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Description

This reference design showcases a three-phase
current sensor for current measurements by
measuring the magnetic fields generated by a current-
carrying conductor such as a PCB trace. The sensors
are placed near a current-carrying PCB trace to
measure current passing through the trace.

The current sensing design is suitable for use in
industrial applications that require basic power
monitoring.

By using magnetic fluxgate technology, this design can
cover three-phase current measurements up to 5 A
per phase while achieving high accuracy.

Resources
TIDA-01467 Design Folder
DRV425 Product Folder
i | .' 'I ASK Our E2E Experts
TI E2E™
Community

Features

e Three-Phase Current Measurement With Magnetic

Fluxgate Sensors

e Calibrated Current Measurement Accuracy: < +1%

e Current Sensing Over-the-Trace (PCB Trace)
e Current Measurement Range: 500 mAto 5 A

e Linear Output Voltage

e Adjustable Sensor Range up to 2 mT (Max)
e Supply Voltage Range: 3.0to 5.5V
¢ Small Form Factor: 4 in x 1.5 1in

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

System Description

Current is one of the most common signals sensed to evaluate and analyze the quality of power. Several
methods are available to sense current, such as shunt resistor, current transformer, Rogowski coil, Hall
effect sensors, and fluxgate sensors.

This reference design showcases a three-phase current sensor for current measurements using fluxgate
technology integrated in the DRV425. Fluxgate sensors are magnetic field based, where the measured
magnetic field (B) is proportional to the current (I) and inversely proportional to the distance (r) from the
current carrying conductor (Ampere's Law) as shown in Equation 1:

B = poOl/2ar
(1)

The integrated fluxgate sensor in the DRV425 senses the magnetic field generated by a current-carrying
conductor such as a PCB trace and outputs an analog signal that is proportional to the sensed magnetic
field. As per Equation 1, current is proportional to the magnetic field, and as the current increases, the
surrounding magnetic field increases, leading to the output from the sensor increasing as well. Similarly
with decrease in current, the surrounding magnetic field and sensor output decrease.

The fluxgate sensors are highly sensitive and are susceptible to stray magnetic fields or common-mode
field interferences such as the earth's magnetic field, which affects the accuracy of measured outputs. To
eliminate the common-mode field interferences, this reference design implements a differential approach
by using two DRV425 devices per phase placed near a PCB trace. The current-carrying PCB trace is
placed on the first inner layer of the PCB, with one DRV425 placed on the top layer of the PCB and a
second DRV425 placed on the bottom layer of the PCB. The outputs of the two sensors are measured
differentially, eliminating common-mode field interferences. In addition, this reference design provides
flexibility to measure the output of each sensor independently to estimate if any common-mode field is
present.

Key System Specifications

Table 1. Key System Specifications

PARAMETER SPECIFICATIONS
Number of phases Three phase currents

Accuracy <+1%

Current sensor Flux gate magnetic sensor
Current inputs <5-AAC
Magnetic field range +2 mT (max)

Supply voltage, Vpp 3to5V
Operating temperature —40°C to 125°C

Form factor 4" x 1.5"
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System Overview

2 System Overview
The system is designed for three-phase current measurements of up to 5 A. The current sensing is
achieved by using the DRV425, which senses the magnetic field generated by a current carrying
conductor such as a PCB trace. The output of the DRV425 is an analog signal proportional to the sensed
magnetic field. The analog output of the DRV425 can be processed by a 12- to 24-bit analog-to-digital
converter (ADC).
To measure the current per phase, this reference design uses two DRV425 devices. One DRV425 is
placed on the top side of the PCB and a second DRV425 is placed on the bottom side of the PCB, with a
current-carrying PCB trace placed on the first inner layer of the PCB.
2.1 Block Diagram
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Figure 1. Block Diagram
2.2 Highlighted Products
221 DRV425

The DRV425 is designed for single-axis magnetic field sensing and enables electrically isolated, high-
sensitivity, and precise DC- and AC-field measurements. The device provides the unique and proprietary
integrated fluxgate sensor (IFG) with an internal compensation coil to support a high-accuracy sensing
range of £2 mT with a measurement bandwidth of up to 47 kHz. The low offset, offset drift, and noise of
the sensor, combined with the precise gain, low gain drift, and very low nonlinearity provided by the
internal compensation coil, result in unrivaled magnetic field measurement precision. The output of the
DRV425 is an analog signal proportional to the sensed magnetic field.

The DRVA425 offers a complete set of features, including an internal difference amplifier, on-chip precision
reference, and diagnostic functions to minimize component count and system-level cost.

The DRV425 is available in a thermally-enhanced, non-magnetic, thin WQFN package with a
PowerPAD™ for optimized heat dissipation, and is specified for operation over the extended industrial
temperature range of —40°C to 125°C.
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2.3

23.1

2.3.2

System Design Theory

The system is designed for three-phase current measurements up to 5 A by measuring the magnetic fields
generated by a current-carrying conductor such as a PCB trace. The maximum measured current is
dependent on the thickness of the PCB trace. For this reference design, the PCB trace thickness is
designed to support currents up to 5 A.

The sensor used in this current sensing design is the DRV425, which provides the unique and proprietary
IFG with an internal compensation coil to support a high-accuracy sensing range of +2 mT.

Magnetic Sensors

A magnetic field is one of the most important physical quantities that is used in various technical areas. In
industry applications, the current flowing in an electric circuit generates a magnetic field proportional to the
current. Thus, by sensing the magnetic field distribution it is possible to measure the current. Based on
magnetic field strengths and measurement range, magnetic field sensors can be classified as low- (< 1
mT) or high-field (> 1 mT) sensors. An example of low-field sensors is fluxgate technology.

Fluxgate Sensor

Fluxgate sensors offer significantly higher sensitivity, lower drift, lower noise, and high linearity and enable
up to 1000 times better accuracy in measurement. The sensor detects the magnetic field vectors in its axis
and is a widely used device. Fluxgates are affordable, rugged, reliable, and compact with advancements
in technology leading to integrating the complete sensor solutions in devices.

The DRV425 sensor used in this reference design consists of a magnetic fluxgate sensor with the
necessary sensor conditioning and compensation coil to internally close the control loop. The fluxgate
sensor is repeatedly driven in and out of saturation and supports hysteresis-free operation with excellent
accuracy. The internal compensation coil assures stable gain and high linearity.

The magnetic field (B) is detected by the internal fluxgate sensor in the DRV425. The device integrates
the sensor output to assure high-loop gain. The integrator output connects to the built-in differential driver
that drives an opposing compensation current through the internal compensation coil. The compensation
coil generates an opposite magnetic field that brings the original magnetic field at the sensor back to zero.

The DRV425 measures magnetic fields only in its axis of sensitivity. This axis of sensitivity is in the x-axis
when looking at a top view with pin 1 in the upper left corner. The orientation and the sensitivity axis of the
fluxgate sensor is indicated by a dashed line on the top of the package, as shown in Figure 2. Figure 2
also shows the location of the sensor inside the package.

Sensitivity Axis Indication
(Top View)

Sensor Location Sensor Location
(Top View) (Side View)

/ . 0.4 mm +0.025 mm —l
] op

<
DRV425 T
Tl Date

Code

Bottom

Copyright © 2017, Texas Instruments Incorporated

Figure 2. Magnetic Sensitivity Direction of Integrated Fluxgate Sensor
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2.3.3 Over-the-Trace PCB Design for Current Sensing

The design considerations for PCB trace and the design steps are as follows:
» Determine thickness of the trace.

e Calculate the width of PCB trace based on placement of trace on the internal or external layer of the
PCB. The trace width is calculated by Equation 2 with referring to ANSI/IPC-2221 standard.

| = K * (aT"~0.44) * (A"0.725) 2)
where:
e | = maximum current in amps
* AT = temperature rise in °C
* A =cross-sectional area in mils
» K = constant such that:
— K =0.024 for internal layers
— K =0.048 for external layers
» Determine the distance of the trace from the fluxgate sensor.

» Calculate the magnetic field intensity of the trace on the sensor (see Section 2.3.4).
Multiple currents are measured on the board. The sensor placed over the trace senses the magnetic fields
generated by the trace and may also senses the magnetic field of the adjacent trace if the fields are large

enough. To reduce cross talk placement and proximity of PCB trace is critical. In this design the trace is
placed on the board as shown in Figure 3.

"TREE.

: A R R | R A
i ! a T
a a " -
. - ¢
= .
= b .
.— = ..-

Figure 3. PCB Current Trace
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Magnetic Field Simulation

Many tools are available that can simulate the magnetic fields for a system design. For simulating the
magnetic fields, FEMM simulation tool was used. This section shows how to use the FEMM tool to
calculate the magnetic fields.

The FEMM tool uses the finite element method for solving 2D planar and axisymmetric problems in low-
frequency magnetics. The finite element method is a numerical method to calculate solutions for partial
differential equations by breaking the problem down into large number regions, each with a simple
geometry (such as triangles). The benefit of breaking the problem down into a small number of elements
is a difficult problem to solve can be transformed into a relatively easy problem to solve.

In FEMM, for every element, a basic condition is defined. The basic conditions are material property,
boundary condition, and circuit. The basic function details are inserted into a partial differential equation
and equations are solved numerically. For more details of the tool, see the documentation available on
www.femm.info/wiki/HomePage.

To run a FEMM 4.2 simulation, follow these recommendations:
» Define the dimensions of DRV425 sensors (see the DRV425 datasheet for the dimensions).

* Place DRV425 sensors on top and bottom sides of PCB. The thickness of PCB is 1.63 mm and varies
depending on capabilities of PCB manufacturer.

» Define the dimensions of current carrying trace placed on inner layer of PCB block. The trace has a
width of 7.62 mm and height of 0.03556 mm.

» Define the dimension of the surrounding area, such as air. A circular area can be defined in the same
direction the user wants to calculate the magnetic field.

» Set the properties of defined areas such as current carrying trace, the DRV425, and air.

» For current carrying trace, the circuits property defines the current in amps and the material property is
defined by copper.

* Run the simulation and view the results.

« To view the top and bottom magnetic field results of the DRV425, press the Tab key and input the x
and y coordinates for each DRV425 device. The distance of the top DRV425 from the current trace is
0.64 mm and the bottom DRV425 is 1.65 mm. The result obtained for the top DRV425 is 368 uT and
the bottom DRV425 is 306 uT.

Over-the-Trace Three-Phase Current Sensing Using Fluxgate Sensors TIDUD50—-August 2017

Reference Design Submit Documentation Feedback
Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=TIDUD50
http://www.femm.info/wiki/HomePage

13 TEXAS
INSTRUMENTS

www.ti.com System Overview

DRWV425 on
PCE Top Layer

Current Trace on
FCE Inner
Layer

DRY4250n
FCE Bottomn
Layer

Figure 4. FEMM 4.2 Magnetic Simulation

The results are shown in Figure 4. The thin lines indicate the magnetic flux lines. Higher the density of
magnetic flux lines, higher the magnetic flux density.
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Figure 5 displays the strength of magnetic flux density.

4.003e-004 : >4,176e-004
3.830e-004 : 4.003e-004
3.658e-004 : 3,530e-004
2.485e-004 : 3.658e-004
3.312e-004 : 5.455e-004
3.13%-004 : 3.312e-004
2.966e-004 : 3.13%-004
2.793e-004 : 2.966e-004
2.620e-004 : 2.795e-004
2.448e-004 : 2,.620e-004
2.275e-004 : 2.448e-004
2.102e-004 : 2.273e-004
1.929e-004 : 2,102e-004
1.756e-004 : 1,9292-004
1.583e-004 : 1.756e-004
1.410e-004 : 1.585e-004
1.238e-004 : 1.410e-004
1.065e-004 : 1.238e-004
2.919e-005 : 1.065e-004
</7.190e-005 : 5.919e-005

Density Plot: |B|, Tesla

Figure 5. FEMM 4.2 Density Plot Table
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2.35 Design Procedure

The following design procedure is used to design the solution based on the DRV425:

Table 2. DRV425 Designh Parameters

DESIGN PARAMETER

EXAMPLE VALUE

Magnetic field range

VDD =5 V: £2 mT (max) VDD = 3.3 V: +1.3 mT (max)

Supply voltage, Vpp

30to55V

Reference voltage, Vreen Range: GND to VDD If an internal reference is used: 2.5V, 1.65 V, or VDD / 2

Depends on the desired magnetic field range, reference, and supply voltage;
for more details, see the DRV425 System Parameter Calculator.

Shunt resistor, Rgyunt

» Select the proper supply voltage (Vpp) to support the desired magnetic field range (see Table 2 for
reference).

» Select the proper reference voltage (Vgern) t0 support the desired magnetic field range and to match
the input voltage specifications of the desired ADC.

» Use the DRV425 System Parameter Calculator ( RangeCalculator tab) to select the proper shunt
resistor value of Rgyynt-

» The sensitivity drift performance of a DRV425-based linear position sensor is dominated by the
temperature coefficient of the external shunt resistor. Select a low-drift shunt resistor for best sensor
performance.

» Use the DRV425 System Parameter Calculator (see the Problems Detected Table in the DRV425
System Parameters tab) to verify the system response.

The high sensitivity of the DRV425 may require shielding of the sensing area to avoid influence of
undesired magnetic field sources (such as earth magnetic field). Alternatively, an additional DRV425 is
used to perform difference measurement to cancel the influence of a static magnetic field source.

Figure 6 shows the parameters selected for the TIDA-01467 design.

i3 TEXAS INSTRUMENTS DRV425 - System Parameter Calculator
L

Sensor Parameter Input Calculated System Parameters

System Parameters Notes: Room Temp. Over Temp.
Desired Magnetic Field Measurement Range: Maximum field: 2mT System Gain: 0
Supply Voltage: Maximum Compensatable Field:
Reference Voltage Setting: RSEL[1,0] pin setting: 0,1,2,3 Compensation current at desired max. field:
Reference Outpet Voltage Selected: Compensation current during overioads:
Shunt Sense Amplifier Reference Voltage: DefauRs to reference auput or enter voRage applied to REFIN Maximum Shunt Resistor

Chosen Shunt Resistor
Chosen Bandwidth setting:
Maximum Operation Temperature:

Internal Parameters

Compensation Coil Inductsnce:

Compensation Coil Resistance (typ):
Compensation Coll Resistance (max):
Resistance of Shunt + Compensation Cod (typ):
Resistance of Shunt + Compensation Coi:

Saturation Error Flag trigger level (OC fiekd)
BSEL pin setting: 0,1 Bandwicth:

Wil be used for drift calculations.

Notes:

Typical value at room temperature
Worst case over process spread and temperature
Typical value at room temperature
Worst case aver process spread and temperature

Magnetic Field Range
Srwnt Sense Ampifier Votage Overload

Error Flag triggered
Over-Range Flag wil never trigger

Figure 6. DRV425 System Parameters for TIDA-01467

Comgensation Col Driver Votage Overioad:

Room Temp. Over Temp.
037 037
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3 Hardware, Testing Requirements, and Test Results

3.1 Required Hardware

The hardware is populated with headers and terminal blocks to support three-phase current inputs and
capture of output signals. The details of the header or terminal blocks are listed in Table 3.

Table 3. TIDA-01467 Header Description

HEADER or TERMINAL BLOCK FUNCTION
J1 Differential output of sensor Ul
J2 Differential output of sensor U2
J3 Differential output of sensor U3
J4 Differential output of sensor U4
J5 Differential output of Sensor U5
J6 Differential output of sensor U6
J9 J9-Pin1 VDD input (3 to 5 V) J9-Pin2 GND
J10 Header for GND
J11 Current input terminal block
J12 Current input terminal block
J13 Current input terminal block
10 Over-the-Trace Three-Phase Current Sensing Using Fluxgate Sensors TIDUDS50—-August 2017
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3.2 Testing and Results

3.21 Test Setup

The test setup consists of the reference design board, MTE AC current source, DC power supply and 6%
digital multimeter (DMM), as shown in Figure 7.

Agilent 34401A
Current Source Multimeter
Copyright © 2017, Texas Instruments Incorporated

MTE -~ AC TIDA-01467 Board DC Supply

Figure 7. Test Setup

Follow these steps to perform the tests:

1. Connect a 5-V DC power supply to Jumper J9 of the design board to provide power to the board.

2. Connect the AC current inputs 11, 12, and 13 from the MTE current source to connectors J11, J12, and
J13 of the design board.

3. Connect the differential outputs of each sensor at jumpers J1, J2, J3, J4, J5, and J6 of the design
board to the 6%2 DMM and measure the output voltage.
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3.2.2

3.2.21

Test Results

Current Flow up to 5 A

The accuracy error test is done across three phases with current flowing through the PCB current trace of
each phase. The DRV425 detects the magnetic fields generated by the current in the trace and stray fields
and outputs an analog signal proportional to sensed magnetic field. The output is measured in RMS
voltage between VOUT and REFOUT signals of each DRV425 using a DMM. The accuracy test is done to
measure the error in measuring the AC current inputs from 500 mA to 5 A.

NOTE: Lower currents (< 0.5 mA) can be measured by modifying the current trace on the PCB
layout. The recommendation is to run the current trace on both signal layer 1 and signal
layer 2. This approach helps with obtaining a higher gain of magnetic field.

Figure 8 provides the accuracy error results for current inputs applied simultaneously across three phases
after calibration.

Follow these steps to calibrate the measured data:

1. Measure the voltage (V0.5A) at a known non-zero current (0.5 A).

2. Measure the voltage (V5A) at a known non-zero current (5 A).

3. Obtain the calibration factor using Equation 3.
Factor =2aVoltage/ 2aCurrent = (V5A - VO.5A)/(5A- 0.5A) )

4. Apply the calibration factor and obtain the current measured.

1.0
— Ph 1A
0.8 — Ph2B
0.6 — Ph3C

0.4 M
oo| 4 ™

-0.4

% Error

-0.6

-0.8

-1.0

0 1 2 3 4 5 6
Current (A)

Figure 8. Measurement Error versus Current
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3.2.2.2  Current Flow, Neighbor Current Stray Field
A neighbor current does not produce the same magnetic field at each DRV425 device because the

distance from the neighboring current varies from each DRV425. The distance away from the source
determines the magnetic field strength. To detect the effect of a neighbor current stray field, the tests

listed in Table 4 are conducted. The distance of the DRV425 (center of DRV425 package) from a neighbor
current PCB trace in this reference design is = 660 mil. See Figure 9 for stray field errors.

Table 4. Neighbor Current Stray Field Tests

CURRENT INPUT (A)
NOTE
Ph 1A Ph 2B Ph 3C
11 0 0 Apply current across single-phase Ph 1A.
0 12 Apply current across single-phase Ph 2B.
0 0 13 Apply current across single-phase Ph 3C.
0.35
— Ph1A
o — Ph2B
0.30 — Ph3C
/ ’
5 020 —4
|
X 0.15
0.10
0.05
0.00
0 1 2 3 4 5 6

Current (A)

Figure 9. Stray Field Neighbor Current Error
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4.1

4.2

4.3

43.1

4.4

4.5

4.6

5.1

Design Files

Schematics
To download the schematics, see the design files at TIDA-01467.

Bill of Materials
To download the bill of materials (BOM), see the design files at TIDA-01467.

PCB Layout Recommendations

Layout Prints
To download the layer plots, see the design files at TIDA-01467.

Altium Project
To download the Altium project files, see the design files at TIDA-01467.

Gerber Files
To download the Gerber files, see the design files at TIDA-01467.

Assembly Drawings
To download the assembly drawings, see the design files at TIDA-01467.

Related Documentation

Texas Instruments, DRV425 Fluxgate Magnetic-Field Sensor, DRV425 Datasheet (SBOS729)
Meeker, D.C., FEMM 4.2, Finite Element Method Magnetics (http://www.femm.info)

Texas Instruments, DRV425EVM User's Guide (SLOU410)

Texas Instruments, DRV425 System Parameter Calculator (SLOC331)

Advanced Circuits, 4PCB Trace Width Website Calculator (http://www.4pch.com/trace-width-
calculator.html)

akrwndE

Trademarks

PowerPAD is a trademark of Texas Instruments.
All other trademarks are the property of their respective owners.
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