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FEATURES

Rail-to-Rail Input Range: 0V to 100V

Wide Input Supply Range: 2.7V to 100V

Shunt Regulator for Supplies >100V

AX ADC with Less Than +0.4% Total
Unadjusted Error

12-Bit Resolution for Current and Voltages

+1% Accurate Power and Energy Measurements

+0.6% Accurate Current and Charge Measurements

Additional ADC Input Monitors an External Voltage
Internal +5% or External Time Bases

Continuous Scan and Snapshot Modes

Stores Minimum and Maximum Values

Alerts When Limits Exceeded

Split SDA Pin Eases Opto-Isolation

Shutdown Mode with Ig < 40pA

Available in 4mm x 3mm DFN and 16-Lead

MSOP Packages

APPLICATIONS

Telecom Infrastructure
Industrial Equipment
General Purpose Energy Measurement

| t ’\D LTC2946

TECHNOLOGY

Wide Runge 12C Power,

Charge und Energy Monitor

DESCRIPTION

The LTC®2946 is a rail-to-rail system monitor that measures
current, voltage, power, charge and energy. It features an
operating range of 2.7Vto 100V andincludes ashunt regu-
lator for supplies above 100V. The current measurement
common mode range of 0V to 100V is independent of the
input supply. A 12-bit ADC measures load current, input
voltage and an auxiliary external voltage. Load current and
internally calculated power are integrated over an external
clock or crystal or internal oscillator time base for charge
and energy. An accurate time base allows the LTC2946
to provide measurement accuracy of better than +0.6%
for charge and +1% for power and energy. Minimum and
maximum values are stored and an overrange alert with
programmable thresholds minimizes the need for software
polling. Data is reported via a standard 12C interface.

The LTC2946 I2C interface includes separate data input
and output pins for use with standard or opto-isolated 12C
connections. The LTC2946-1 has an inverted data output
for use with inverting opto-isolator configurations.

L7, LT, LTC, LTM, Linear Technology and the Linear logo are registered trademarks and
Hot Swap is a trademark of Linear Technology Corporation. All other trademarks are the
property of their respective owners.

TYPICAL APPLICATION

Wide Range Power, Charge and Energy
Monitor with Onboard ADC and 12C

ADC Total Unadjusted Error (ADIN)
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LTC2946

ABSOLUTE MAXIMUM RATINGS (notes 1, 2)

Vpp VoItage. ..o -0.3Vto 100V SCL, SDAI Voltages (Note 4)..................... -0.3V10 5.9V
SENSE* VOItage ......coveveveeevceeeececeee e -1Vt0 100V SCL, SDAI Clamp Current ........c.ccceveveveevvveceeereee 5mA
SENSE~ Voltage .....—1V or SENSE* — 1V to SENSE* + 1V Operating Temperature Range
INTV¢c Voltage LTC29460C .........coveeeeeeeeeeeeeeeeeeee 0°Cto 70°C
(Note 3)...cvvvreee. -0.3V to Lesser of 5.8V, Vpp + 0.3V LTC2946I ........cooveveeeeeeeeeeeeees -40°C to 85°C
ADR1, ADRO, ADIN, SDAO, SDAO, GPIO1 TO GPIO3 LTC2946H...........ccceeeeeciee, -40°C to 125°C
VOIAgES ..o, -0.3Vto 7V LTC2946MP........cocoeveeeeereeeeae. -55°C TO 125°C
CLKOUT Voltage ......cccccvevevevnee. -0.3Vto INTVge + 0.3V Storage Temperature Range .................. -65°C to 150°C
CLKIN VoItage.........ccoveeveveeeeecrceecee -0.3Vt0 5.5V  Lead Temperature (Soldering, 10 sec)
INTVge Clamp Current ........cocvevcvevccccccccciee, 35mA MS Package Only........c.ccooevvvvveviviciccieie, 300°C
PIN CONFIGURATION
LTC2946
TOP VIEW
Vpp 1! ~————, [16] SENSE*
INTV[();E (71 l E 15 SENSE™ TOP VIEW N
ePio1 [ |1 34 a0 Ve 20 515 SEnsE-
GPI02 | 41 : 17 l i13] ADIN GPIOT 33 114 ADR1
sl o | gl ol R
spao 61 | S SDAO 603 11 GND
o SRR el oL 0 Do ol |
MS PACKAGE
DE PACKAGE 16-LEAD PLASTIC MSOP
16-LEAD (4mm x 3mm) PLASTIC DFN Tyuax = 125°C, 8 = 120°C/W
Tymax = 125°C, 8,0 = 43°C/W, E PAD GND SOLDERED DOWN
EXPOSED PAD (PIN 17) IS GND, PCB GND CONNECTION IS OPTIONAL
LTC2046-1
TOP VIEW
Vpp [T FTTT (16 SENSE* TOP VIEW
INTVge [ 21 1 I [15] SENSE~ Vpp 10 116 SENSE*
opor [51 || ] s e 2 S S
GPI02 | 41 : 17 l i13] ADIN GPI02 4 113 ADIN
cpas 51| O | iz wro o o 2 o
SDAO [ 6| I | 7] GND SDAI 7] 110 CLKOUT
oAl [71 : : ii0] cLkout SCL 8 19 CLKIN
SCL :3__| ) Eg: CLKIN MS PACKAGE
16-LEAD PLASTIC MSOP
16-LEAD (4mDnE i%m:();%msm DFN Tawax = 125°C, €5 = 120°CAW
Tymax = 125°C, 6,5 = 43°C/W, E PAD GND SOLDERED DOWN
EXPOSED PAD (PIN 17) IS GND, PCB GND CONNECTION IS OPTIONAL
2946fa
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LTC2946

ORDER INFORMATION

LEAD FREE FINISH TAPE AND REEL PART MARKING PACKAGE DESCRIPTION TEMPERATURE RANGE
LTC2946CDE#PBF LTC2946CDE#TRPBF 2946 16-Lead (4mm x 3mm) Plastic DFN 0°C to 70°C
LTC29461DE#PBF LTC29461DE#TRPBF 2946 16-Lead (4mm x 3mm) Plastic DFN -40°C to 85°C
LTC2946HDE#PBF LTC2946HDE#TRPBF 2946 16-Lead (4mm x 3mm) Plastic DFN -40°C to 125°C
LTC2946CDE-1#PBF LTC2946CDE-1#TRPBF | 29461 16-Lead (4mm x 3mm) Plastic DFN 0°C to 70°C
LTC2946IDE-1#PBF LTC2946IDE-1#TRPBF 29461 16-Lead (4mm x 3mm) Plastic DFN -40°C to 85°C
LTC2946HDE-1#PBF LTC2946HDE-1#TRPBF | 29461 16-Lead (4mm x 3mm) Plastic DFN -40°C to 125°C
LTC2946CMS#PBF LTC2946CMS#TRPBF 2946 16-Lead Plastic MSOP 0°C to 70°C
LTC2946IMS#PBF LTC2946IMS#TRPBF 2946 16-Lead Plastic MSOP -40°C to 85°C
LTC2946HMS#PBF LTC2946HMS#TRPBF 2946 16-Lead Plastic MSOP -40°C to 125°C
LTC2946MPMS#PBF LTC2946MPMS#TRPBF | 2946 16-Lead Plastic MSOP -55°C to 125°C
LTC2946CMS-1#PBF LTC2946CMS-1#TRPBF | 29461 16-Lead Plastic MSOP 0°Cto 70°C
LTC2946IMS-1#PBF LTC2946IMS-1#TRPBF | 29461 16-Lead Plastic MSOP -40°C to 85°C
LTC2946HMS-1#PBF LTC2946HMS-1#TRPBF | 29461 16-Lead Plastic MSOP -40°C t0 125°C
LTC2946MPMS-1#PBF LTC2946MPMS-1#TRPBF | 29461 16-Lead Plastic MSOP -55°C 10 125°C

Consult LTC Marketing for parts specified with wider operating temperature ranges.
Consult LTC Marketing for information on nonstandard lead based finish parts.

For more information on lead free part marking, go to: http://www.linear.com/leadfree/
For more information on tape and reel specifications, go to: http://www.linear.com/tapeandreel/

GLGCT“'C“L CHHRHCTGBISTICS The e denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Vpp is from 4V to 100V, unless otherwise noted. (Note 2)

SYMBOL | PARAMETER | CONDITIONS MIN TYP MAX | UNITS
Supplies
Vop Vpp Input Supply Voltage o 4 100 v
Ve INTVg Input Supply Voltage ) 2.7 5.8 V
Ipp Vpp Supply Current Vpp =48V, INTV¢¢ Open ) 0.9 1.3 mA
Shutdown ) 15 40 HA
Ice INTVgg Supply Current INTVgg = Vpp =5V ° 0.7 1.0 mA
Shutdown o 15 40 pA
Vee(Loo) INTV¢g Linear Regulator Voltage 8V < Vpp <100V, I gap = OMA ) 4.4 5 54 V
AVee(Loo) INTV¢g Linear Regulator Load Regulation 8V < Vpp <100V, I gap = OmA to 10mA ® 100 200 mV
Veez Shunt Regulator Voltage at INTVgg Vpp =48V, lgg = TmA o 5.8 6.3 6.7 v
AVgez Shunt Regulator Load Regulation Vpp =48V, Igc = TmA to 35mA ® 250 mV
Vecw INTV¢c Supply Undervoltage Lockout INTV Rising, Vpp = INTV¢g ° 2.3 2.6 2.69 v
Vop(uvy Vpp Supply Undervoltage Lockout Vpp Rising, INTV¢¢ Open () 2.4 2.8 3 V
Vopi2c(RsT) Vpp I2C Logic Reset Vpp Falling, INTV¢g Open ° 1.7 2.1 v
VCCIZC(RST) INTV¢g 12¢ Logic Reset INTV¢ Falling, Vpp = INTV¢g ® 1.7 2.1 V
SENSE Inputs
ISENSE*(HI) 48V SENSE* Input Current SENSE*, SENSE™, Vpp = 48V o 100 150 HA
Shutdown ) 1 HA
|SENSE=(HI) 48V SENSE™ Input Current SENSE*, SENSE™, Vpp = 48V ° 20 HA
Shutdown o 1 HA
ISENSE+(LO) 0V SENSE* Source Current SENSE*, SENSE~ = QV, Vpp = 48V ° -10 HA
Shutdown o -1 HA

2946fa
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LTC2946
GLGCT“'C“L CHHRHCTGBISTICS The e denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Vpp is from 4V to 100V, unless otherwise noted. (Note 2)

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
ISENSE(LO)” 0V SENSE~ Source Current SENSE*, SENSE~ = 0V, Vpp = 48V ® -5 HA
Shutdown ) -1 HA
ADC (SENSE*, SENSE™ = 0V, 100V) (Note 5)
RES Resolution (No missing codes) (Note 7) o 12 Bits
TUE Total Unadjusted Error (Note 6) ASENSE (C-, I-Grade) o +0.6 %
ASENSE (H-, MP-Grade) ° £0.7 %
SENSE*, Vpp (C-, I-Grade) o 0.4 %
SENSE*, Vpp (H-, MP-Grade) o 0.5 %
ADIN (C-, I-Grade) ° +0.3 %
ADIN (H-, MP-Grade) o 0.4 %
Vi Full-Scale Voltage ASENSE (C-, I-Grade) e | 1018 102.4 103 mV
ASENSE (H-, MP-Grade) e | 1017 1024 1031 mV
SENSE*, Vpp (C-, I-Grade) ° 102 1024  102.8 v
SENSE*, Vpp (H-, MP-Grade) e | 1019 1024 1029 v
ADIN (C-, I-Grade) ® | 2042 2048 2.054 v
ADIN (H-, MP-Grade) ® | 204 2.048  2.056 Y
LSB LSB Step Size ASENSE 25 uv
SENSE*, Vpp 25 mV
ADIN 0.5 mV
Vos Offset Error ASENSE (C-, I-Grade) o 2.1 LSB
ASENSE (H-, MP-Grade) ° +3.1 LSB
SENSE*, Vpp ° +1.5 LSB
ADIN o +1.1 LSB
INL Integral Nonlinearity ASENSE ° 2.5 LSB
SENSE*, Vpp o +2 LSB
ADIN ° +2 LSB
O Transition Noise (Note 7) ASENSE 1.2 UVRms
SENSE*, Vop 0.3 mVRMS
ADIN 10 UVRMS
tconv Conversion Time (Snapshot Mode) ASENSE ® | 624 65.6 68.8 ms
SENSE*, Vpp, ADIN ® | 312 32.8 34.4 ms
Rapin ADIN Input Resistance Vpp =48V, ADIN = 3V ® 10 MQ
CLKIN, CLKOUT, GPIO
VCLKIN(TH) CLKIN Input Threshold ® 0.7 1 1.3 V
foLkingAx) Maximum CLKIN Frequency ® 25 MHz
loLkingn CLKIN Input Current Veowkin =5V ° 5 10 HA
IoLkouT CLKOUT Output Current Veowkin = 0V, VeLkout = OV [ =70 -100 -130 HA
VepioTH) GPIO Input Threshold Vgpio Rising ® | 106 1.22 1.32 V
VGPIO(HYST) GPIO Input Hysteresis 36 mV
Vapio(oL) GPIO Output Low Voltage Igpig = 8MA [ ) 0.15 0.4 V
lgPIO(IN) GPIO Input Leakage Current Vgpig =5V ) 0 +1 HA
I2C Interface (Vpp = 48V)
VADR(H) ADRO, ADR1 Input High Threshold ° 1.9 2.4 2.7 \Y
VaDR(L) ADRO, ADR1 Input Low Threshold ° 0.3 0.6 0.9 v
lADR(IN) ADRO, ADR1 Input Current ADRO, ADR1 =0V, 3V o +13 HA
|ADR(IN,2) Allowable Leakage When Qpen o +/ HA
Vop(oy) SDAQ, SDAQ, Output Low Voltage Ispao, Ispag = 8mA o 0.15 04 V
ISDA,SCL(IN) SDAI, SDAO, SDAO, SCL Input Current SDAI, SDAO, SDAO, SCL =5V o 0 +1 HA

2946fa
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LTC2946

GLGCTBKHL CHHGHCTEBISTICS The e denotes the specifications which apply over the full operating

temperature range, otherwise specifications are at Ty = 25°C. Vpp is from 4V to 100V, unless otherwise noted. (Note 2)

SYMBOL PARAMETER CONDITIONS MIN TYP MAX UNITS
VSDA,SCL(TH) SDAI, SCL Input Threshold [ ] 1.5 1.8 2.1 V
VSDA,SCL(CL) SDA|, SCL Clamp Voltage ISD/-\|| |SCL =3mA [ 59 6.4 6.9 V
I2C Interface Timing
fscLmax) Maximum SCL Clock Frequency ® | 400 kHz
tLow SCL LOW Period o 0.65 1.3 Hs
tHiGH SCL HIGH Period o 50 600 ns
tBUF(MIN) Bus Free Time Between ) 0.12 1.3 s
STOP/START Condition
tHD, STAMMIN) Hold Time After (Repeated) START (] 140 600 ns
Condition
tsu,sTAMIN) Repeated START Condition ® 30 600 ns
Setup Time
tsu,sTomIn) STOP Condition Setup Time ) 30 600 ns
tHD, DATI(MIN) Data Hold Time Input (] -100 0 ns
tup,paToquiny | Data Hold Time Output e | 300 600 900 ns
tsu,DAT(MIN) Data Setup Time ° 30 100 ns
tsp(max) Maximum Suppressed Spike Pulse Width o 50 110 250 ns
trsT Stuck Bus Reset Time SCL or SDAI Held Low ° 25 33 ms
Cx SCL, SDAI Input Capacitance (Note 7) 5 10 pF

Note 1: Stresses beyond those listed under Absolute Maximum Ratings
may cause permanent damage to the device. Exposure to any Absolute
Maximum Rating condition for extended periods may affect device

reliability and lifetime.

Note 2: All currents into pins are positive. All voltages are referenced to

ground, unless otherwise noted.

Note 3: An internal shunt regulator limits the INTV¢¢ pin to @ minimum of
5.8V. Driving this pin to voltages beyond 5.8V may damage the part. This
pin can be safely tied to higher voltages through a resistor that limits the

current below 35mA.

limit the current below 5mA.

Note 5: ASENSE is defined as Vsense™ — Vsense™

Note 4: Internal clamps limit the SCL and SDAI pins to a minimum of
5.9V. Driving these pins to voltages beyond the clamp may damage the
part. The pins can be safely tied to higher voltages through resistors that

Note 6: TUE = (ACTUAL CODE — IDEAL CODE)/4096 » 100% where IDEAL

CODE is derived from a straight line passing through Code 0 at 0V and
theoretical code of 4096 at Vs.

Note 7: Guaranteed by design and not subject to test.

TYPICAL PERFORMANCE CHARACTERISTICS
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LTC2946

TYPICAL PERFORMANCE CHARACTERISTICS

INTV¢c Line Regulation
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LTC2946

TYPICAL PERFORMANCE CHARACTERISTICS

ADC Total Unadjusted Error
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Internal Clock Frequency
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LTC2946

PIN FUNCTIONS

ADIN: ADC Input. The onboard ADC measures voltages
between 0V and 2.048V with respect to GND or INTV .
Tie to ground if unused. See Table 3 in the Applications
Information section for details.

ADR1, ADRO: 12C Device Address Inputs. Connecting these
pins to INTV¢c, GND, or leaving the pins open configures
one of nine possible addresses. See Table 1 in the Ap-
plications Information section for details.

CLKIN: Clock Input. Connect to ground to use the internal
+5% clock. Forimproved accuracy, connect to an external
crystal oscillator circuit or drive with an external clock.

CLKOUT: Clock Output. Connect to an external crystal
oscillator circuit. Leave open if unused.

EXPOSED PAD: Exposed Pad may be left open or con-
nected to device ground. For best thermal performance,
connect to a large PCB area.

GND: Device Ground.

GP101: General Purpose Input/Output (Open Drain). Con-
figurable to general purpose output or input. Tie to ground
if unused. See Table 9 in the Applications Information
section for details.

GP102: General Purpose Input/Output (Open Drain). Con-
figurableto general purpose output, input oraccumulation
enable (ACC) to gate internal accumulators. Tie to ground
if unused. See Table 9 in the Applications Information
section for details.

GPI03: General Purpose Input/Output (Open Drain).
Configurable to general purpose output, input or ALERT.
As ALERT, it is pulled to ground when a fault occurs to
alert the host controller. A fault alert is enabled by setting
the corresponding bit in the ALERT registers, as shown
in Tables 5 and 8. Tie to ground if unused. See Table 9 in
the Applications Information section for details.

INTVc: Internal Low Voltage Supply Input/Output. This pin
is used to power internal circuitry. It can be configured as
a direct input for a low voltage supply, as a linear regula-
tor from a higher voltage supply connected to Vpp, or as
a shunt regulator. Connect this pin directly to a 2.7V to
5.8V supply if available. When INTVc is powered from
an external supply, short the Vpp pin to INTVge. If Vpp is
connected to a 4V to 100V supply, INTV¢c becomes the
5V output of an internal series regulator that can supply
up to 10mA to external circuitry. For even higher supply
voltages, or if a floating topology is desired, INTV¢c can
be used as a 6.3V shunt regulator. Connect the supply to
INTVc through a resistor or current source that limits the
shunt regulator current to less than 35mA. An undervolt-
age lockout circuit disables the ADC when the voltage at
this pin drops below 2.5V. Connect a bypass capacitor of
0.1pF or greater from this pin to ground. If an external
load is present, for loop stability use a bypass capacitor
of 0.22pF or greater.

SCL: 12C Bus Clock Input. Data at the SDAI pin is shifted
in or out on rising edges of SCL. This pin is driven by an
open-collector outputfromamaster controller. An external
pull-up resistor or current source is required and can be
placed between SCL and Vpp or INTVgc. The voltage at
SCL is internally clamped to 6.4V typically.

2946fa
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LTC2946

PIN FUNCTIONS

SDAI: I2C Bus Data Input. Used for shifting in address,
command or data bits. This pin is driven by an open-
collector output from a master controller. An external
pull-up resistor or current source is required and can be
placed between SDAI and Vpp or INTV¢g. The voltage at
SDAl is internally clamped to 6.4V typically. Tie to SDAO
for normal 12C operation.

SDAO: LTC2946 Only. 12C Bus Data Output. Open-drain
output used for sending data back to the master control-
ler or acknowledging a write operation. An external
pull-up resistor or current source is required. Tie to SDAI
for normal I2C operation.

SDAO: LTC2946-1 Only. Inverted 12C Bus Data Output.
Open-drain output used for sending data back to the
master controller or acknowledging a write operation.
Data is inverted for convenience of opto-isolation. An
external pull-up resistor or current source is required. The
LTC2946-1 cannot be used in nonisolated 12C applications
without additional components.

SENSE*: Supply Voltage and Current Sense Input. Used
as a supply and current sense input for internal current
sense amplifier. The voltage at this pin is monitored by
the onboard ADC with a full-scale input range of 102.4V.
See Figure 20 for recommended Kelvin connection.

SENSE™: Current Sense Input. Connect an external sense
resistor between SENSE* and SENSE™. The differential
voltage between SENSE* and SENSE ™ is monitored by the
onboard ADC with a full-scale sense voltage of 102.4mV.

Vpp: High Voltage Supply Input. This pin powers an in-
ternal series regulator with input voltages ranging from
4Vto 100V and produces 5V at INTVgc when Vppisabove
8V. Connect a bypass capacitor of 0.1pF or greater from
this pin to ground if an external load is present on the
INTVc pin. The onboard 12-bit ADC can be configured
to monitor the voltage at Vpp with a full-scale input range
of 102.4V.

2946fa
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LTC2946

BLOCK DIRGRAM
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LTC2946

OPERATION

The LTC2946 accurately monitors current, voltage and
power of any supply rail from 0Vto 100V. Aninternal linear
regulator allows the LTC2946 to operate directly froma 4V
to 100V rail, or from an external supply voltage between
2.7V and 5.8V. Quiescent current is less than 1.3mA in
normal operation. Enabling shutdown mode via the 12C
interface reduces the quiescent current to below 40pA.

The onboard 12-bit analog-to-digital converter (ADC)
runs either continuously or on demand using snapshot
mode. There are seven continuous scan modes that can
be selected via I2C. These modes configure the ADC to re-
peatedly measure the differential voltage between SENSE*
and SENSE~ (full-scale 102.4mV), the voltage at SENSE*
or Vpp pin (full-scale 102.4V) and the voltage applied to
ADIN pin (full-scale 2.048V) at internally set duty cycles.
See the Applications Information section for more details.
The conversion results are stored in onboard registers.

In snapshot mode, the LTC2946 performs a single mea-
surement of one selected voltage or current. A status bit
in the STATUS? register monitors the ADC’s conversion
progress; when complete, the conversion result is stored
in the corresponding data registers.

The GPIO1 to GPIO3 pins are general purpose inputs or
general purpose open-drain outputs. GPIO2 may also be
configured as an enabling input for the accumulators.
Similarly, GPIO3 may be configured as an ALERT output.

Onboard logic stores the minimum and maximum values
for each ADC measurement, calculates power data by
digitally multiplying the stored current and voltage data,
and optionally triggers an alert by pulling the GP103
pin low when the ADC measured value falls outside the
programmed window thresholds. The LTC2946 includes
accumulators that integrate the measured current and
power over time to produce charge and energy values.
The accumulators integrate at a rate determined either
with an internal trimmed +5% clock, a precision clock
generated from an external crystal, or an external clock.
Theaccumulators can be preset with avalue and optionally
generate an alert when they overflow.

The LTC2946 includes an I2C interface to access the
onboard data registers and to program the alert thresh-
old, configuration and control registers. Two three-state
pins, ADR1 and ADRO, are decoded to allow nine device
addresses (see Table 1). The SDA pin is split into SDAI
(input) and SDAO (output, LTC2946) or SDAO (output,
LTC2946-1) to facilitate opto-isolation. Tie SDAI and
SDAO together for normal, nonisolated 12C operation.

APPLICATIONS INFORMATION

The LTC2946 offers a compact and complete solution for
highand low side power monitoring with integrated energy
and charge accumulators. With an input common mode
range of 0V to 100V and a wide input supply operating
voltage range from 2.7V to 100V, this device is ideal for a
wide variety of power management applications including
automotive, industrialandtelecom infrastructure. The basic
application circuitshownin Figure 1 provides monitoring of
high side current with a 0.02Q resistor (5.12A full-scale),
input voltage (102.4V full-scale) and an external voltage
(2.048V full-scale), all using an internal 12-bit ADC.

Rsnis

Vin 0.02Q2 3.3V
4V T0 Vout |
100V
SENSE*  SENSE™ R1 < R2 <R3 Voo
Vpp ADIN [—Vapin & 2k & 2k > 2k
_I__E INTVGe ScL S SCL
ADR1 9 SDA
c2 IToooas 0N I WP
O SDAO
- ALERT -
GPI03
ADRO = T
E GND
= he GND
ACCUMULATE — GPI02 GPIO1 GP OUTPUT J__ 2046 Fo1
CLKIN CLKOUT =

X1 X1: ABLS-4.000MHZ-B2-T

til—t .,

3
3pF T 33pF

Figure 1. High Side Power, Energy and Charge
Monitor Using the LTC2946

2946fa

LY N

For more information www.linear.com/LTC2946

11



LTC2946

APPLICATIONS INFORMATION

Data Converter, Multiplier and Accumulator

The LTC2946 features an onboard, 12-bit AX ADC that
inherently averages input signal and noise over the con-
version time window. The differential voltage between
SENSE* and SENSE™ (ASENSE) is monitored with 25pV/
LSB resolution (102.4mV full-scale) to allow accurate
measurement of the load current across very low value
shunt resistors. The supply voltage at Vpp or SENSE* is
directly measured with 25mV/LSB resolution (102.4V
full-scale). The voltage at the uncommitted ADIN pin can
also be measured with 0.5mV/LSB resolution (2.048V full-
scale) to allow monitoring of an arbitrary external voltage.

The supply voltage data is derived from Vpp, SENSE* or
ADIN depending onthe external application circuit. SENSE*
is selected by default as it is normally connected to the
supply voltage as shown in Figure 4 (4a to 4c) and Figure
ab. In negative supply voltage systems, such as shown in
Figure 5d, Vpp is used to measure the supply voltage at
GND with respect to the device ground. For positive and
negative supply voltages of more than 100V, as shown in
Figure 5a and Figure 5¢, external resistors can be used to
divide down the voltage for ADIN to measure the supply
voltage. CA[4:3]inthe CTRLA register select between Vpp,
SENSE* and ADIN for supply voltage data. More details
can be found in Table 3. A 24-bit power value is generated
by digitally multiplying the 12-bit load current data with
the 12-bit supply voltage data. 1LSB of power is 1LSB of
voltage multiplied by 1LSB of ASENSE (current). The result
is held in the three adjacent POWER registers (Table 2).

During conversions, the data converter’s input is mul-
tiplexed to measure four voltages: ASENSE, the current
sense amplifier’s offset, Vpp or Vgense®, and Vapy at
various duty cycle by configuring CA[6:5] and CA[2:0]
in the CTRLA register (Table 3). Some configurations
are shown in Figure 2 (2a to 2c) to illustrate the various
conversion timing sequences. In Figure 2a, it is shown
that upon power-up or after an 12C write transaction to
the CTRLA register the ADC will first measure the current
sense amplifier’s offset (calibration) and again after every
other conversion which can be either Vapy, the supply
voltage (Vpp or Vsense?t) or the load current (ASENSE).
Figure 2b shows periodic calibration performed every 16
conversions. In Figure 2c a more specific configuration

is shown where the ADC periodically calibrates the cur-
rent sense amplifier with other voltages sequenced for
conversions in between.

Two factors need to be considered when selecting between
these configurations:

1. Presence of load current harmonics in sync with the
windows when the ADC is not sampling the current.
The user can improve measurement accuracy of the
load current signal with such harmonics by selecting
a higher duty cycle for ASENSE. For most complete
coverage, the ADC can be configured to continuously
measure the current by setting CA[2:0] to 110.

2. Increasing the duty cycle for current measurement
will result in less frequent updates of the current
sense amplifier’s offset and the supply voltage values,
hence the amount they drift with respect to time and
temperature determines the best configuration to use.
An on-demand update can also be done with a single
|12C write transaction to the CTRLA register, which will
command new measurements of the current sense
amplifier’s offset and the supply voltage. The results
will be used for offset calibration and for providing the
voltage value for the multiplier. For example, if CA[6:5]
is set to code 11, and CA[2:0] is set to 110, a new
offset and voltage values will be produced two ADC
conversions after the 12C write transaction. The ADC
will continuously measure the current thereafter.

The timing diagram shown in Figure 2d illustrates the
sequence in which the power and accumulator data are
generated following conversions in the default configura-
tion. At t1, the ADC has just finished a conversion of the
current (ASENSE) signal. The time counter is incremented
by one count while the new current data at t is added to
the charge accumulator. A new power value is generated
by multiplying I(¢1) with the previous voltage (V)y) data
that is then added to the energy accumulator. From t4 to
t3, the systematic offset of the current sense amplifier is
measured and stored. The ADC then performsaconversion
on Vy. A calibration is done again at t4 before the ADC
converts ASENSE. The charge and energy accumulators
are incremented at to, ts, 14, t5, tg and t7, with current and
power data from time ty. The timer counter will keep track

2946fa
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APPLICATIONS INFORMATION

of the number of accumulations that have occurred. At tg,
new current and power data becomes available and these
values are added to the charge and energy accumulators.
For other CA configurations, the charge and energy ac-
cumulators behave similarly; during calibration and when
not measuring current the last current value will be used
for accumulation and calculation of power.

A 12-bit digital word corresponding to each measured
voltage is stored in two adjacent registers out of the six
total ADC data registers (ASENSE MSB/LSB, Viy MSB/
LSB, and ADIN MSB/LSB), with the eight MSBs in the first
register and the four LSBs in the second (see Table 2).
The lowest 4 bits in the LSB registers are set to 0. These
data registers are updated immediately following the cor-
responding ADC conversion.

POWER-UP OR
CTRLA WRITTEN

The 4-byte time counter keeps track of the elapsed time
during which currentand power measurements have been
addedtothe charge and energy accumulators, respectively.
At 16.395ms per count it will keep counts up to 2.23 years
(see Table 15). Dividing the energy/charge by the time in
the timer will yield the average power/current over the
time interval in the timer. The charge accumulator is a
36-bit register with the most significant 32-bitsaccessible,
hence one charge bit is equivalent to one timer tick of 16
(2%) counts of current. Similarly, the energy accumulator
is a 48-bit register with the most significant 32-bits ac-
cessible, hence one energy bit is equivalent to one timer
tick of 65536 (2'6) counts of power. With current and
power at full-scale the charge and energy accumulators
are capable of storing 3.2 days of data which translates
to several months at nominal current and power levels.

% CAL X MEAS X CAL X MEAS

(2a) Current Sense Amplifier Calibrated Every Conversion, CA[6:5] = 00

POWER-UP OR
CTRLA WRITTEN

MEAS MEAS

&
MEAS MEAS CAL MEAS MEAS
N=3 N=16 N=1 N=2
J)

(2b) Gurrent Sense Amplifier Calibrated Every 16 Conversions, CA[6:5] = 01

POWER-UP OR
CTRLA WRITTEN

22
CAL MEAS ADIN MEAS V MEAS |
N=1 N=2 N=3

b)Y

0
MEAS | MEAS |
N=128 X cAL X N=129

b))

MEAS | MEAS ADIN
N =256 X cAL X N=1

(2c) The ADC Conversion Sequence for CA[6:5] = 10 and CA[2:0] = 101

NEW POWER = P(ty) ~ POWER = P(ty) POWER = P(t4) POWER = P(ty) POWER = P(t) POWER = P(t1) POWER =P(ty)  NEW POWER = P(tg)
NEW CURRENT=I(ty)  CURRENT= I(t) CURRENT= I(t) CURRENT= I(t) CURRENT= I(t1) CURRENT= I(t1) CURRENT=I(ty)  NEW CURRENT= I(tg)
MEAS | CAL MEAS V CAL MEAS | CAL
16.4ms 16.4ms ‘ 16.4ms ‘ 16.4ms 16.4ms 16.4ms 16.4ms
t o 13 7] t5 ts t7 tg 2046 02

(2d) Default ADC Conversion Sequence

Figure 2
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APPLICATIONS INFORMATION

Since the accumulators contain multiple bytes of data,
a single page read transaction of the accumulators is
required to ensure the data is coherent. All the accumula-
torsare writable, allowing them to be preloaded with given
values. The LTC2946 can then be configured to generate
an overflow alert after a specified amount of energy or
charge has been delivered or when a preset amount of
time has elapsed.

Asnapshot modeisalsoincluded which makesameasure-
ment of a single selected voltage (either ASENSE, Vpp or
Vsense®, or Vapin). To make a snapshot measurement,
write the 2-bit code of the desired ADC channel to CA[4:3]
and code 111 to CA[2:0] using a write byte command to
the CTRLA register. When the write byte command is
completed, the ADC converts the selected voltage and
the busy bit S2[3] in the STATUSZ register (see Table 10)
will be set to indicate that the conversion is in progress.
After completing the conversion, the ADC will halt and the
busy bit will reset to indicate that the data is ready. An
alert may be generated at the end of a snapshot conver-
sion by setting bit AL2[7] in the ALERT2 register (Table
8). To make another snapshot measurement, rewrite the
CTRLA register. In snapshot mode, the POWER registers,
time counters, charge and energy accumulators are not
refreshed.

Crystal Oscillator/External Clock

Accurately measuring energy/charge by integrating power/
current requires a precise integration period. The on-chip
clock of the LTC2946 is trimmed to within +5%. To enable
timekeeping with the on-chip clock, tie CLKIN to GND and
leave CLKOUT open. For betteraccuracy, acrystal oscillator
or resonator may be connected to the CLKIN and CLKOUT
pins, as shown in Figure 1. Alternately, an external clock
between 1MHz and 25MHz may be applied to CLKIN with
CLKOUT leftunconnected. The clock frequency at CLKIN is
divided by 4x the value in the CLK_DIV register (see Table
13) to generate an internal clock with targeted frequency
of 250kHz for the data converter’s delta-sigma modulator.
With an external clock or crystal, the sampling frequency
of the ADC can be adjusted by configuring the CLK_DIV
register (Register43h). Limitthe sampling clock to between
100kHz and 400kHz and at least 20kHz above or below f}.

The delta-sigma ADC provides inherent averaging of the
input signal such that an anti-aliasing filter is not required
inmostapplications. However, noise ripple (fjy) occurring
at integer multiples of the modulator sampling frequency
(fg) can still pose problems. Figure 3 shows how the
sampling frequency as a function of the input frequency
affects the amount of error. When fg = fjy, in the worst
case the input signal may be sampled entirely at its peak

fg=0.9fy

~— 1t ﬁ‘

ts

RVARNASNA N N Wi VAt

o NSNS

<—th —
<~ tg—>

N NANANINN

e NSNS SIS

~—ty—>
-~ fg—>

T T T T T
Ous 10us 20ps 30us 40us 50us

T T T T
60us 70us 80us 90us 100us  20a6 03

Figure 3. Waveforms Showing the Effect of Aliasing
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APPLICATIONS INFORMATION

(or trough) resulting in an average output value of Vpgak
(or VirrougH)- The actual average value of the input is
Y2 » (Vpeak — VTRoucH)- Slightly adjusting the sampling
frequency will remove the error as samples representative
of the entire waveform are averaged over the conversion
period. Thisisillustrated in the waveforms corresponding
to fg = 0.9f)y and fg = 1.1f)y. The input can be seen to
get sampled at multiple instances between the peak and
trough. Averaging sufficient number of samples will then
yield the correct result.

Flexible Power Supply to LTC2946

The LTC2946 can be externally configured to derive power
from a wide range of supplies. The LTC2946 includes an
onboard linear regulator to power the low voltage inter-
nal circuitry connected to the INTVg pin from high Vpp
voltages. The linear regulator operates with Vpp voltages
from 4V to 100V, and a shunt regulator is available for
voltages above 100V. The linear regulator produces a 5V
output capable of supplying 10mA at the INTV¢¢ pin when
Vpp is greater than 8V. The regulator is disabled when the
junction temperature rises above 150°C, and the output
is protected against accidental shorts. Bypass capacitors
of 0.1pF, or greater, at both the Vpp and INTV¢g pins are

recommended for optimal transient performance. Note that
operation with high Vpp voltages can result in significant
power dissipation, and care is required to ensure that the
maximum operating junction temperature stays below
125°C. For improved thermal resistance, use the DFN
package and solder the exposed pad to a large copper
region on the PCB.

Figure 4a shows the LTC2946 being used to monitor an
input supply that ranges from 4V to 100V. No secondary
supply is needed since Vpp can be connected directly to
the input supply. If the LTC2946 is used to monitor an
input supply of OV to 100V, it can derive power from a
wide range secondary supply connected to the Vpp pin
as shown in Figure 4b. The SENSE*/~ pins can be biased
independently of the part’s supply voltage. Alternatively,
if a low voltage supply is present it can be connected to
the INTVgg pin, as shown in Figure 4c, to minimize on-
chip power dissipation. When INTV¢ is powered from a
secondary supply, connect Vpp to INTV¢c.

For supply voltages above 100V, the shunt regulator at
INTV¢c can be used in both high and low side configura-
tionsto provide powertothe LTC2946 through an external
shunt resistor, Rgyynt. Figure 5a shows a high side power

Vi Rsnis y Vi Rsnis y Vi Rsns y
4V T0 100V out 0V TO 100V AW out 0V TO 100V AW out
SENSE* SENSE~ SENSE* SENSE™ SENSE* SENSE™
Vpp 4V T0 100V — Vpp 2.7VT05.9v INTVge
LTC2946 LTC2946 | LTC2946
_% INTVgg _% INTVgg Vbp
I g
- GND = GND GND
—L 2946 F04a —L 2946 F04b —I— 2946 F04c.

(4a) LTC2946 Derives Power from the
Supply Being Monitored

(4b) LTC2946 Derives Power from a

Wide Range Secondary Supply

Figure 4

(4¢) LTC2946 Derives Power from a
Low Voltage Secondary Supply
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APPLICATIONS INFORMATION

monitor with an input monitoring range beyond 100Vin a
high side shuntregulator configuration. The device ground
is separated from ground through Rgyynt and clamped at
6.3V below the input supply. Note that due to the different
ground levels, the 12C signals from the part need to be level
shifted for communication with other ground referenced
components. The bus voltage is measured with a resistor
string connected to ADIN. Set CA[7] inthe CTRLA register
so that the ADC measures ADIN with reference to INTVge
instead of GND. The measurement range at ADIN is then
from INTV¢g to INTVgc — 2.048V.

Figure 5b shows a high side rail-to-rail power monitor
which derives power from a secondary supply greater
than 100V. The voltage at INTVgc is clamped at 6.3V
above ground in a low side shunt regulator configuration
to power the part. In low side power monitors, the device

R
Viy SNS

100V ’ﬁwv Vour

SENSE* SENSE™

R1 INTV¢e
LTC2946

DD

ADIN

éRQ —(7) GND
2946 F05a
RsHunT

(5a) LTC2946 Derives Power Through a High Side
Shunt Regulator

%RSHUNT

INTVge

GND —¢

R1 Vop

J— )
GND  LTC2946

ADIN

SENSE™_SENSE* | oisroe

%RZ
> —100V ’A\AL Vout

Rsns

(5¢) LTG2946 Derives Power Through a Low Side Shunt
Regulator in a Low Side Current Sense Topology

ground and the current sense inputs are connected to the
negative terminal of the input supply as shown in Figure
5¢. The low side shunt regulator configuration allows
operation with input supplies above 100V by clamping
the voltage at INTV¢c. RgyynT Should be sized according
to the following equation:

Vsmax) — Veczminy Vsminy — Veczax) )

| <Rgpynt < i |
CC(ABSMAX) CCMAX)T ILOAD(MAX)
—————<Rgpynt <

where Vgvax) and Vs are the operating maximum
and minimum limits of the supply. I oap(max) is the maxi-
mum external current load that is connected to the shunt
regulator. The shunt resistor must also be rated to safely

Vi Rsns
0V TO 100V ﬁwv Vour
SENSE* SENSE™
RsHUNT
>100V =AM, INTVGG
LTC2946
_$— Voo
C2
X
= GND
_L_ 2946 FOS

(5b) LTC2946 Derives Power Through a Low Side Shunt
Regulator in a High Side Current Sense Topology

GND f

Vbp

1
LTC2946

—C2

GND

SENSE™  SENSE* | 0110

VNEG _d &,, A ¢
(=4 TO -100V) Vour

Rsnis

(5d) LTC2946 Derives Power from the Supply Monitored
in a Low Side Current Sense Topology

Figure 5
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APPLICATIONS INFORMATION

dissipate the worst-case power. As an example, consider
the —48V telecom system where the supply operates from
-36V to =72V and the shunt regulator is used to supply
an external load up to 4mA. Rgyyn Needs to be between
1.9k and 5.9k according to the previous equation, and for
reduced power dissipation, a larger resistance is advan-
tageous. The worst-case power dissipated in an Rgyynt
of 5.36k is calculated to be 0.8W. Three 0.5W rated 1.8k
resistors in series would suffice for this example.

If the supply input is below 100V, the shunt resistor is not
required and Vpp can be connected to GND of the supply
as shown in Figure 5d.

Supply Undervoltage Lockout

During power-up, the internal 12C logic and the ADC are
enabled when either Vpp or INTV¢ rises above its under-
voltage lockout threshold. During power-down, the ADCis
disabled when Vpp and INTV¢ fall below their respective
undervoltage lockout thresholds. The internal 12C logic is
reset when Vpp and INTV fall below their respective 12C
reset thresholds.

Shutdown Mode

The LTC2946 includes a low quiescent current shutdown
mode, controlled by bit CB[6] in the CTRLB register
(Table 4). Setting CB[6] puts the part in shutdown mode,
powering down the ADC, internal reference and onboard
linear regulator. The internal 12C bus remains active,
and although the ADR1 and ADRO pins are disabled, the
device will retain the most recently programmed 12C bus
address. All onboard registers retain their contents and
can be accessed through the I2C interface. To re-enable
ADC conversions, reset bit CB[6] in the CTRLB register.
The analog circuitry will power up and all registers will
retain their contents.

Theonboard linear regulatoris disabled in shutdown mode
to conserve power. If the onboard linear regulator is used
to power external 12C bus related circuitry such as opto-
couplers or pull-ups, 12C communication will be lost when
the part is shut down. The LTC2946 would then have to
be reset by cycling its power to come out of shutdown. If

low g mode is not required, ensure bit CB[6] inthe CTRLB
register is masked off during software development. It is
recommended that external regulators be used in such
applications if powering down the LTC2946 is desirable.
As an added layer of protection against this scenario, bit
CB[4] in the CTRLB register can be set during system
configuration to enable the LTC2946 to automatically exit
shutdown mode when the I2C lines are low for more than
33ms (which can be a result of accidental shutdown of the
LTC2946's linear regulator powering the 12C). The user
can elect to be alerted of this event by setting bit AL2[3]
in the ALERT2 register (Table 8). Quiescent current drops
below 40pA in shutdown mode with the internal regulator
disabled.

Configuring the GPIO Pins

The LTC2946 has three GPIO pins configurable through
the GPIO_CFG register (Table 9) to be used as general
purpose input/output pins. As general purpose inputs,
GPIO1 through GPIO3 can be either active HIGH or LOW.
In addition, GPIO2 can also be used as an accumulation
enable input by writing bits CB[3:2] = [10] to allow integra-
tion of the time counter, charge and energy accumulators.
GPIO1 through GP103 have comparators monitoring the
voltage onthese pins with athreshold of 1.22V, the results
of which may be read from bits S2[6:4] in the STATUS2
register, as shown in Table 10. An alert may be generated
when GPI01 or GPIO2 are active as inputs by setting bits
AL2[6] and AL2[5], respectively, in the ALERTZ register.

GPI01-3 can be pulled low as general purpose outputs,
which are otherwise high impedance. GPI03 is by default
an ALERT output that pulls low when an alert event is
present. To pull GPIO3 (ALERT) low in the absence of an
alert event, set GC[7] of the GPIO3_CTRL register (Table
12). Clearing this bit will release the GP103 (ALERT). GC[7]
does not have an effect on GPIO3 if it is not configured as
an ALERT output. Likewise, GG[6] does not affect GP103
if it is not configured as a general purpose output. GC[7]
is set whenever an alert event occurs irrespective of
GPI03's configuration. Reset GC[7] before reconfiguring
GPI103 to ALERT.

2946fa

LY N

For more information www.linear.com/LTC2946

17



LTC2946

APPLICATIONS INFORMATION
I2C Reset

Theaccumulators can be programmedto resetthemselves
after the host reads the last byte (3Fh) of the accumulator
data by writing bits CB[1:0] to [01] in the CTRLB register
(Table 4). This feature removes the need to issue a reset
command after polling the LTC2946 for accumulated data.
The accumulators will continue to accumulate after the
reset. To reset the accumulators without such read com-
mand, write bits CB[1:0] to [10]. The accumulators will
stay reset if CB[1:0] = [10]. All registers are reset when
CB[1:0]=[11], and these bits will then auto-reset to [00].

The ADC sequencing configuration is preserved through
the 12C reset, regardless of the CTRLA register having
reset. To change the sequencing configuration after such
resets, rewrite the CTRLA register.

Storing Minimum and Maximum Values

The LTC2946 compares each measurement including the
calculated power with the stored values in the respective
MIN and MAX registers for each parameter (Table 2). If
the new conversion is beyond the stored minimum or
maximum values, the MIN or MAX registers are updated
with the new values. The MIN and MAX of the registers
are refreshed at the end of their respective ADC conver-
sionsin continuous scan modes and snapshot mode. They
are also refreshed if the ADC registers are written via the
12C bus with values beyond the stored values. To initiate
a new peak hold cycle, write all 1’s to the MIN registers
and all 0’s to the MAX registers via the 12C bus. These
registers will be updated when the next respective ADC
conversion is done.

The LTC2946 also includes MIN and MAX threshold reg-
isters (Table 2) for the measured parameters including the

calculated power. At power-up, the maximum thresholds
are set to all 1’s, and minimum thresholds are set to all
0’s, effectively disabling them. The thresholds can be
reprogrammed to any desired value via the 12C bus.

Fault Alert and Resetting Faults

As soon as a measured quantity falls below the minimum
threshold orexceeds the maximumthreshold, the LTC2946
sets the corresponding flag in the STATUST (Table 6) reg-
ister and latches it into the FAULT1 (Table 7) register (see
Figure 6). Other events such as GPIO state change, stuck
bus wake-up and accumulator overflow have their present
status in the STATUS? (Table 10) register and any fault is
latched in the FAULT2 (Table 11) register. The GP103 pin
is pulled low if the appropriate bitin the ALERT1 (Table 5)
and ALERT2 (Table 8) registers is set and it is configured
as ALERT output. More details on the alert behavior can
be found in the Alert Response Protocol section.

An active fault indication can be reset by writing zeros
to the corresponding FAULT register bits or setting bit
CB[5] inthe CTRLB register. If bit CB[5] is set, reading the
FAULT1 or FAULT2 register will cause the corresponding
register to reset. All FAULT register bits are also cleared
if the Vpp and INTV fall below their respective I2C logic
reset threshold. Note that faults that are still present, as
indicated in the STATUS1 and STATUS2 registers, will
immediately reappear.

When accumulators (time, charge and energy) overflow,
the corresponding bits in the STATUS2 register are set
and will stay set. The accumulator overflow bits in the
FAULT2 register will reappear after they have been cleared
via 12C since the STATUS? register continues to indicate
overflow faults.

— STATUS ——— FAULT
MEASURED R
DATA 4 DIGITAL
COMPARATOR
LOGIC LATCH ALERT — ENA_ALERT_RESPONSE
THRESHOLD Z
DATA 7
RESET—I

2946 F0B

Figure 6. LTC2946 Fault Alert Generation Blocks
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If it is necessary to clear accumulator overflow fault(s),  I2C Interface

the recommended procedure is: The LTC2946 includes an 1°G/SMBus-compatible inter-
1. Read the accumulators face to provide access to the onboard registers. Figure 6

- 2
2. Store these values in an external memory shows a general data transfer format using the 1<C bus.

3. Issuearesettotheaccumulators by writing bits CB[1:0] gmgﬁfﬂsgﬁge@%"grgtitzlaézgeng daggjl\’,\?ﬁt% rt\,?,g;g
to [10]. Then disable reset by writing bits GB[1.0] to protocols. The LTC2946 also supports extended read and

00]. : : .
[ .] write commands that allow reading or writing more than
4. Write the stored values back to the accumulators two bytes of data. When using the read/write word or
Steps 2and 4 can be skipped ifthere is noneedto continue ~ €xtendedreadand write commands, the bus masterissues
the accumulation from present values. aninitial registeraddress and the internal register address
— i'“:
son N1/ a6ia0 / b7 - b0 \ / b7 - b0 \ i/
1 T ¢ ¢ ¢ 1 1
! !
sob v N\_/ 17 8 9 1-7 8 9 1-W
LS LPd
I 11 I 11 | 1
CO?\IT[‘)AI?ITON ADDRESS R/W ACK DATA ACK DATA ACK COEB(I)TF:ON -
Figure 7. General Data Transfer Over 12C
S| ADDRESS |W|A COMMAND A| DATA [A|P
110a3:a0 (0|0 X X b5:b0 0| b7:b0 |0 -
[] FROM MASTER TO SLAVE  A: ACKNOWLEDGE (LOW) W: WRITE BIT (LOW S| ADDRESS (W|A COMMAND A| DATA [A| DATA [A|P
] FROM SLAVE TO MASTER A: NOT ACKNOWLEDGE (HIGH)  S: START CONDITIOI 110a3:20|0]0 X X b5:b0 0ol b7:b0 10| b7:b0 |0
R: READ BIT (HIGH) P: STOP CONDITION 2946 F09
Figure 8. LTC2946 Serial Bus SDA Write Byte Protocol Figure 9. LTC2946 Serial Bus SDA Write Word Protocol
S| ADDRESS |W|A COMMAND A| DATA |A| DATA |A DATA |A|P S| ADDRESS (W|A COMMAND A|S| ADDRESS (R|A| DATA |A|P
110a3:a0 (0|0 X X b5:b0 0| b7:b0| 0| b7:b0 |0 b7:00 | 0 110a3:a0 (0|0 X X b5:b0 0 110a3:a0 (1|0 b7:b0 | 1
Figure 10. LTC2946 Serial Bus SDA Write Page Protocol Figure 11. LTC2946 Serial Bus SDA Read Byte Protocol
S| ADDRESS (W|A COMMAND A|S| ADDRESS (R|A| DATA |A| DATA |A|P
110a3a0 [0]o] xxbsbo  [o| [110a3a0[1]0]b7:0]0]b7:00] 1

2946 F12

Figure 12. LTG2946 Serial Bus SDA Read Word Protocol

(7]

ADDRESS |W
1104a3:a0 | 0

=

COMMAND
X X b5:b0

=
[

ADDRESS
110a3:a0

=
=

DATA |A| DATA | ... |DATA |A|P
b7:b0 [ 0| b7:b0O| .. |b7:b0]|1

o
o
—_
o

2946 F13

Figure 13. LTC2946 Serial Bus SDA Read Page Protocol Protocol
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pointer automatically increments by 1 after each byte of
data is read or written. After the register address reaches
43h, it will roll over to 00h and continue incrementing. A
STOP condition resets the register address pointer to 00h.
The data formats for the above commands are shown in
Figure 7 through Figure 13. Note that only the read byte
commandisavailabletothe E7 and E8 (MFR_SPECIAL_ID)
registers (Table 2).

12C Device Addressing

Nine distinct 12C bus addresses are configurable using the
three-state pins ADRO and ADR1, as shown in Table 1.

ADRO and ADR1 should be tied to INTV¢c, to GND, or
left floating (NC) to configure the lower four address bits.
During low power shutdown, the address select state
is latched into memory powered from standby supply.
Address bits a6, a5 and a4 are permanently set to 110b
and the least significant bit is the R/W bit. In addition, all
LTC2946 devices will respond to a common mass write
address 1100_110b; this allows the bus master to write
to several LTC2946s simultaneously, regardless of their
individual address settings. The LTC2946 willalso respond
to the standard ARA address 0001_100b if the GPIO3
(ALERT) pin is asserted. See the Alert Response Protocol
section for more details. The LTC2946 will not respond to
the ARA address if no alerts are pending.

START and STOP Conditions

When the 12C bus is idle, both SCL and SDA are in the HIGH
state. Abus master signals the beginning of atransmission
with a START condition by transitioning SDA from high to
low while SCL stays high. When the master has finished
communicating with the slave, it issues a STOP condition
by transitioning SDA from LOW to high while SCL stays
high. The bus is then free for another transmission.

Stuck-Bus Reset

The LTC2946 |12C interface features a stuck-bus resettimer
to prevent it from holding the bus lines low indefinitely if
the SCL signal is interrupted during a transfer. The timer
starts when either SCL or SDAI is low, and resets when
both SCL and SDAI are pulled high. If either SCL or SDAI
are low for over 33ms, the stuck-bus timer will expire, and

the internal 12C interface and the SDAOQ pin pull-down logic
will be reset to release the bus. Normal communication
will resume at the next START command.

Acknowledge

The acknowledge signal is used for handshaking between
the master and the slave to indicate that the last byte of
data was received. The master always releases the SDA
line during the acknowledge clock pulse. The LTG2946 will
pullthe SDAline low onthe 9th clock cycle toacknowledge
receipt of the data. If the slave fails to acknowledge by
leaving SDA high, then the master can abort the transmis-
sion by generating a STOP condition. When the master is
receiving datafromthe slave, the master mustacknowledge
the slave by pulling down the SDA line during the 9th clock
pulse to indicate receipt of a data byte. After the last byte
has been received by the master, it will leave the SDA line
high (not acknowledge) and issue a STOP condition to
terminate the transmission.

Write Protocol

The master begins a write operation witha START condition
followed by the seven-bit slave address and the R/W bit
set to zero. After the addressed LTC2946 acknowledges
the address byte, the master then sends a command byte
that indicates which internal register the master wishes to
write. The LTC2946 acknowledges this and then latches
the lower six bits of the command byte into its internal
register address pointer. The master then delivers the
data byte and the LTG2946 acknowledges once more and
writes the data into the internal register pointed to by the
register address pointer. If the master continues sending
additional data bytes with a write word or extended write
command, the additional data bytes will be acknowledged
by the LTC2946, the register address pointer will auto-
matically increment by one, and data will be written as
previously stated. The write operation terminates and the
register address pointer resets to 00h when the master
sends a STOP condition.

Read Protocol

The master begins a read operation with a START condi-
tion followed by the 7-bit slave address and the R/W bit
set to zero. After the addressed LTC2946 acknowledges

2946fa
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the address byte, the master then sends a command byte
thatindicates which internal register the master wishes to
read. The LTC2946 acknowledges thisandthen latches the
lower six bits of the command byte into its internal register
address pointer. The master then sends a repeated START
condition followed by the same 7-bit address with the R/W
bit now set to 1. The LTG2946 acknowledges and sends
the contents of the requested register. The transmission
terminates when the master sends a STOP condition. If
the masteracknowledges the transmitted data byte, asina
read word command, the LTC2946 will send the contents
of the next register. If the master keeps acknowledging,
the LTC2946 will keep incrementing the register address
pointer and sending out data bytes. The read operation
terminates and the register address pointer resets to 00h
when the master sends a STOP condition.

Alert Response Protocol

When any of the fault bits in the FAULT1 and FAULT2
register are set, a bus alert is generated if the appropriate
bit in the ALERT1 or ALERT2 register has been set and
GPIO3 is configured as an ALERT output. This allows the
bus master to select which faults will generate alerts. At
power-up, both ALERT registers are cleared (no alerts
enabled) and the GPIO3 (ALERT) pin is high. If an alert
is enabled, the corresponding fault causes the GPI03
(ALERT) pin to pull low. The bus master responds to the
alertinaccordance withthe SMBus alert response protocol
by broadcasting the alert response address 0001_100b,
and the LTC2946 replies with its own address and re-
leases its GPIO3 (ALERT) pin, as shown in Figure 14. The
GPIO3 (ALERT) line is also released if CB[7] is set and
the LTC2946 is addressed (see Table 4) by any message.
The GPIO3 (ALERT) signal is not pulled low again until
the FLT registers indicate a different fault has occurred or
the original fault is cleared and it occurs again. Note that
this means repeated or continuing faults will not generate
additional alerts until the associated FLT register bits have
been cleared.

ALERT
RESPONSE | R
ADDRESS
0001100 1 0 ar:a0 1

2946 F14

DEVICE |-
ADDRESS |A|P

w
p-d

Figure 14. LTC2946 Serial Bus SDA Alert Response Protocol

If two or more LTC2946s on the same bus are generat-
ing alerts when the ARA is broadcast, the bus master
will repeat the alert response protocol until the GP103
(ALERT) line is released. Standard I2C arbitration causes
the device with the highest priority (lowest address) to
reply first and the device with the lowest priority (highest
address) to reply last.

Opto-Isolating the I2C Bus

Opto-isolating a standard I2C device is complicated by the
bidirectional SDA pin. The LTC2946/LTC2946-1 minimize
this problem by splitting the standard 12C SDAlineinto SDAI
(input) and SDAO (output, LTC2946) or SDAO (inverted
output, LTG2946-1). The SCL is an input-only pin and
does not require special circuitry to isolate. For conven-
tional nonisolated 12C applications, use the LTC2946 and
tie the SDAI and SDAO pins together to form a standard
12C SDA pin.

Low speed isolated interfaces that use standard open-
drain opto-isolators can use the LTC2946 with the SDAI
and SDAO pins separated, as shown in Figure 15. Connect
SDAI to the output of the incoming opto-isolator with a
pull-up resistor to INTVgc or a local 5V supply; connect
SDAQO to the cathode of the outgoing opto-isolator with a
current-limiting resistor in series with the anode. The input
and output must be connected together on the isolated
side of the bus to allow the LTC2946 to participate in I12C
arbitration. Note that maximum I2C bus speed will gener-
ally be limited by the speed of the opto-couplers used in
this application.

The shunt regulators can supply up to 34mA of current
to drive opto-isolator and pull-up resistors, as shown in
Figure 16 and Figure 17. For identical SDAI/SCL pull-up
resistors the maximum load is:

| Yy J2 1
LOAD(MAX) = VCCZ(MAX) R_5+@ (2)

2 1
lLoAD(MaAx) =6.7V ¢ (R_5 + @)

RsnynT can then be calculated using Equation 1. Note that
both LTC2946 and LTC2946-1 can be used in the shunt

2946fa
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5V

SCL

LTC2946
SDAI

SDAO

[p)
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o

|||—

1/2 MOCD207M

3.3V
R7 }, RS }, R10
0.47k S 0.47k 2k
Vpp
SCL
uP
SDA
GND
2946 F15

Figure 15. Opto-Isolation of a 10kHz 12C Interface Between LTC2946 and Microcontroller
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Figure 16. Low Speed 10kHz Opto-Isolators Powered from Low Side Shunt Regulator (SCL Omitted for Clarity)

Rsns
0.020Q 3.3V
ViN —
5 = R4 <SR5 R6 < R7
SENSE®  SENSE™] <00 S0k ] 1k S 10k
INTVgg SDAI ® H
! v
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=T 1uF .
SDAO : SDA
1
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! 1/2 MocD207M % P
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Figure 17. Low Speed 10kHz Opto-Isolators Powered from High Side Shunt Regulator (SCL Omitted for Clarity)
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regulator applications mentioned. Figure 18 shows an
alternate connection for use with low speed opto-couplers
and the LTC2946-1. This circuit uses a limited-current
pull-up on the internally clamped SDAI pin and clamps
the SDAQ pin with the input diode of the outgoing opto-
isolator, removing the need to use INTV¢ for biasing in
the absence of an auxiliary low voltage supply. For proper
clamping:

Vsmax) — VspascLminy <RA< Vsmax) — Vspa scLvax) (3)

lspa scLMAX) lspascLm)
Vsmax) =99V _ o\ Vsquax) — 6.9V
5mA ~ 0.5mA

As an example, a supply that operates from 36V to 72V
would require the value of R4 to be between 13k and 58k.

ViN

48V

R4
20k <

R5
5.6k

The LTC2946-1 must be used in this application to ensure
that the SDAO signal polarity is correct.

The LTC2946-1 can also be used with high speed opto-
couplers with push-pull outputs and inverted logic as
shown in Figure 19. The incoming opto-isolator draws
power from the INTV¢c, and the data output is connected
directly to the SDAI pin with no pull-up required. Ensure
the current drawn does not exceed the 10mA maximum
capability of the INTV¢¢ pin. The SDAO pin is connected
to the cathode of the outgoing opto-coupler with a current
limiting resistor connected back to INTVgc. An additional
discrete N-channel MOSFET is required at the output of
the outgoing opto-coupler to provide the open-drain pull-
down that the 12C bus requires. Finally, the input of the
incoming opto-isolator is connected back to the output
as in the low speed case.

3.3V

SDA| —e

B

LTC2946-1

Vbp

}Rs 3
047k
T

1
1
1
-
1
1

|||—I

1 P
1/2 MOCD207M

SDAO
GND

¥ l

SDA

GND

5 2946 F18

! 1/2 MocD207M

Figure 18. Opto-Isolation of a 1.5kHz 12C Interface Between LTC2946-1 and Microcontroller (SCL Omitted for Clarity)

ViN _
48V o INVee —9—> n 1/2ACPLOBIL" 23y
1pF 1uF ~ -
_-:E h _—:E 2k : Ve
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SDAD 11 Yo R6 < R7 Voo
BS170 2% 2k
v,
cC )ﬁ;,* P
o | ISO_SDA
SDA | son | -
GND GND
1 GND
= = 1/2 ACPL-064L* 296 F10
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Figure 19. Opto-Isolation of a I2C Interface with Low Power, High Speed Opto-Couplers (SCL Omitted for Clarity)
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Layout Considerations

A Kelvin connection between the sense resistor Rgyg and
the LTC2946 is recommended to achieve accurate current
sensing (Figure 20). The recommended minimum trace
width for 1oz copper foil is 0.02" per amp to ensure the
trace stays at a reasonable temperature. Using 0.03" per
amp or wider is preferred. Note that 10z copper exhibits
a sheet resistance of about 530pQ per square. In very
high current applications where the sense resistor can
dissipate significant power, the PCB layout should include
good thermal management techniques such as extra vias
and wide metal area.

The crystal oscillator’s clock amplitude is sensitive to
parasitics such as stray capacitance on the CLKOUT pin
and coupling between the CLKIN and CLKOUT pins. It is
recommended that the CLKIN and CLKOUT traces from
the LTG2946 to the crystal oscillator network be as short
as practical with the load capacitors placed next to the
crystal, as shown in Figure 21. To minimize stray capaci-
tances, avoid large ground planes and digital signals near
the crystal network.

Rsns

T0

Vin LOAD

SENSE*
SENSE™

T
1_l

N

|

|

|

J
=SS S

-
LS| IM] oo [ B |91 193]

[$,]
~——— e

o

2946 F20

Figure 20. Recommended Layout for Kelvin Connection

Design Example

Givena20mQ sense resistor, calculate the weight value per
LSB for the current, power, charge and energy registers:

Current = 25pV/LSB/Rgys
=1.25mA/LSB

Voltage =25mV/LSB
(SENSE*/Vpp is sensing the voltage)

Power =1.25mA/LSB ¢ 25mV/LSB
= 31.25pW/LSB
Time  =16.39543ms/LSB (default configuration

250kHz target frequency)
Charge =1.25mA/LSB * 16 * 16.384ms/LSB

= 327.9086pC/LSB
Energy =31.25yW ¢ 65536 * 16.39543ms
=33.578mJ/LSB
. /7 T T T T [—
DR
2] | | {ig]
5] | | i
211 | 113
=1 17 [ X1
CR RN
RN
j:] i i {'1_})_ CLKOUT GNDDC4
8 ! L______: 19 | CLKIN DC3

2946 F21

Figure 21. Recommended Layout for Crystal Oscillator
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Table 1. LTC2946 Device Addressing

HEX DEVICE LTC2946
DESCRIPTION ADDRESS BINARY DEVICE ADDRESS ADDRESS PINS
h ab ab ad a3 a2 al a0 R/W ADR1 ADRO

Mass Write CC 1 1 0 0 1 1 0 0 X X
Alert Response 19 0 0 0 1 1 0 0 1 X X

0 CE 1 1 0 0 1 1 1 X H L

1 DO 1 1 0 1 0 0 0 X NC H

2 D2 1 1 0 1 0 0 1 X H H

3 D4 1 1 0 1 0 1 0 X NC NC

4 D6 1 1 0 1 0 1 1 X NC L

5 D8 1 1 0 1 1 0 0 X L

6 DA 1 1 0 1 1 0 1 X H NC

7 DC 1 1 0 1 1 1 0 X L NC

8 DE 1 1 0 1 1 1 1 X L L

Table 2. LTC2946 Register Addresses and Contents
REGISTER ADDR REGISTER NAME READ/WRITE DESCRIPTION DEFAULT

00h CTRLA R/W Operation Control Register A 18h
01h CTRLB R/W Operation Control Register B 00h
02h ALERT1 R/W Selects Which Primary Faults Generate Alerts 00h
03h STATUST R Primary Status Information 00h
04h FAULT1 R/W Primary Fault Log 00h
05h POWER MSB2 R/W Power MSB2 Data XXh
06h POWER MSB1 R/W Power MSB1 Data XXh
07h POWER LSB R/W Power LSB Data XXh
08h MAX POWER MSB2 R/W Maximum Power MSB2 Data 00h
09 MAX POWER MSB1 R/W Maximum Power MSB1 Data 00h
0Ah MAX POWER LSB R/W Maximum Power LSB Data 00h
0Bh MIN POWER MSB2 R/W Minimum Power MSB2 Data FFh
0Ch MIN POWER MSB1 R/W Minimum Power MSB1 Data FFh
0Dh MIN POWER LSB R/W Minimum Power LSB Data FFh
OEh MAX POWER THRESHOLD MSB2 R/W Maximum POWER Threshold MSB2 to Generate Alert FFh
OFh MAX POWER THRESHOLD MSB1 R/W Maximum POWER Threshold MSB1 to Generate Alert FFh
10h MAX POWER THRESHOLD LSB R/W Maximum POWER Threshold LSB to Generate Alert FFh
11h MIN POWER THRESHOLD MSB2 R/W Minimum POWER Threshold MSB2 to Generate Alert 00h
12h MIN POWER THRESHOLD MSB1 R/W Minimum POWER Threshold MSB1 to Generate Alert 00h
13h MIN POWER THRESHOLD LSB RW Minimum POWER Threshold LSB to Generate Alert 00h
14h ASENSE MSB R/W ASENSE MSB Data XXh
15h ASENSE LSB R/W ASENSE LSB Data X0h
16h MAX ASENSE MSB R/W Maximum ASENSE MSB Data 00h
17h MAX ASENSE LSB R/W Maximum ASENSE LSB Data 00h
18h MIN ASENSE MSB R/W Minimum ASENSE MSB Data FFh
19h MIN ASENSE LSB R/W Minimum ASENSE LSB Data FOh
1Ah MAX ASENSE THRESHOLD MSB R/W Maximum ASENSE Threshold MSB to Generate Alert FFh
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