RENESAS

Datasheet

RAA788000

Rogowski Coil Based Power-Line Current Sensor with Amplifier

The RAA788000 is a low-power, power-line current
sensor for contactless AC current measurements in
the range of 2A to 5000A. The device consists of an
on-chip Rogowski coil, a buffer amplifier, and a signal
amplifier.

From an alternating power-line current, the magnetic
flux flows through the on-chip coil generating an
electromotive force (EMF) that is amplified and
filtered by a signal amplifier.

The amplifier output is typically fed into an
analog-to-digital converter with a subsequent signal
processor that calculates the current magnitude.

The RAA788000 operates from a single 2.7V to 3.6V
supply. The device is available in a small 16 Ld
TSSOP package and has an operation that is
specified for the temperature range from -40°C to
+105°C.

The RAA788000 is available in a 16 Ld thin shrink
small outline package (TSSOP).
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Figure 1. Typical Single-Current Sensor Application

Features

= On-chip coil sensor

= Low noise density: E,, = 50nV/VHz at 10Hz
= Low supply voltage: Vg = 2.7V to 3.6V

= Temperature range: -40°C to +105°C

= Small 16 Ld TSSOP package

Applications
= Power-line current measurements
= Watt meters
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Figure 2. Typical Single-Current Sensor Application with
Enable Function

R16DS0172EU0103 Rev.1.03 RENESAS Page 1

Jun 6, 2024

© 2022-2024 Renesas Electronics


https://www.renesas.com/RAA788000

RAA788000 Datasheet

Contents
T © 1 =Y - 3
1.1 Block Diagram . ... 3
2. PinInformation . ... ... ... .. i i e a e 3
21 PIN ASSIgNMENES . . .o 3
2.2 Pin DesCriptions .. ... . e 3
3. Specifications .. ... . e e e e 4
3.1 Absolute Maximum Ratings . . . ... ... e 4
3.2 Recommended Operating Conditions . . ... ... .. . e 4
3.3 Thermal Specifications . ... ... ... . . . . 4
3.4  Electrical Specifications . . . ... ... .. 5
4. Typical Performance Graphs ... ... ...t it a ettt st aaae s 6
Device Information . ... ... ... .. . ... e 9
5.1 AMPLIfiEr: AT e 9
5.2 Amplifier: AD ... 9
5.3  On-Chip Coil ... 9
6. Application Information . .......... .. i i e 10
6.1  Sensitivity versus Measurement Topology . .. ...t 10
6.2 Amplifier Configurations . ... ... .. .. 12
6.3 Band-Pass Filtering . . . ... ... e 13
6.4 Suggested Circuit Design Procedure .. ........ ... 14
6.5 Performance Evaluation Circuits . .. ... ... .. . . . 14
7. Package Outline Drawing . ... ...... .ttt ittt ittt aaaae e aaaannaeeesnnnnnns 18
Ordering Information . . . ... . . i i ittt ettt asa e et e, 19
ReVvision History . ... .. i i i ittt sttt nnannnaananananneennns 19
R16DS0172EU0103 Rev.1.03 RENESAS Page 2

Jun 6, 2024



RAA788000 Datasheet

1. Overview

1.1 Block Diagram

[ I |

Figure 3. Block Diagram

2. Pin Information

21 Pin Assignments

NC[1] [16]NC
NC[2] [15]NC
OP1INP[ 3] [14] oPOOUT
OP10UT[ 4| [13] OPOINM
COILIN[ 5| [12] vss
GND[ 6] [11]vs
NC[ 7] [10]NC
NC[ 8] [9]NC
Top View
2.2 Pin Descriptions
Pin Number Pin Name Description
1,2,7,8,9,10, .
15, 16 NC Not connected internally.
3 OP1INP Buffer amplifier (A1) non-inverting input.
4 OP10UT Buffer amplifier (A1) output.
5 COILIN Coil bias voltage input.
6 GND Current sensor IC ground.
1" VS Current sensor IC positive supply voltage.
12 VSS Positive supply voltage for both amplifiers. Connect the VSS pin to the VS pin externally.
13 OPOINM Current sense amplifier (AO) inverting input.
14 OPOOUT Current sense amplifier (AO) output.
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3. Specifications

3.1 Absolute Maximum Ratings

Caution: Do not operate at or near the maximum ratings listed for extended periods of time. Exposure to such
conditions can adversely impact product reliability and result in failures not covered by warranty.

Parameter Minimum Maximum Unit
Positive Supply Voltage, Vg Vss -0.3 +4.6 \Y
Negative Supply Voltage, GND -0.3 +0.3 \Y,
Input Voltage, V|, (OP1INP, COILIN, OPOINM) -0.3 Vg+0.3 \Y
Output Voltage, Vg, (OPOOUT, OP10UT) -0.3 Vg+0.3 \Y
High-Level Output Current, Igy, (OPOOUT, OP10UT) - -0.3 mA
Low-Level Output Current, I, , (OPOOUT, OP10UT) - +0.3 mA
Human Body Model (Tested per JS-001-2017) - 2000
Charged Device Model (Tested per JS-002-2018) - 750
3.2 Recommended Operating Conditions
Parameter Minimum Maximum Unit
Supply Voltage, Vg 2.7 3.6 Vv
Ambient Temperature -40 +105 °C
3.3 Thermal Specifications
Parameter Package Symbol Conditions T\)//:Ii:zl Unit
8,4l Junction to air 98 °C/W
Thermal Resistance 16 Ld TSSOP Package
8,cl Junction to case 30 °C/W

1. 0,4 is measured in free air with the component mounted on a high-effective thermal conductivity test board in free air. See TB379.
2. For 8¢, the case temperature location is taken at the package top center.

Parameter Minimum Maximum Unit
Maximum Junction Temperature - +150 °C
Maximum Storage Temperature Range -65 +150 °C
Pb-Free Reflow Profile See TB493.
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3.4 Electrical Specifications
Vg =3.3V, V|y = Vg/2, Tp = 25°C, unless otherwise specified.
Parameter Symbol Test Conditions Min Typ Max Unit
VOSpg - - +3.1
Input Offset Voltage Tp=25°C, V|y =0.25V mV
VOS - - +3.1
Input Offset Voltage Driftl!] dVog/dT | Vg=3.31t0 3.6V, V|y =0.25V to Vg - 0.6V - 4 9.8 pv/eC
Input Bias Current Ig Vg = 3.6V - - 1 nA
Input Voltage Range ViN - 0 - Vs
Output Voltage Swing, Low VoL Vin = GND, I oap = +0.3mA - 0.01 0.09
Output Voltage Swing, High Vou VIN = Vs, lLoap =-0.3mA Vg-0.16 | Vg-0.04 -
Open-Loop Gainl'] AoL - - 120 - dB
Gain Bandwidth GBW - - 480 - kHz
Phase Margin('] Dy - - 57 - deg
Slew Rate SR Vin = GND to Vg - 0.27 - Vs
Input Voltage Noisel'] E, f=0.1to 10Hz - 1.6 - uVp._p
Input Voltage Noise e f= 1kHz - 50 - | nVAHz
Densityl] n
gztrir:)mon-mode Rejection CMRR f = 60Hz ) 101 ) dB
;:‘t"i’fr Supply Rejection PSRR | f=60Hz - 86 - dB
DC Characteristics
Supply Current ‘ oo ‘ Vg = Vg = 2.7 to 3.6V - 0.4 ‘ 0.5 ‘ mA
1. Limits established by characterization and are not production tested.
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4. Typical Performance Graphs
Vg = 3.3V, VRer = Vg/2, Tp = 25°C, unless specified otherwise. All trendlines applied are linear equations.
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Vg =3.3V, Vggr = 0.25V, Ggg = 101, Gppr = 201, Tp = 25°C, Cable = 2-AWG, Distance from Cable to IC = 4mm,
unless specified otherwise. All trendlines applied are linear equations. (Note: For opposite topology details, see

the RTKA788000DEO000OBU Evaluation Board Manual.)
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Vg =3.3V, Vggr = 0.25V, Ggg = 101, Gppr = 201, T = 25°C, Cable = 2-AWG, Distance from Cable to IC = 4mm,
unless specified otherwise. All trendlines applied are linear equations. (Note: For opposite topology details, see

the RTKA788000DEO000BU Evaluation Board Manual.) (Cont.)
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5. Device Information

The RAA788000 consists of an on-chip coil for current sensing, a buffer amplifier to bias the coil, and a signal
amplifier to boost the electromotive force (EMF) of the coil (Figure 19).
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Figure 19. Single-Sensor Connections

5.1 Amplifier: A1

Amplifier, A1, is a unity-gain buffer, whose input (OP1INP) can be connected either to a low-impedance reference
voltage source, or to a high-impedance voltage divider that derives the reference voltage from the positive supply,
Vs. Its low-impedance output is directly connected to the device coil input, COILIN.

5.2 Amplifier: A0

Amplifier, A0, is a signal amplifier, operating in the non-inverting configuration. The non-inverting input is internally
connected to the coil. The gain of this amplifier stage is set using the ratio of feedback resistor to gain resistor:
G=1+ RF/RG-

5.3 On-Chip Coil

The AC current of an adjacent power line creates a magnetic field that penetrates the on-chip coil. The coil
generates a voltage (Vo)) that is amplified by amplifier, AO. In Figure 20, assuming that the distance from the
power line is r (m) and the current is | (A), the magnetic field H (A/m) generated by the current in the power line is
as shown in Equation 1.

Figure 20. Line Current-to-EMF Conversion
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(EQ.1) H=——

The inductive electromotive force (V) generated by the coil closing the loop of the magnetic flux is in proportion to
the change in the magnetic flux ® (Wb) per unit time as follows.

_ doy _ d _ d _ d/ulAy _ uNA/dI
EQ. 2 g =-N|l=] = -N— = _N— = N=| ]| = 2—| =
(EQ.2) Vo N(dt) NGi(BA) = NG(kHA) th(2nr) 2nr (dt)
Assuming the current through the power line
(EQ.3) | = lpgqxsin(2nft)
Then,
d . Af

(EQ.4) v, - _%‘ x d—t(apeak x sin(2rft)) = Nx oo x “Tcos(ant))
So,

_ pAf
(EQ. 5) Vcoil_peak = Nx Ipeak 0
or

_ pAf
(EQ.6) Vi g rus = Nxlrms =

Here, N is the number of windings in the coil, y (H/m) is the magnetic permeability, A (m?2) is the area of the coil
enclosing the magnetic flux, f is the frequency of the line current, and r is the distance between the conductor and
coil center.

6. Application Information

6.1 Sensitivity versus Measurement Topology
Current measurements with the RAA788000 allows for the use of various measurement topologies.

A single-sensor application is usually enough to measure line currents 25A. For lower currents however, the use
of two sensors is recommended. Combining their individual signal amplifiers to a single differential amplifier stage
increases measurement sensitivity by a factor of four (see Amplifier Configurations). Evidently, this requires a
differential input signal in the form of coil voltages with equal magnitude but opposite polarity. In other words, there

must be a 180° phase shift between the two coil EMFs.

To determine the coil positions that produce this phase shift, as well as those that do not, we apply the right-hand
and left-hand rules (Figure 21).

The right-hand rule states: when grabbing a conductor with the right hand, the thumb points into the direction of
the current flow, and the conductor enclosing fingers indicate the direction of the magnetic field lines.

R16DS0172EU0103 Rev.1.03 RENESAS Page 10
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For magnetic field lines penetrating a simple loop cail, the left-hand rule applies: when enclosing a magnetic field
with the left hand, the thumb points into the direction of the field lines, and the field enclosing fingers indicate the
direction of the coil current.

0° 90°

ILine T
K J/;&
180° 270°

, B |
{ .
- N\ -/
Figure 21. Right-Hand and Left-Hand Rules Figure 22. Coil Positions Causing No Phase Shift

Therefore, turning a single-current sensor around its center axis, produces no change in EMF phase as the
magnetic field lines always penetrate the coil from the same direction (Figure 22). The same is true for placing two
current sensors side-by-side. There is no difference in EMF phase between the two as the magnetic field
penetrates both coils from the same direction.

\ B
| / EMF1 = VAB
A

Figure 23. Coil Positions Causing 180° Phase Shift

The only way to cause a 180° phase shift is by placing the 2nd sensor such that the magnetic field lines penetrate
its coil from the opposite direction. This is accomplished by either flipping the 2nd coil upside down or placing it at
the opposite side of the current carrying conductor (Figure 23). In both cases, the currents in coil 2 and coil 3
change direction, which causes the resulting EMF2 and EMF3 to experience a 180° phase shift in comparison to
EMF1. This leads to the stacked and opposite-sensor topologies in Figure 25 and Figure 26.

Therefore, the three measurement topologies feasible with the RAA788000 are the single-sensor, stacked-sensor,
and opposite-sensor topologies.
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The single-sensor topology (Figure 24) has the lowest sensitivity and is recommended for measuring currents
above 5A. Its design is simple and low in cost and has the benefit of being easily adjustable to the center height of
large cables.
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Figure 24. Single Sensor Topology

The stacked-sensor topology (Figure 25) has high sensitivity and great linearity. Here, two sensors are placed on
the top and the bottom of the PCB to generate coil voltages of opposite polarity. Their individual output amplifiers
are combined to one different signal amplifier. This approach creates twice the coil voltage and twice the signal
gain, therefore, four-times the sensitivity of a single sensor. It is the preferred solution for measuring currents
down to 2Ain large cables, as it can be easily fixed to mid cable height. The increased design complexity makes it
slightly costlier.
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Figure 25. Stacked Sensor Topology

The opposite-sensor topology (Figure 26) is equal in sensitivity, linearity, and current measurement range to the
stacked topology. Adjusting the sensors to mid cable height is cumbersome, therefore, this topology is better
suited for smaller cable diameters, where both sensors and cable share the same PCB platform.
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2 1

gooo,||gbbo

Top View

Figure 26. Opposite Sensor Topology

6.2 Amplifier Configurations
The single-sensor topology uses a single non-inverting amplifier whose AC or passband gain is:

(EQ.7)  Gpgsg) = 1 +Re/Rg
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Figure 27. Singe-Ended Amplifier Figure 28. Differential Amplifier

The other two topologies (Stacked, Opposite) use a differential amplifier design with a passband gain of:
Because both, input voltage and passband gain of the differential amplifier are twice that of a single-ended

amplifier, the overall sensitivity is four times that of the single amplifier. Therefore, when measuring line currents
below 5A, a two-sensor topology is highly recommended.

6.3 Band-Pass Filtering

Both amplifier designs (Figure 27 and Figure 28) use a DC blocking capacitor, Cg, to prevent the input offset
voltages from being amplified. Therefore, at DC, both amplifiers operate at unity-gain. Cg in combination with Rg
forms a high-pass filter (Figure 29) with a corner frequency of:

(EQ.9) fopp) = 1/(2nRGCq)
Depending on the gain factor, a noise reduction capacitor, Cg, might be added in parallel to Rg. Cg and Rg form a
low-pass filter with a corner frequency of:

(EQ.10) f p) = 1/(27ReCp)

140
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120 N Gpg = 100
\ GPB:1O
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g 80 N
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40 [ A = N
o0 A Ll T TINN
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D AT T TINONIN
0 '} Il '}
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Frequency (Hz)

Figure 29. Frequency Responses for Various Gain Settings

To minimize phase errors, set f;py to 1/10th of the lowest signal frequency (50Hz), and f.( p) to 10-times the
highest signal frequency (60Hz). This makes fypy = 5Hz and f¢ p) = 600Hz.
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6.4 Suggested Circuit Design Procedure

= For high current measurements in the 10A to 1kA range, use a single sensor. For currents in the 0.1A to 100A
range use a dual sensor approach. As previously mentioned, for small cable diameters, Renesas recommends
using the opposite-sensor topology, for larger cable diameters, Renesas recommends using the stacked
topology.

= Fix the current sensor PCB to the cable using zip-ties (Figure 30). Ensure the sensors are placed as close as
possible to the cable.

Cable Cable IC2 Cable
IC IC1
PCB PCB I PCB
IC2 T/\ Zip-Tie

Zip-Tie Zip-Tie

Figure 30. Sensor PCB Fixtures for Single-, Stacked-, and Opposite Sensor Topologies Cables

= For highest noise immunity, run the RAA788000 at 3.6V to get maximum dynamic output swing. To match Vgp
to the input range of a subsequent ADC, perform any necessary signal attenuation at the ADC input, not at the
amplifier output.

* Making fop) = 5Hz, requires large capacitors. Use Rg = 1kQ or 10kQ to limit the capacitor values to Cg = 33uF
or 3.3uF, respectively.

= Then calculate Rg using Equation 11:

G -1
. _ PB(DIF)
(EQ. 11) RF — RGX 5

= For low-gain circuits (Gpj; = 10), the total output noise can be reduced by up to 60% when making CF:

1

EQ.12) Cp =575

( yoE 2nxfoLpyx Re

= For medium-gains (Gp; = 100), noise reduction through Cg can still be 30%. However, the loop gain at 600Hz
is reduced, therefore, lowering . py. To maintain f; p) at 600Hz, calculates Cg with:

1

(EQ.13) Cg =
P 225nxf p)xRe

= For high-gains (Gp; = 1000), Cf is not required as the low-pass filtering is performed by the open-loop gain of
the amplifier.

6.5 Performance Evaluation Circuits

Figure 31 and Figure 32 depict the single and differential amplifier circuits used to evaluate the typical
performance curves in this datasheet. A single 3.3V supply powers the circuits. Both amplifiers Aj and Ag get
positive supply voltage from the VSS pin. Connect the VSS pin to the VS pin for all IC configurations. The 1M bias
resistors, Rp, set the reference voltage at the coil inputs to 1.65V. With Rg = 700kQ, Rg = 1kQ, and Cg = 33pF,
the passband gain is set to Ggg = 701V/V for the single amplifier and Gp; = 1401V/V for the differential ampilifier.
The high-pass corner frequency is set to fop) = SHz for both amplifier circuits.

Figure 33 and Figure 34 show application circuits requiring an Enable function. The inverse of the enable signal is
applied to the gate of the P-type MOSFET. When EN goes low, the P-type MOSFET turns off, which pulls down
the VS and VSS pins of the IC to 0V, disabling the part.

In Figure 35 and Figure 36, the IC supply voltage is provided by the digital output pin of a MCU. The part can be
enabled or disabled by toggling the MCU output pin high and low. Use Level shifters in case the logic high of the
MCU pin is outside the range of 2.7V to 3.6V.
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RAA788000
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Figure 31. Single-Ended Amplifier Circuit for Performance Evaluation
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Figure 32. Differential Amplifier Circuit for Performance Evaluation
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RAA788000
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Figure 33. Single-Ended Ampilifier Circuit with Enable function for Performance Evaluation
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Figure 34. Differential Amplifier Circuit with Enable function for Performance Evaluation
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RAA788000
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Figure 35. Single-Ended Amplifier Circuit with Enable function using MCU
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Figure 36. Differential Amplifier Circuit with Enable Function using MCU
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7. Package Outline Drawing

For the most recent package outline drawing, see M16.173.

M16.173
16 Lead Thin Shrink Small Outline Package (TSSOP)
Rev 2, 5/10
/1 /3N
~—— 5.00 £0.10
16 9 SEE DETAIL "X™-. -
~ 1 N
LT e
10~
640,
PIN #1
4.40 £0.10 / 1.D. MARK
2= 0
[ ||
JUTuooL 9
(]0.20/C|B|A 1 [ 8 \\
»‘ ‘ E 0.09-0.20 =~
TOP VIEW END VIEW
= logg .00 REF—~
, i 1
‘ : 0.90 +0.15/-0.10
searwa. [T ] raomax
PLANE ‘ } GAUGE {
=l = 0.25+0.05/-0.06 5 1 | PLANE 25
o.40[C] [{0.10M[C[B[A| ; i
0.05 MIN 0°-8°
SIDE VIEW 0.15 MAX 0.60 £0.15
DETAIL "X"
[ O A N I B
i
* A
el 1\ Dimension does not include mold flash, protrusions or gate burrs.
Mold flash, protrusions or gate burrs shall not exceed 0.15 per side.
(5.65) '2.} Dimension does not include interlead flash or protrusion. Interlead
flash or protrusion shall not exceed 0.25 per side.
3> Dimensions are measured at datum plane H.
[ T T T N B B 4. Dimensioning and tolerancing per ASME Y14.5M-1994.
5} Dimension does not include dambar protrusion. Allowable protrusion
shall be 0.08mm total in excess of dimension at maximum material
[ condition. Minimum space between protrusion and adjacent lead
is 0.07mm.
(0.65 TYP) L . (0.35 TYP) 6. Dimension in () are for reference only.
7. Conforms to JEDEC MO-153.
TYPICAL RECOMMENDED LAND PATTERN
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8. Ordering Information

Part Number[11[2] Part Marking Package Description Pkg. Carrier Temp. Range
(RoHS Compliant) Dwg # Typel3l
RAA788000GSP#HAO 788000 16 Ld TSSOP M16.173 Reel, 2.5k -40 to +105°C
RTKA788000DEO000BU | Opposite Sensor Topology Evaluation Board
RTKA788000DEO010BU | Stacked Sensor Topology Evaluation Board

1. These Pb-free plastic packaged products employ special Pb-free material sets, molding compounds/die attach materials, and 100%
matte tin plate plus anneal (e3 termination finish, which is RoHS compliant and compatible with both SnPb and Pb-free soldering
operations). Pb-free products are MSL classified at Pb-free peak reflow temperatures that meet or exceed the Pb-free requirements of
IPC/JEDEC J-STD-020.

2. For the Moisture Sensitivity Level (MSL), see the RAA788000 product page. For more information about MSL, see TB363.

3. See TB347 for details about reel specifications.

9. Revision History

Revision

Date

Description

1.03

Jun 6, 2024

Updated description on page 1.
Updated On-Chip Coil section.

1.02

May 9, 2024

Updated Figures 1 and 2.

Updated Figures 9 to 18.

Removed Figures 19 and 20.

Updated section 5.3 On-Chip Coil.

Removed Equation 1 and Figures 22 and 23.
Updated Ordering Information.

1.01

Jun 7, 2023

Updated the temperature range throughout document.

Updated Pin Assignments and Pin Description for pin 12.

Added Figures 2, 36-39.

Updated Figures 1, 3, 9, 10, 34, and 35

Moved ESD information to abs max section.

Updated Thermal Information table formatting.

Updated the following in the Electrical Specifications section:

= Updated the Input Offset Voltage maximum specs from £10mV to 3.1mV.

= Changed Low level output voltage parameter name to Output voltage Swing, Low. Same with
high level output voltage.

= Vpn min and typical values changed.

= Removed the following specs from the EC table: EN Pin Low Level and High Level Input
Voltage.

= Supply current test condition changed and data is only for one test condition.
Updated the Performance Evaluation Circuits section.

1.00

Oct 14, 2022

Initial release.
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IMPORTANT NOTICE AND DISCLAIMER

RENESAS ELECTRONICS CORPORATION AND ITS SUBSIDIARIES (‘RENESAS”) PROVIDES TECHNICAL
SPECIFICATIONS AND RELIABILITY DATA (INCLUDING DATASHEETS), DESIGN RESOURCES (INCLUDING
REFERENCE DESIGNS), APPLICATION OR OTHER DESIGN ADVICE, WEB TOOLS, SAFETY INFORMATION, AND
OTHER RESOURCES “AS IS” AND WITH ALL FAULTS, AND DISCLAIMS ALL WARRANTIES, EXPRESS OR IMPLIED,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS FOR A
PARTICULAR PURPOSE, OR NON-INFRINGEMENT OF THIRD-PARTY INTELLECTUAL PROPERTY RIGHTS.

These resources are intended for developers who are designing with Renesas products. You are solely responsible for (1)
selecting the appropriate products for your application, (2) designing, validating, and testing your application, and (3)
ensuring your application meets applicable standards, and any other safety, security, or other requirements. These
resources are subject to change without notice. Renesas grants you permission to use these resources only to develop an
application that uses Renesas products. Other reproduction or use of these resources is strictly prohibited. No license is
granted to any other Renesas intellectual property or to any third-party intellectual property. Renesas disclaims
responsibility for, and you will fully indemnify Renesas and its representatives against, any claims, damages, costs, losses,
or liabilities arising from your use of these resources. Renesas' products are provided only subject to Renesas' Terms and
Conditions of Sale or other applicable terms agreed to in writing. No use of any Renesas resources expands or otherwise
alters any applicable warranties or warranty disclaimers for these products.

(Disclaimer Rev.1.01 Jan 2024)
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