time every four samples.

In the application, the following SD24_B channels associations are used:
SDODIO (Converter 0 digital filter) — Current 11 (Current |,)
SD1DIO (Converter 1 digital filter) — Current 12 (Current Ig)
SD2DIO (Converter 2 digital filter) — Current 13 (Current 1.)
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3.2.1.2

ADC10_A Setup

The ADC10 is used to sample the three mains voltages and is triggered by the SD24_Bs trigger generator
once every four samples. When triggered by the ZA, the ADC10 enters autoscan mode and samples 6 of
its channels once. In the software, the clock to the ADC10 is set to 4 MHz. The sample and hold time for
each converter is 8 cycles and the conversion time is 12 cycles, which results in an approximate 20-cycle
(approximately 5 ps) delay between conversion results of adjacent converters. In addition, the ADC10_A
uses the 2.0-V reference from the REF module and is configured to output 10-bit results that are scaled to
16-bit twos complement numbers (ADC10DF = 1). This configuration allows the ADC results from the
ADCI10 to be treated as a 16-bit signed number when performing mathematical operations.

In this application, the following are the relevant ADC10 channel associations:
A10 (internal channel) — Temperature sensor

A5 — Voltage V1

A4 — Voltage V2

A3 — Voltage V3

3.2.1.3 Real Time Clock (RTC_C)

The RTC_C is a real-time clock module that is configured to give precise one second interrupts. Based off
of these one second interrupts, the time and date are updated in software, as necessary.

3.2.1.4 LCD Controller (LCD_C)

The LCD controller on the MSP430F67641 can support up to 8-mux displays and 320 segments. The LCD
controller is also equipped with an internal charge pump that can be used for good contrast. In the current
design, the LCD controller is configured to work in 4-mux mode using 160 segments with a refresh rate
set to ACLK/64, which is 512 Hz.

3.215 Port Map

The MSP430F67641 has a port mapping controller that allows a flexible mapping of digital functions to
port pins. The set of digital functions that can be ported to other pins is dependent on the device. For the
MSP430F67641 device in particular, the digital bit-stream inputs for the three SD24_B converters and the
delta-sigma modulation clock output are all available options to port to ports P1, P2, and P3. In this
design, this port mapping feature is used for providing flexibility in the PCB layout.

Using the port mapping controller, the following mappings are used:
SDCLK (SD24_B modulation clock output) — Port P2.6

SDODIO (SD24_B Converter 0 digital filter input) — Port P3.1
SD1DIO (SD24_B Converter 1 digital filter input) — Port P3.0
SD2DIO (SD24_B Converter 2 digital filter input) — Port P2.7

3.2.1.6 DMA

The direct memory access (DMA) module is used to transfer all of the ADC10 conversion results
automatically from the ADC10 to memory. Each time all of the six sampled ADC channels are converted
and placed into memory, the DMAIFG flag is set; as a result, this flag can be used to determine the
completion of each ADC10 autoscan sequence.
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3.2.2 Foreground Process

The foreground process includes the initial setup of the MSP430 hardware and software immediately after
a device RESET. Figure 9 shows the flowchart for this process.

‘ RESET '

A4
HW setup:
Clock, Port pins, Port Map,
SD24_B, ADC10, DMA, RTC_C,
eUSCI, LCD

A 4

DLT645 frame reception
management

h 4

1 second of Energy
accumulated for any phase? N

Wait for acknowledgement from
Background process

Calculate metrology readings for all
ready phases

4

LCD management

I
Figure 9. Foreground Process

A

The initialization routines involve the setup of the SD24 B module; ADC10_A module; DMA; clock system;
general purpose input/output (GPIO) port pins and associated port map controller; RTC module for clock
functionality; LCD; and the USCI_AO for UART functionality.

After the hardware is setup, any received frames from the GUI are processed. Subsequently, the
foreground process checks whether the background process has notified the foreground process to
calculate new metering parameters. This notification is accomplished through the assertion of the
“PHASE_STATUS_NEW_LOG” status flag whenever a frame of data is available for processing. The data
frame consists of the processed dot products that were accumulated for one second in the background
process. This is equivalent to an accumulation of 50 or 60 cycles of data synchronized to the incoming
voltage signal. In addition, a sample counter keeps track of how many samples accumulate over this
frame period. This count can vary as the software synchronizes with the incoming mains frequency.

The processed dot products include the Vgzys, lrus, @ctive power, and reactive power. These dot products
are used by the foreground process to calculate the corresponding metrology readings in real-world units.
Processed voltage dot products are accumulated in 48-bit registers. In contrast, processed current dot
products, active energy dot products, and reactive energy dot products are accumulated in separate 64-bit
registers to further process and obtain the RMS and mean values. Using the foreground's calculated
values of active and reactive power, the apparent power is calculated. The frequency (in Hz) and power
factor are also calculated using parameters calculated by the background process using the formulas in
Section 3.2.2.1.

The foreground process also updates the LCD. The LCD display item is changed every two seconds.
Refer to Section 7.1 for more information about the different items displayed on the LCD.
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3221 Formulae

This section briefly describes the formulas used for the voltage, current, energy, and temperature
calculations.

As previous sections describe, voltage and current samples are obtained at a sampling rate of 4833.5 Hz.
All of the samples that are taken in one second are kept and used to obtain the RMS values for voltage
and current for each phase. The RMS values are obtained by the following formulas:

Sample
count

D V() xvpn(n)

n=1 —v
Sample count offset,ph @

VRMS,ph = Kv,ph x

Sample
count

D ign()xipn(n)

| Rms ph = K; ph % = —loffset ph
‘ ' Sample count ‘

where

e ph = Phase parameters that are being calculated [that is, Phase A(=1), B(=2), or C(=3)]

* V., (n) = Voltage sample at a sample instant n

*  Vuepn = Offset used to subtract effects of the additive white Gaussian noise from the voltage converter

* l,(n) = Each current sample at a sample instant n

*  loerpn= Offset used to subtract effects of the additive white Gaussian noise from the current converter

e Sample count = Number of samples in one second

* K, = Scaling factor for voltage

* K, = Scaling factor for each current 3)
Power and energy are calculated for a frames worth of active and reactive energy samples. These

samples are phase corrected and passed on to the foreground process, which uses the number of
samples (sample count) to calculate phase active and reactive powers through the following formulas:

Sample
count
D V) xipn(n)
P =K n=1
ACT.ph = ACT.Ph ™ gample count @)
Sample
count
D Vgo(m)xipn(n)
Preact,ph = KReacT,ph —
REACT.p REACT.Ph " Sample count )

2 2 2
P app ph :\/PACT,ph +PreacT,ph

where
e Vy(n) = Voltage sample at a sample instant ‘n’ shifted by 90°
Kacrpn = Scaling factor for active power
*  Kgeacrpn = Scaling factor for reactive power (6)

Please note that for reactive energy, the 90° phase shift approach is used for two reasons:

1. This approach allows accurate measurement of the reactive power for very small currents.
2. This approach conforms to the measurement method specified by IEC and ANSI standards.
The calculated mains frequency is used to calculate the 90 degrees-shifted voltage sample. Because the

frequency of the mains varies, it is important to first measure the mains frequency accurately to phase
shift the voltage samples accordingly (see Section 3.2.3.1.2 for details).
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To get an exact 90° phase shift, interpolation is used between two samples. For these two samples, a
voltage sample slightly more than 90 degrees before the current sample and a voltage sample slightly less
than 90 degrees before the current sample are used. The application's phase shift implementation
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 one-tap FIR filter. In the software, a lookup table provides the
filter coefficients that are used to create the fractional delays.

In addition to calculating the per-phase active and reactive powers, the cumulative sum of these
parameters are also calculated by the following Equation 7, Equation 8, and Equation 9:
3

PACT,CumuIative = Z PACT,ph
ph=1 @
3
PreACT, cumulative = Z PreacT,ph
ph=1 (8)
3

I:)APP,CumuIative = Z PAPP,ph
ph=1 9)
Using the calculated powers, energies are calculated by the following formulas in Equation 10:
E act,ph =PacT,pn x Samplecount
ERreactph =PreacT,ph X Samplecount

E app,ph = P app ph X Samplecount (10)

From there, the energies are also accumulated to calculate the cumulative energies, by the following
Equation 11, Equation 12, and Equation 13:
3
E acT cumulative = Z E ACT,ph
ph=1 (11)
3
E REACT, Cumulative = Z E REACT,ph
ph=1 (12)
3
E APP,cumulative = Z E APP,ph
ph=1 (13)
The calculated energies are then accumulated into buffers that store the total amount of energy consumed
since system reset. Please note that these energies are different from the working variables used to
accumulate energy for outputting energy pulses. There are four sets of buffers that are available: one for

each phase and one for the cumulative of the phases. Within each set of buffers, the following energies
are accumulated:

1. Active import energy (active energy when active energy = 0)

2. Active export energy (active energy when active energy < 0)

3. React. Quad | energy (reactive energy when reactive energy = 0 and active power = 0; inductive load)
4. React. Quad Il energy (reactive energy when reactive energy = 0 and active power < 0; capacitive

generator)

5. React. Quad Il energy (reactive energy when reactive energy < 0 and active power < 0; inductive
generator)

6. React. Quad IV energy (reactive energy when reactive energy < 0 and active power = 0; capacitive
load)

7. App. import energy (apparent energy when active energy = 0)
8. App. export energy (apparent energy when active energy < 0)
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3.2.3

The background process also calculates the frequency in terms of samples per mains cycle. The
foreground process then converts this samples per mains cycle to Hertz by the following formula:

Sample Rate (samples/ sec ond)

Frequency (Hz) =
g y (H2) Frequency (samples/cycle) (14)

After the active power and apparent power have been calculated, the absolute value of the power factor is
calculated. In the system’s internal representation of power factor, a positive power factor corresponds to
a capacitive load; a negative power factor corresponds to an inductive load. The sign of the internal
representation of power factor is determined by whether the current leads or lags voltage, which is
determined in the background process. Therefore, the internal representation of power factor is calculated
by the following formula:

A, if capacitive load

. P
Internal Re presentation of Power Factor = A"gare”‘
Act

- , if inductive load
PApparent (15)

In addition, temperature is also calculated in the software. Temperature is calculated using the TLV entries
on the MSP430F67641 and is calculated in units of Celsius. The measured values for 30°C +3°C and
85°C £3°C for the 2.0-V reference are used for calculating temperature. The following Equation 16 shows
the exact formula that is used to calculate temperature:

Temp = (ADC(raw) - CAL_ADC_20T30)><[ 85-30 j

CAL_ADC_20T85-CAL_ADC_20T30 (16)

Background Process

Figure 10 shows the background process, which mainly deals with timing critical events in software. The
background process uses the SD24 B trigger generation to collect voltage and current samples. The
SD24_B provides a trigger 19334 times per second. For a certain number of these triggers, sample
processing is done on the previously obtained voltage and current samples. This sample processing is
done by the “per_sample_dsp ()" function. After sample processing, the background process uses the
“per_sample_energy pulse processing ()" for the calculation and output of energy-proportional pulses. In
the software, the “SAMPLES_SKIPPED” macro determines how many triggers to skip between successive
calculations. Because the default value of this macro is 3, sample processing and energy pulse
processing is done once every four SD24_B triggers. As a result, three out of four current samples are
skipped and not used for calculations, which leads to an effective sample rate of 4833.5 samples per
second for the current channels.

To keep track of when to skip samples, the “sample_number” variable is used to keep track of how many
trigger pulses have been produced since the last time sample and energy pulse processing has occurred.
Due to the high frequency of triggers, triggers may occur in the middle of sample processing within the
SD24 B ISR. Because interrupts are disabled within the ISR, the trigger pulse flag (SD24TRGIFG) is
checked in various places within the ISR code to keep track of triggers that occur during the SD24 B
interrupt. These checks are done by calling the “update_sample_count ()" function (Figure 11). The places
where the update_sample_count is called are set so that the time between checks is less than the period
of the triggers.
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sample_number

4}( Return )

Figure 11. update_sample_count ()
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ADC10ENC cleared then
set(sample_count=0)?

SD24 B Trigger
generated?

) Sample and convert selected
ADC10 channel

v

( Conversion completed )

DMA transfers the ADC10 results
into the selected element in the
DMA result buffer. Update the

selected element for the DMA result
index and the selected ADC10
channel.

All ADC10 channels
sampled and all samples
ransferred to memory?2

Set DMAIFG flag

Figure 12. ADC10 Triggering Process

Similar to the current samples, the sample rate for voltage samples is also 4833.5 samples per second;
however, unlike the current samples, this sample rate is not achieved by skipping samples. Instead, the
sample rate is caused by only re-enabling the ADC10 for conversions to measure the phase voltage
channels only once every SAMPLES SKIPPED + 1 samples. Re-enabling the ADC10 for conversions is
accomplished by clearing and then setting the ADC10ENC bit. As Figure 10 shows, this clearing and
setting is done when the sample_number = (SAMPLES_SKIPPED + 1). As a result, the ADC10 converts
the voltage samples in parallel to the sample processing done in the background process. Figure 12
shows this parallel activity. In Figure 12, the gray containers represent items that are automatically done
by the configuration of the ADC10, DMA, and A modules. For these gray items, CPU intervention is not
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As Figure 12 represents, whenever the ADC10 is triggered, the ADC10 enters autoscan mode and
samples six ADC channels once. After each channel has a conversion result, the DMA automatically
places these results in memory and the next channel's conversion is automatically started. For each
converter, there is a memory location that stores the conversion results for that particular converter. The
procedure of sampling a converter and storing the results in memory is repeated until the last converter
(ADC10INCH = 0) is sampled. Because the clock to the ADC10 is set to 4 MHz, the sample and hold time
for each converter is 8 cycles, and the conversion time is 12 cycles, there is an approximate 20-cycle
(approximately 5-us) delay between the conversion results of adjacent converters.

Once all of the ADC10 channels are sampled and the samples are transferred to memory, the DMAIFG
flag is set to indicate that the ADC10 has completed its operation and may be used for other conversions.

To sense the internal temperature sensor using the ADC10, a recommended sample period of at least

30 us must be used. As a result, the autoscan mode that is used to measure the phase voltages cannot
be extended to also measure the temperature channel. To prevent this loss of temperature channel
measurement, a single conversion of the ADC10 temperature channel is triggered (see Figure 13). The
temperature conversion is triggered when the DMAIFG flag is asserted (see Figure 12) to indicate that the
phase voltages have just been completely converted and transferred to memory so that other conversions
can be started. The check for the completion of the phase voltage sampling is done within the
update_sample_count function (see Figure 11). Because the update_sample_count function is called
multiple times within the SD24 B interrupt, this ensures that the temperature conversion can be started
relatively quickly. After a temperature reading has been received and its associated ISR has been called,
temperature reading is stored in memory and the ADC10 settings are then reset to support autoscan
mode for the next conversion.

Temperature Conversion
Triggered?

Sample and convert temperature
channel

Gemperature conversion completeD

ADC10 interrupt generated?

Store temperature reading and re-
initialize ADC10 for autoscan mode

Figure 13. Temperature Triggering Mechanism
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3.23.1

per_sample_dsp ()

Figure 14 shows the flowchart for the per_sample_dsp () function. The per_sample_dsp function() is used
to calculate intermediate dot product results that are fed into the foreground process for the calculation of
metrology readings. The ADC10 is configured to represent the 10-bit voltage results as a 16-bit signed
result. Because 16-bit voltage samples are used, the voltage samples are further processed and
accumulated in dedicated 48-bit registers. In contrast, as a result of using an oversampling ratio of 1024,
current samples have more bits. Because many of these bits are unnecessary, they are shifted out so that
24-bit current samples are used. As a result, the current samples are processed and accumulated in
dedicated 64-bit registers. Per-phase active power and reactive power are also accumulated in 64-bit

Select new phase

v

Remove residual DC for phase’s voltage then
update phase’s Vgus dot product

v

Remove residual DC for phase’s current then
update the phase’s dot product for IRMS, active
power, and reactive power

Leading-edge zero-crossing
on voltage channel?

Voltage Sag/Swell Detection

v

Update frequency estimation

v

h 4

update_sample_count()

All three phases done?

1 second of energy calculated
for any of the phases?

Swap dot products between foreground and
bacground then notify foreground process.

v

( Return )—

Figure 14. per_sample_dsp ()
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After sufficient samples (approximately one seconds worth) have been accumulated, then the foreground
function is triggered to calculate the final values of Vrys; lrus; active, reactive, and apparent powers;
active, reactive, and apparent energy; and frequency, temperature, and power factor. In the software,
there are two sets of dot products: at any given time, one is used by the foreground for calculation and the
other used as the working set by the background. After the background process has sufficient samples, it
swaps the two dot products so that the foreground uses the newly acquired dot products just calculated by
the background process and the background process uses a hew empty set to calculate the next set of
dot products.

Whenever there is a leading-edge zero-crossing (- to + voltage transition) on a voltage channel, the
per_sample_dsp function () is also responsible for updating the corresponding phases frequency (in
samples per cycle) and voltage sag and swell conditions. For the sag conditions, whenever the RMS
voltage is below a certain user-defined threshold percentage, the number of mains cycles where this
condition persists is logged as the sag duration. The number of periods in time where there was a sag
condition is logged as the sag events count. Please note that the sag duration corresponds to the total
number of cycles in a sag condition since being reset, and is therefore, not cleared for every sag event.
Also, when the RMS voltage is above a certain threshold percentage, swell events and duration are
logged in a similar way.

3.2.3.1.1 Voltage and Current Signals

The output of each SD24 B digital filter and ADC10 converter is a signed integer and any stray DC or
offset value on these converters are removed using a DC tracking filter. Separate DC estimates for all
voltages and currents are obtained using the filter and voltage and current samples, respectively. These
estimates are then subtracted from each voltage and current sample. The resulting instantaneous voltage
and current samples are used to generate the following intermediate dot product results:

e Accumulated squared values of voltages and currents, which is used for Vgys and Iz calculations,
respectively.

» Accumulated energy samples to calculate active energies.

* Accumulated energy samples using current and 90° phase shifted voltage to calculate reactive
energies.

These accumulated values are processed by the foreground process.

3.2.3.1.2 Frequency Measurement and Cycle Tracking

The instantaneous voltage of each phase is accumulated in 48-bit registers. In contrast, the instantaneous
current, active power, and reactive power are accumulated in 64-bit registers. A cycle tracking counter and
sample counter keep track of the number of samples accumulated. When approximately one seconds
worth of samples has been accumulated, the background process switches the foreground and
background and then notifies the foreground process to produce the average results such as RMS and
power values. Cycle boundaries are used to trigger the foreground averaging process because this
process produces very stable results.

For frequency measurements, a straight-line interpolation is used between the zero-crossing voltage
samples. Figure 15 shows the samples near a zero cross and the process of linear interpolation.

noise corrupted samples

*
‘L‘O' good samples

linear interpolation

Figure 15. Frequency Measurement
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Because noise spikes can also cause errors, the application uses a rate of change check to filter out the
possible erroneous signals and make sure that the two points that are interpolated are from genuine zero
crossing points. For example, with two negative samples, a noise spike can make one of the samples
positive, thereby making the negative and positive pair look 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 filtering results in a stable and accurate frequency measurement that is tolerant of noise.

3.2.3.2 LED Pulse Generation (per_sample_energy_pulse_processing)

In electricity meters, the active energy consumed is normally measured in a fraction of kilowatt-hour (kwWh)
pulses. This information can be used to calibrate any meter for accurate measurement. Typically, the
measuring element (the MSP430 microcontroller) is responsible for generating pulses proportional to the
energy consumed. To serve both these tasks efficiently, pulse generation must be accurate with relatively
little jitter. Although time jitters are not an indication of bad accuracy, they give a negative indication of the
overall accuracy of the meter, which is why the jitter is averaged out.

This application uses average power to generate these energy pulses. The average power (calculated by
the foreground process) accumulates every time the per_sample_energy_pulse_processing is called,
thereby spreading the accumulated energy from the previous one second time frame evenly for each
interrupt in the current one second time frame. This process is equivalent to converting it to energy. When
the accumulated energy crosses a threshold, a pulse is generated. The amount of energy above this
threshold is kept and a new energy value is added on top of the energy above the threshold in the next
interrupt cycle. Because 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 meter manufacturers and is a constant. The “tick”
is usually defined in pulses per kWh or just in kWh. One pulse is generated for every 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/6400. Energy pulses are generated and available on a
header and also through light-emitting diodes (LEDs) on the board. GPIO (port) pins are used to produce
the pulses.

In the EVM, the LEDs that are labeled “Phase 1", “Phase 2", “Phase 3", and “Active” correspond to the
active energy consumption for phase A, phase B, phase C, and the cumulative three-phase sum,
respectively. “Reactive” corresponds to the cumulative three-phase reactive energy sum. The number of
pulses per kwWh and each pulse duration can be configured in software. Figure 16 shows the flow diagram
for pulse generation. This flow diagram is valid for pulse generation of individual or accumulative phase
active, reactive, and apparent energy.
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Energy Accumulator+=
Average Power

Energy Accumulator >
1 tick?

Energy Accumulator = Energy
Accumulator — 1 tick

y

Generate 1 pulse

A 4

‘ Return '

Figure 16. Pulse Generation for Energy Indication

The average power is in units of 0.001 W and the 1-kWh threshold is defined as:

1 kWh threshold = (1 / 0.001) x 1 kW x (number of interrupts per second) x (number of seconds in one
hour) = 1000000 x 4833.5 x 3600 = 0xFD36494F600

3.2.3.3 Phase Compensation

In order to ensure accurate measurements, the relative phase shift between voltage and current samples
must be compensated. This phase shift may be caused by the passive components of the voltage and
current input circuit or even the sequential sampling on the voltage channel.

The implementation of the phase shift compensation 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 one-tap finite
impulse response (FIR) filter that interpolates between two samples, similar to the FIR filter used for
providing 90°-shifted voltage samples for reactive energy measurements. In the software, a lookup table
provides the filter coefficients that are used to create the fractional delays. The lookup table provides
fractional phase shifts as small as 1/256th of a sample. The 4833.5 sample rate used in this application
corresponds to a 0.0145° degree resolution at 50 Hz. In addition to the filter coefficients, the lookup table
also has an associated gain variable for each set of filter coefficients. This gain variable is used to cancel
out the resulting gain from using a certain set of filter coefficients.
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4 Getting Started Hardware

The following figures of the EVM best describe the hardware: Figure 17 is the top view of the energy
measurement system and Figure 18 shows the location of various pieces of the EVM based on
functionality.

Figure 17. Top View TIDA-00601 Design

Power Supply LEDs

Pulses Connector
vy
LCD >
l¢— Isolated
RS-232
Voltage
front-end >
_I_l—' < JTAG
MSP430F67641

Current
front-end

Figure 18. Top View of TIDA-00601 Design With Components Highlighted
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4.1 Connections to the Test Setup for AC Voltages

AC voltages can be applied to the board for testing purposes at these points:

Pad “LINE1” corresponds to the line connection for phase A.
Pad “LINE2” corresponds to the line connection for phase B.
Pad “LINE3” corresponds to the line connection for phase C.

Pad “Neutral” corresponds to the neutral voltage. The voltage between any of the three line
connections to the neutral connection must not exceed 230-V AC at 50/60 Hz.

11+, 11-, and I1Live are connected to the output terminals of the shunt that is used for measuring the
current for Phase A. When a shunt is selected, the differential voltage that is output across |1+ and 11—
must not exceed 50 mV.

12+, 12—, and 12Live are connected to the output terminals of the shunt that is used for measuring the
current for Phase B. When a shunt is selected, the differential voltage that is output across 12+ and 12—
must not exceed 50 mV.

I3+, 13—, and I3Live are connected to the output terminals of the shunt that is used for measuring the
current for Phase C. When a shunt is selected, the differential voltage that is output across 13+ and 13—
must not exceed 50 mV.

Figure 19 and Figure 20 show the various connections that must be made to the test setup for proper
functionality of the EVM. When a test AC source must be connected, the connections have to be made
according to the EVM design. Figure 19 shows the connections from the top view. VA+, VB+, and VC+
correspond to the line voltages for phases A, B, and C, respectively. VN corresponds to the neutral
voltage from the test AC source.

]

Vet Vp+ Vy

Figure 19. Top View of EVM With Test Setup Connections

Figure 20 shows the connections from the front view. 1A+ and |IA- correspond to the current inputs for
phase A, IB+, and IB- correspond to the current inputs for phase B; IC+ and IC- correspond to the current
inputs for phase C. VN corresponds to the neutral voltage from the test setup.

TIrY

lc— lg+ lg— Vi

Figure 20. Front View of EVM With Test Setup Connections
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4.2

Power Supply Options and Jumper Settings

The entire board is powered by a single DC voltage rail (DVCC), which can be derived either by JTAG or
external power. Various jumper headers and jumper settings are present to add to the flexibility to the
board. Some of these headers require that jumpers be placed appropriately for the board to correctly
function. Table 1 indicates the functionality of each jumper on the board.

Table 1. Header Names and Jumper Settings

HEADER/HEADER
OPTION NAME

TYPE

MAIN
FUNCTIONALITY

VALID USE-CASE

COMMENTS

ACT (Not isolated, do
not probe)

1-pin header

Active energy pulses
(WARNING)

Probe between here and
ground for cumulative
three-phase active energy
pulses.

This header is not isolated
from AC voltage, so do not
connect measuring
equipment unless isolators
external to the EVM are
available. See Isolated ACT
instead.

AMC1PWR

3-pad jumper resistor
footprint

Selection for the
AMC1304 high-side
power supply for
Phase A

This header is used to
select the power source for
the AMC1304 associated
with Phase A.

To enable powering the
high-side using the on-board
isolated power supply, place
a 0-Q resistor on the two
top-most terminals (when
the board is oriented as
Figure 17 shows). To enable
powering the high side by
providing 4 V to 18 V directly
to the U$16-terminal block ,
place a 0-Q resistor on the
two bottom-most terminals
(when the board is oriented
as Figure 17 shows).

AMC2PWR

3-pad jumper resistor
footprint

Selection for the
AMC1304 high-side
power supply for
Phase B

This header is used to
select the power source for
the AMC1304 associated
with Phase B.

To enable powering the high
side using the on-board
isolated power supply, place
a 0-Q resistor on the two
top-most terminals (when
the board is oriented as
Figure 17 shows). To enable
powering the high side by
providing 4 V to 18 V directly
to the U$8-terminal block ,
place a 0-Q resistor on the
two bottom-most terminals
(when the board is oriented
as Figure 17 shows).

AMC3PWR

3-pad jumper resistor
footprint

Selection for the
AMC1304 high-side
power supply for
Phase C

This header is used to
select the power source for
the AMC1304 associated
with Phase C.

To enable powering the high
side using the on-board
isolated power supply, place
a 0-Q resistor on the two
top-most terminals (when
the board is oriented as
Figure 17 shows). To enable
powering the high side by
providing 4 V to 18 V directly
to the U$15-terminal block ,
place a 0-Q resistor on the
two bottom-most terminals
(when the board is oriented
as Figure 17 shows).
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Table 1. Header Names and Jumper Settings (continued)

without isolated

HEADER/HEADER MAIN
OPTION NAME TYPE FUNCTIONALITY VALID USE-CASE COMMENTS
Probe between here and
ground for the clock fed
into the AMC1304 chips.
Qg ;ﬁ?;?gltﬁ:gchkegzgrago Each AMC1304 has its own
AMC_CLK (Not ) B associated AMC_CLK
isolated, do not 1-pin header _Modulauon clock fed be usgd as the modulation header. However, all
into the AMC1304 clock; however, the
probe) software must be changed AMC_CLK headers are
\ang connected to each other.
to accept a modulation
clock input instead of
providing one from the
SD24_B.
Probe between here and
Egﬁ;ﬁﬁﬁ'\g&ll fg‘é)et Bit-stream output for ground for the bit-stream
h : P 1-pin header the AMC associated output from the AMC1304
without isolated A ) . .
] with Phase A. chip associated with Phase
equipment) A
Probe between here and
Egﬁ;ﬁﬁﬁ'\g&lz fg‘é)et Bit-stream output for ground for the bit-stream
h : P 1-pin header the AMC associated output from the AMC1304
without isolated A ) . .
] with Phase B. chip associated with Phase
equipment) B
Probe between here and
Egﬁ;ﬁﬁﬁ'\g&m fg‘é)et Bit-stream output for ground for the bit-stream
: P 1-pin header the AMC associated output from the AMC1304

footprint

AMC1304 for Phase C

] with Phase C. chip associated with Phase
equipment) C
For this design, place a 0-
3-pad jumper resistor Capacitor Connection | Q resistor_on the two left-
CSEL1 footprint Select for the most terminals (when the
AMC1304 for Phase A | board is oriented as
Figure 17 shows).
For this design, place a 0-
3-pad jumper resistor Capacitor Connection | Q resistor_on the two left-
CSEL2 footprint Select for the most terminals(when the
AMC1304 for Phase B | board is oriented as
Figure 17 shows).
For this design, place a 0-
3-pad iumper resistor Capacitor Connection | Q resistor on the two left-
CSEL3 pad jump Select for the most terminals(when the

board is oriented as
Figure 17 shows).

DGND (Not isolated,
do not probe)

Header

Ground voltage header
(WARNING)

Not a jumper header,
probe here for GND
voltage. Connect negative
terminal of bench or
external power supply
when powering the board
externally.

Do not probe if AC mains is
not isolated.

DVCC (Not isolated,
do not probe)

Header

VCC voltage header
(WARNING)

Not a jumper header,
probe here for VCC
voltage. Connect positive
terminal of bench or
external power supply
when powering the board
externally.

Do not probe if AC mains is
not isolated.

DVCC EXTERNAL
(Do not connect
JTAG if AC mains is
not isolated)

Jumper header option

JTAG external power
selection option
(WARNING)

Place a jumper at this
header option to select
external voltage for JTAG
programming.

This jumper option and the
DVCC INTERNAL jumper
option comprise one three-
pin header used to select
the voltage source for JTAG
programming.
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Table 1. Header Names and Jumper Settings (continued)

HEADER/HEADER
OPTION NAME

TYPE

MAIN
FUNCTIONALITY

VALID USE-CASE

COMMENTS

DVCC INTERNAL
(Do not connect
JTAG if AC mains is
not isolated; isolated
JTAG is fine)

Jumper header option

JTAG internal power
selection option
(WARNING)

Place a jumper at this
header option to power the
board using JTAG and to
select the voltage from the
USB FET for JTAG
programming.

This jumper option and the
DVCC EXTERNAL jumper
option comprise one three-
pin header used to select
the voltage source for JTAG
programming.

ISO_ACT

1-pin header

Isolated active energy
pulses

Probe between here and
ground for cumulative
three-phase active energy
pulses.

This header is isolated from
AC voltage so it is safe to
connect to scope or other
measuring equipment
because isolators are
already present. However,
either 3.3 V or 5 V must be
applied between ISO_GND
and ISO_VCC to produce
pulses on this pin. The
produced pulses have a
logical high voltage that is
equal to the voltage applied
between ISO_GND and
ISO_VCC.

ISO_GND

1-pin header

Isolated ground For
energy pulses

Ground connection for the
isolated active and reactive
energy pulses.

ISO_REACT

1-pin header

Isolate reactive energy
pulses

Probe between here and
ground for cumulative
three-phase reactive
energy pulses.

This header is isolated from
AC voltage so it is safe to
connect to scope or other
measuring equipment since
isolators are already
present. However, either 3.3
V or 5 V must be applied
between ISO_GND and
ISO_VCC to produce pulses
on this pin. The produced
pulses have a logical high
voltage that is equal to the
voltage applied between
ISO_GND and ISO_VCC.

ISO_VCC

1-pin header

Isolated VCC for
energy pulses

VCC connection for the
isolated active and reactive
energy pulses.

Either 3.3 V or 5 V must be
applied between ISO_GND
and ISO_VCC to produce
isolated active and reactive
pulses on the respective
isolated ISO_ACT and
ISO_REACT pins. The
produced pulses have a
logical high voltage that is
equal to the voltage applied
between ISO_GND and
ISO_VCC.

JTAG (Do not
connect JTAG if AC
mains is not isolated)

Jumper header option

4-wire JTAG
programming option
(WARNING)

Place jumpers at the JTAG
header options of all of the
six JTAG communication
headers to select 4-wire
JTAG.

There are six headers that
jumpers must be placed at
to select a JTAG
communication option. Each
of these six headers has a
JTAG option and an SBW
option to select either 4-wire
JTAG or SBW. To enable 4-
wire JTAG, all of these
headers must be configured
for the JTAG option. To
enable SBW, all of the
headers must be configured
for the SBW option.
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Table 1. Header Names and Jumper Settings (continued)

HEADER/HEADER
OPTION NAME

TYPE

MAIN
FUNCTIONALITY

VALID USE-CASE

COMMENTS

R16 Resistor

2-pad jumper resistor
footprint

External clock
generation selection

This design has a footprint
that allows placing a clock
generator (footprint is
labeled
CLOCK_GENERATOR on
PCB) on the board so that
it can be used for the
modulation clock. When
using this option,
populating the clock
generator footprint (not
populated by default) and
placing a 0-Q resistor at
R16 (also not populated by
default) connects the clock
generator to the AMC1304
and MSP430F67641.

If the external clock
generator is used as the
modulation clock of the
AMC1304 and
MSP430F67641, the
software must be changed
for the SD24_B to use an
external clock and to prevent
outputting the SD24_B
clock.

REACT (Not isolated,

Reactive energy pulses

Probe between here and
ground for cumulative

This header is not isolated
from AC voltage so do not
connect measuring

using RS-232.

1-pin header . equipment unless isolators
do not probe) (WARNING) tehnrg:e-phﬁseerseactlve external to the EVM are
P ' available. See isolated
REACT instead.
Voltage source that is used
Voltage source to power the _TRS3232 and
RS232_3.3 1-pin header harvested from RS-232 1SO7321 for |_so|e_1ted RS._
- line 232 communication. This
voltage source is harvested
from the RS-232 line.
. Ground connection for | Ground connection for the
RS232_GND 1-pin header the isolated RS-232 | isolated RS-232 circuitry.
Place a jumper here to
RX_EN Jumper header RS-232 receive enable | enable receiving characters

SBW (Do not connect
JTAG if AC mains is
not isolated)

Jumper header option

SBW JTAG
programming option
(WARNING)

Place jumpers at the SBW
header options of all of the
six JTAG communication
headers to select SBW.

There are six headers that
jumpers must be placed at
to select a JTAG
communication. Each of
these six headers that have
a JTAG option and a SBW
option to select either 4-wire
JTAG or SBW. To enable 4-
wire JTAG, all of these
headers must be configured
for the JTAG option. To
enable SBW, all of the
headers must be configured
for the SBW option.

TX_EN

Jumper header

RS-232 transmit
enable

Place a jumper here to
enable RS-232
transmissions.

TIDU845A—May 2015-Revised August 2015
Submit Documentation Feedback

Multi-Phase Energy Measurement With Isolated Shunt Sensors

Copyright © 2015, Texas Instruments Incorporated

29


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDU845A

13 TEXAS
INSTRUMENTS

Getting Started Firmware www.ti.com

5 Getting Started Firmware

The source code is developed in the IAR™ environment using IAR compiler version 6.x. Earlier versions
of IAR cannot open the project files. When the project is loaded in IAR version 6.x or later, the integrated
development environment (IDE) prompts the user to create a backup. Click "YES" to proceed. There are
four main parts to the energy metrology software:

» The toolkit that contains a library of mostly mathematics routines
» The metrology code that is used for calculating metrology parameters

» The application code that is used for the host-processor functionality of the system (that is,
communication, LCD display, RTC setup, and so forth)

» The GUI that is used for calibration
Figure 21 shows the contents of the source folder.

Figure 21. Source Folder Structure

Within the emeter-app-67641 folder in the emeter-app folder, the emeter-app-67641.ewp project
corresponds to the application code. Similarly, within the emeter-metrology-67641 folder in the
emeter-metrology folder, the emeter-metrology-67641.ewp project corresponds to the portion of the code
for metrology. Additionally, the folder emeter-toolkit-67641 within the emeter-toolkit has the corresponding
toolkit project file emeter-toolkit-67641.ewp. For first-time use, TlI recommends that all three projects be
completely rebuild by performing the following steps:

1. Open the IAR IDE.

2. Open the F67641 workspace, which is located in the Source folder.

3. Within IARs workspace window, click the Overview tab to have a list view of all the projects.
4

. Right-click the emeter-toolkit-67641 option in the workspace window and select Rebuild All, as
Figure 22 shows.

5. Right-click the emeter-metrology-67641 option in the workspace window and select Rebuild All, as
Figure 23 shows.

6. Within IARs workspace window, click the emeter-app-67641 tab.

7. Within the workspace window, select emeter-app-67641, click Rebuild All as Figure 24 shows, and
then download this project onto the MSP430F67641 device.

Please note that if any changes are made to any of the files in the toolkit project and the project is
compiled, the metrology project must be recompiled. After recompiling the metrology project, the
application project must then be recompiled. Similarly, if any changes are made to any of the files in the
metrology project and the project is compiled, the application project must then be recompiled.
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Figure 22. Toolkit Project Figure 23. Metrology Project Figure 24. Application Project
Compilation Compilation Compilation
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6

Test Setup

For performing metrology testing, a source generator was used to provide the voltages and currents to the
system at the proper locations mentioned in Section 4.1. In the tests, the voltage and current sources
were disconnected from each other. Additionally, a nominal voltage of 230 V, calibration current of 10 A,
and nominal frequency of 50 Hz were used for each phase.

When the voltages and currents are applied to the system , the system outputs the cumulative active
energy pulses and cumulative reactive energy pulses at a rate of 6400 pulses/kWh. This pulse output is
fed into a reference meter (in the test equipment for this design, this pulse output is integrated in the same
equipment used for the source generator) that determines the active energy % error based on the actual
energy provided to the system and the measured energy as determined by the system’s active and
reactive energy output pulse. In this design, cumulative active energy error testing, cumulative reactive
energy error testing, voltage variation testing, and frequency variation testing were performed.

For cumulative active energy error and cumulative reactive energy error testing, current was varied from
100 mA to 90 A simultaneously at each phase. For cumulative active energy error testing, a phase shift of
0°, 60°, and —60° is applied between the voltage and current channels. Based on the error from the active
energy output pulse, a plot of active energy % error versus current is created for 0°, 60°, and —60° phase
shifts, as Section 8 shows. For cumulative reactive energy error testing, a similar process is followed
except that 30°, 60°, —30°, and —60° phase shifts are used and cumulative reactive energy error is plotted
instead of cumulative active energy error. Also, cumulative active energy error testing is performed with a
200-pQ shunt in addition to the 400-puQ shunts that were used for the rest of the metrology tests.

In performing metrology tests, two sets of voltage tests were also performed. In the first test, the 230-V
nominal voltage was varied by +10% at different currents and power factors. The resulting active energy
error at each test point was then logged. For the second test, the active energy error was plotted when
voltage was varied over a larger voltage range at unity power factor. Specifically, voltage was varied from
57.5 V to 270 V. Testing beyond 270 V can also be done; however, this requires the 275-V varistors to be
removed from the design and replaced with varistors that are rated for a higher voltage.

Another set of tests that were performed were frequency variation tests. For this test, the frequency is
varied by £2 Hertz from its 50-Hz nominal frequency. This test was conducted at 1.5 Amp and 15 Amps at
phase shifts of 0°, 60°, and —60°. The resulting active energy error was logged.
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7 Viewing Metrology Readings and Calibration

7.1 Viewing Results from LCD

The LCD display scrolls between metering parameters every two seconds. For each metering parameter
that is displayed on the LCD, three items are usually displayed on the screen: a symbol used to denote
the phase of the parameter, text to denote which parameter is being displayed, and the actual value of the
parameter. The phase symbol is displayed at the top of the LCD and denoted by a triangle shape. The
orientation of the symbol determines the corresponding phase. Figure 25, Figure 26, and Figure 27 show
the mapping between the different orientations of the triangle and the phase descriptor:

\ v

Figure 25. Symbol for Phase A Figure 26. Symbol for Phase B Figure 27. Symbol for Phase C

Aggregate results (such as cumulative active and reactive power) and parameters that are independent of
phase (such as time and date) are denoted by clearing all of the phase symbols on the LCD.

The bottom line of the LCD is used to denote the value of the parameter being displayed. The text to
denote the parameter being shown displays on the top line of the LCD. Table 2 shows the different
metering parameters that are displayed on the LCD and the associated units in which they are displayed.
The designation column shows which characters correspond to which metering parameter.

Table 2. Displayed Parameters

PARAMETER NAME DESIGNATION UNITS COMMENTS
. B ] This parameter is displayed for each phase. The
Active power I—I I:l ||_| Watt (W) aggregate active power is also displayed.

. _ |:| |_| Volt-Ampere This parameter is displayed for each phase. The
Reactive power | |_ I_ |:| Reactive (var) aggregate reactive power is also displayed.
Apparent power I—I }—l I—l _| Volt-Ampere (VA) This parameter is displayed for each phase.

|_ | Constant between 0 . -
Power factor I | and 1 This parameter is displayed for each phase.
Voltage I h_ |_| |_| Volts (V) This parameter is displayed for each phase.
Current h_ |_| |_| Amps (A) This parameter is displayed for each phase.
Frequency I— — E |—| Hertz (Hz) This parameter is displayed for each phase.
Total consumed active ! — I— — kwh This parameter is displayed for each phase
energy (T P play phase.
. 0 This parameter is displayed for each phase. This
'el'rc])t:rI consumed reactive |_ }—I t |_| kVarh displays the sum of the reactive energy in
9y — quadrant 1 and quadrant 4.
|_ |_| This parameter is only displayed when the sequence
Time I ”—": Hour:minute:second | of aggregate readings are displayed. This parameter
— is not displayed once per phase.
| ] |_ ] This parameter is only displayed when the
Date 17 |_ l: Year:month:day aggregate readings are displayed. This parameter is
— not displayed once per phase.
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Figure 28 shows an example of phase Bs measured frequency of 49.99 Hz displayed on the LCD.

Phase

l — Designation

!

Value

Figure 28. LCD Display

7.2 Calibrating and Viewing Results from PC

7.2.1 Viewing Results

To view the metrology parameter values from the GUI, perform the following steps:
1. Connect the EVM to a PC using an RS-232 cable.
2. Open the GUI folder and open calibration-config.xml in a text editor.

3. Change the port name field within the meter tag to the COM port connected to the system. As
Figure 29 shows, this field is changed to COM?7.

Figure 29. GUI Configuration File Changed to Communicate With Energy Measurement System

4. Run the calibrator.exe file, which is located in the GUI folder. If the COM port in the
calibration-config.xml was changed in the previous step to the COM port connected to the EVM, the
GUI opens (see Figure 30). If the GUI connects properly to the EVM, the top-left button is green. If
there are problems with connections or if the code is not configured correctly, the button is red. Click
the green button to view the results.
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Figure 30. GUI Startup Window

Upon clicking on the green button, the results window opens (see Figure 31). In the figure, there is a
trailing "L" or "C" on the Power factor values to indicate an inductive or capacitive load, respectively.

Figure 31. GUI Results Window
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7.2.2

From the results window, the total-energy consumption readings and sag/swell logs can be viewed by
clicking the Meter Consumption button. After the user clicks this button, the Meter events and
consumption window pops up, as Figure 32 shows.

Figure 32. Meter Events and Consumption Window

From this Meter events and consumption window, the user can view the meter settings by clicking the
Meter features button, view the system calibration factors by clicking the Meter calibration factors button,
or open the window used for calibrating the system by clicking the Manual cal. button.

Calibration

Calibration is key to any meter performance and it is absolutely necessary for every meter to go through
this process. Initially, every meter exhibits different accuracies due to silicon-to-silicon differences, sensor
accuracies, and other passive tolerances. To nullify their effects, every meter must be calibrated. To
perform calibration accurately there should be an accurate AC test source and a reference meter
available. The source must be able to generate any desired voltage, current, and phase shifts (between V
and 1). To calculate errors in measurement, the reference meter acts as an interface between the source
and the meter being calibrated. This section discusses a simple and effective method of calibration of this
three-phase EVM.

The GUI used for viewing results can easily be used to calibrate the EVM. During calibration, parameters
called calibration factors are modified in software to give the least error in measurement. For this meter,
there are six main calibration factors for each phase: voltage scaling factor, voltage AC offset, current
scaling factor, current AC offset, power scaling factor, and the phase compensation factor. The voltage,
current, and power scaling factors translate measured quantities in metrology software to real-world
values represented in volts, amps, and watts, respectively. The voltage AC offset and current AC offset
are used to eliminate the effect of additive white Gaussian noise (AWGN) associated with each channel.
This noise is orthogonal to everything except itself; as a result, this noise is only present when calculating
RMS voltages and currents. The last calibration factor is the phase compensation factor, which is used to
compensate any phase shifts introduced by the current sensors and other passives. Please note that the
voltage, current, and power calibration factors are independent of each other. Therefore, calibrating
voltage does not affect the readings for RMS current or power.
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When the meter SW is flashed with the code (available in the *.zip file), default calibration factors are
loaded into these calibration factors. These values are to be modified through the GUI during calibration.
The calibration factors are stored in INFO_MEM, and therefore, remain the same if the meter is restarted.
However, if the code is re-flashed during debugging, the calibration factors are replaced and the meter
has to be recalibrated. One way to save the calibration values is by clicking on the Meter calibration
factors button (see Figure 31). The Meter calibration factors window (see Figure 33) displays the latest
values, which can be used to restore calibration values.

Figure 33. Calibration Factors Window

Calibrating any of the scaling factors is referred to as gain correction. Calibrating the phase compensation
factors is referred to as phase correction. For the entire calibration process, the AC test source must be
ON, meter connections consistent with Section 4.1, and the energy pulses connected to the reference
meter.

7.2.2.1 Gain Calibration

Usually gain correction for voltage and current can be done simultaneously for all phases. However,
energy accuracy (%) from the reference meter for each individual phase is required for gain correction for
active power. Also, when performing active power calibration for any given phase, the other two phases
must be turned OFF. Typically, switching only the currents OFF is good enough for disabling a phase.

7.2.2.1.1 Voltage and Current Gain Calibration

To calibrate the voltage and current readings, perform the following steps:
1. Connect the GUI to view results for voltage, current, active power, and the other metering parameters.

2. Configure the test source to supply desired voltage and current for all phases. Ensure that these are
the voltage and current calibration points with a zero-degree phase shift between each phase voltage
and current. For example, for 230 V, 10 A, 0° (PF = 1). Typically, these values are the same for every
phase.

3. Click on the Manual cal. button that Figure 31 shows. The following screen pops up from Figure 34:
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7.2.2.1.2

4.

Correction (%) = [

Figure 34. Manual Calibration Window

Calculate the correction values for each voltage and current. The correction values that must be
entered for the voltage and current fields are calculated by:
value observed _

1{x100
value desired

where

e value,,..q IS the value measured by the Tl meter
* valueyg.q is the calibration point configured in the AC test source. a7)

. After calculating for all voltages and currents, input these values as is (z) for the fields

Voltage and Current for the corresponding phases.

Click on the Update meter button and the observed values for the voltages and currents on the GUI
settle immediately to the desired voltages and currents.

Active Power Gain Calibration

Note that this example is for one phase. Repeat these steps for other phases.

After performing gain correction for voltage and current, gain correction for active power must be done.
Gain correction for active power is done differently in comparison to voltage and current. Although,
conceptually, calculating using Step 4 with active power readings (displayed on the AC test source) can
be done, this method is not the most accurate and should be avoided.

The best option to get the Correction (%) is directly from the reference meters measurement error of the
active power. This error is obtained by feeding energy pulses to the reference meter. To perform active
power calibration, perform the following steps.

1.

Turn off the system and connect the energy pulse output of the system to the reference meter.
Configure the reference meter to measure the active power error based on these pulse inputs.

Turn on the AC test source

Repeat Steps 1 to Steps 3 from the previous Section 7.2.2.1.1 with the identical voltages, currents, and
0° phase shift that were used in the same section.

Obtain the % error in measurement from the reference meter. Note that this value may be negative.

Enter the error obtained in the previous Step 4 into the Active Power field under the corresponding
phase in the GUI window. This error is already the value and does not require calculation.

Click the Update meter button and the error values on the reference meter immediately settle to a
value close to zero.
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7.2.2.2 Phase Correction

After performing power gain correction, phase calibration must be performed. Similar to active power gain
calibration, to perform phase correction on one phase, the other phases must be disabled. To perform
phase correction calibration, perform the following steps:

1. If the AC test source has been turned OFF or reconfigured, perform Steps 1-3 from Section 7.2.2.1.1
using the identical voltages and currents used in that section.

2. Disable all other phases that are not currently being calibrated by setting the current of these phases to
0 A.

3. Modify only the phase-shift to a non-zero value; typically, +60° is chosen. The reference meter now
displays a different % error for active power measurement. Note that this value may be negative.

4. If this error from the previous Step 3 is not close to zero, or is unacceptable, perform phase correction
by following these steps:

(a) Enter a value as an update for the Phase Correction field for the phase that is being calibrated.
Usually, a small £ integer must be entered to bring the error closer to zero. Additionally, for a phase
shift greater than 0 (for example: +60°), a positive (negative) error would require a positive
(negative) number as correction.

(b) Click on the Update meter button and monitor the error values on the reference meter.

(c) If this measurement error (%) is not accurate enough, fine-tune by incrementing or decrementing by
a value of 1 based on the previous Step 4a and Step 4b. Please note that after a certain point, the
fine-tuning only results in the error oscillating on either side of zero. The value that has the smallest
absolute error must be selected.

(d) Change the phase now to —60° and check if this error is still acceptable. Ideally, errors should be
symmetric for same phase shift on lag and lead conditions.

After performing phase correction, calibration is complete for one phase. Please note that the gain
calibration and phase calibration are completed in sequence for each phase before moving on to other
phases. These two procedures must be repeated for each phase, unlike voltage and current calibration.

This completes calibration of voltage, current, and power for all three phases. View the new calibration
factors (see Figure 35) by clicking the Meter calibration factors button of the GUI metering results window
in Figure 31.

Figure 35. Calibration Factors Window
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Also view the configuration of the system by clicking on the Meter features button in Figure 31 to get to
the window that Figure 36 shows.

Figure 36. Meter Features Window
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Table 3. Cumulative Active Energy % Error Versus
Current, 400-uQ Shunts

CURRENT 0° 60° -60°

0.1 -0.093 -0.059 -0.119

0.25 -0.0343 -0.0475 -0.033
0.5 -0.0255 -0.0287 -0.0345

-0.0175 -0.023 -0.032

-0.031 -0.0175 -0.034

5 -0.009 -0.03 -0.014
10 -0.0117 -0.009 -0.0073

20 0.001 0 -0.015

30 0.0093 0.021 0.002

40 0.0253 0.043 0.029

50 0.044 0.035 0.0427

60 0.0555 0.054 0.0625

70 0.0755 0.072 0.0795

80 0.094 0.102 0.102

90 0.131 0.132 0.148

Figure 37. Cumulative Active Energy % Error Versus Current, 200-uQ Shunts
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Table 4. Cumulative Active Energy % Error Versus
Current, 200-pQ Shunts
CURRENT 0° 60° -60°
0.1 -0.35 -0.405 -0.3855
0.25 -0.075 -0.055 -0.0765
0.5 -0.031 -0.032 -0.042
-0.0147 -0.018 -0.009
-0.0187 0.012 -0.022
5 -0.008 -0.0145 0.001
10 -0.0017 -0.003 0.0033
20 0.0007 0.013 -0.0125
30 0.0107 0.021 0
40 0.0097 0.023 0.006
50 -0.006 0.01 0.008
60 0.0043 0.0117 -0.004
70 -0.0015 -0.001 -0.015
80 -0.0173 -0.026 -0.03
90 -0.0345 -0.035 -0.054
Figure 38. Cumulative Active Energy % Error Versus Current, 200-uQ Shunts
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Table 5. Cumulative Reactive Energy % Error Versus
Current
CURRENT 30° 60° -30° -60°
0.1 0.014 -0.066 -0.15 -0.09
0.25 -0.009 -0.018 -0.067 -0.045
0.5 0.0173 -0.057 -0.08 -0.047
0.026 -0.013 -0.0757 -0.0375
0 -0.005 -0.068 -0.0335
5 0.027 0.006 -0.0603 -0.042
10 0.046 0.009 -0.066 -0.013
20 0.038 0.005 -0.045 -0.0205
30 0.047 0.026 -0.0157 0.029
40 0.072 0.0367 -0.014 0.011
50 0.09 0.05 -0.021 0.011
60 0.1055 0.0663 0.005 0.035
70 0.139 0.0927 0.032 0.0547
80 0.176 0.129 0.053 0.083
90 0.2 0.17 0.1023 0.135
Figure 39. Cumulative Reactive Energy % Error Versus Current
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Table 6. Cumulative Active Energy Measurement Error
Versus Voltage, 57.5V to 270 V

VOLTAGE %ERROR

57.5 —0.1285
100 —0.052
110 —0.013
120 0.012
150 0.0185
180 0.025
210 0.005
220 —0.003
230 0.009
240 —0.0067
250 -0.0147
260 -0.012
265 0.0057
270 0.003

Figure 40. Cumulative Active Energy Measurement Error Versus Voltage, 57.5 V to 270 V
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Test Data
Table 7. Cumulative Active Energy Measurement Error Versus Voltage, +10% Nominal Voltage
VOLTAGE 0°, 15 A 60°, 15 A 300°, 15 A 0°,1.5A 60°, 1.5 A 300°, 1.5 A
207 0.0225 0.027 0.007 —0.009 -0.007 -0.021
230 0.002 0.016 —0.005 -0.02 0.004 -0.0235
253 -0.0137 0.018 -0.018 -0.0293 -0.011 -0.04
Table 8. Cumulative Active Energy Measurement Error Versus Frequency, +2 Hz
From Nominal Frequency
CONDITIONS 48 Hz 50 Hz 52 Hz
15A,0 -0.0163 -0.0193 -0.0203
1.5 A, 60 -0.008 0 -0.008
1.5 A, 300 -0.025 -0.037 -0.0333
15A,0 0.0013 0.008 -0.016
15 A, 60 0.012 0.009 0.0245
15 A, 300 -0.005 -0.008 -0.014
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9 Design Files

9.1

Schematics

To download the schematic, see the design files at TIDA-00601.
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9.2 Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-00601.

9.3 PCB Layout Recommendations

For this design, the following general guidelines must be followed:
» Place decoupling capacitors close to their associated pins.

» Use ground planes instead of ground traces and minimize the cuts in the ground plane, especially for
the ground planes of the high side of each AMC1304. In this design, there is a ground plane on both
the top and bottom layer; for this situation, ensure that there is good stitching between the planes
through the liberal use of vias.

» Each AMC1304 should have its own set of ground planes that are used for the high side of each
AMC1304. Each of these ground planes is actually referenced from a different line voltage because
each AMC1304 must be connected to a different line voltage.

» A different ground plane is used for the isolated RS-232. This other ground plane is at the potential of
the RS-232 ground and not DGND.

» Be careful to avoid crosstalk from the delta-sigma modulation clock traces or the AMC1304 bit-stream
traces.

* Minimize the length of the traces used to connect the crystal to the microcontroller. Place guard rings
around the leads of the crystal and ground the crystal housing. In addition, there must be clean ground
underneath the crystal and placing any traces underneath the crystal must be avoided. Also, keep high
frequency signals away from the crystal.

» Use wide traces for power supply connections.

* Maintain at least an 8.1-mm spacing between the ground planes of the high side of each AMC1304
device and the ground plane on the controller side. This spacing maintains the recommended
clearance for the AMC1304 isolation rating. In addition, ensure that the recommended clearance and
creepage spacing for other isolation devices (such as the ISO7320 and 1ISO7321) is also followed.

» Keep the traces of the analog input pin symmetrical and as close as possible to each other.

9.4 Layer Plots
To download the layer plots, see the design files at TIDA-00601.

9.5 CAD Project
To download the CAD project files, see the design files at TIDA-00601.

9.6 Gerber Files
To download the Gerber files for each board, see the design files at TIDA-00601.

10 Software Files

To download the software files for this reference design, please see the software at TIDA-00601.

11 References

1. Texas Instruments, Isolated, Shunt-Based Current Sensing Reference Design, User's Guide,
(TIDU384)
2. Texas Instruments, Self-Powered Isolated RS-232 to UART Interface, User's Guide, (TIDU298)

3. Texas Instruments, Implementation of a Low-Cost Three-Phase Electronic Watt-Hour Meter Using the
MSP430F67641, Application Report, (SLAA621)
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Changes from Original (May 2015) to A Revision Page
¢ Changed 1ISO7421 to 1ISO7321 and changed ISO7420 t0 ISO7320 ...uuueiiueinuterineiaeerinnirssrinrsanrs it 1
LI @1 F=TaTo T=To I o] (o o3 1 [ F=To [ic=Ta TN T2 =T 1= 2 1
e Changed ISO7421 to ISO7321 and added third paragraph to SECtion 1.5....ccueiiiiiiiiiiiiiii i i raaees 5
e Changed value of 2.5 kV t0 3 KV iN SECHON 1.5 .uuuuiiiuiiiiiiite it s a s s s s ia s n e raneaaneans 5
e Changed 1ISO7420 to 1ISO7320 and added second paragraph t0 SECHON 1.7 ..uvuuiiiuiiiiieiiniiiriri i, 5
e Changed all instances of 1ISO7420 to ISO7320 and all instances of ISO7421 10 ISO7321 .....evviiiiiiriiiinieiiniinneiinns 6
e Changed 2.5 kV to 3 kV and changed 1 Mbps to 25 Mbps in SECtION 2.1.5 ...uiieiiiiiiiiiiri i 8
e Changed 2.5 kV to 3 kV and changed 1 Mbps to 25 MbPS iN SECHON 2.1.7 .....uuiiiiiiieeiiiie i sreanne e rnanns 8

NOTE: Page numbers for previous revisions may differ from page numbers in the current version.
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer's systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. Tl may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which TI components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from TI under the patents or other intellectual property of TI.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF T| REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, 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 are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

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

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

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

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

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

No Tl components are authorized for use in FDA Class llI (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that 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 that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

Tl 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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