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Introduction
12V

Harsh environments are a reality for many electrical systems used Battery =

in motor control or solenoid control applications. The electronics Shunt |: >—> Output
that control motors and solenoids are by necessity in close proxim- Current Sense

ity to the high currents and voltages used to create the physical Amplifier
movement required by the end application. In addition to proximity, Clamp 2
these systems are often serviceable (for example, one might hire Piode
a technician to change the controller board for a dishwasher solen- Solenoid
oid), which leaves open the possibility of unintentional wiring
errors. The proximity to high currents and voltage, coupled with a
potential for incorrect wiring, necessitate a design that incorpo- Q7

rates overvoitage protection. Figure 1. High-side current sensing in a solenoid control application.
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To create efficient and safe systems, precision current sense . . .

amplifiers monitor the currents in these applications. The precision Overvoltage Protection Circuit

amplifier circuits need to be designed to protect from overvoltage Figure 2 shows the basic connection for overvoltage protection of a
conditions, but these protection circuits may impact the accuracy current sense amplifier. When the differential input voltage exceeds the

of the amplifier. maximum rated value for a given amplifier, the amplifier may begin to pull
current into the internal protection diodes. The additional series resistors,
R1 and R2, prevent large current flow to the internal protection diodes if
a large differential voltage signal is present between the input pins.

With proper circuit design, analysis, and verification, it is possible
to balance the trade-off between protection and accuracy. This
article discusses two common protection circuits and how the
implementation of these circuits affect the accuracy of the current
sense amplifiers.

R1
Current Sense Amplifiers vi @ .

Most current sense amplifiers are capable of handling high common-
mode voltages (CMVs) but not high differential input voltages. In vem T

certain applications, there are instances where the differential input
voltage at the shunt exceeds the specified maximum voltage of the
amplifier. This is common in industrial and automotive solenoid control
applications (Figure 1) where fault conditions caused by short circuits Figure 2. Basic overvoltage protection circuit.
may arise, exposing the current sense amplifier to a high differential

input voltage that may reach the same potential as the battery. This dif-

ferential overvoltage can cause damage to the amplifier, especially if

there is no protection circuit present.
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Differential Overvoltage Protection Circuits for Current Sense Amplifiers

Both the maximum rated voltage and the maximum input current tolerated
by a protection circuit vary from device-to-device. As a general rule of
thumb, limit the current passing through the internal differential protection
diodes to 3 mA unless there is a specification indicating a larger value is
acceptable. Given this value, calculate the values of R1 and R2 using the
following equation:

VIN Max — VRATED Mmax
R =3 mA

where: VIN_MAX is the expected maximum differential voltage.
VRATED_MAX is the maximum rated voltage (0.7 V). R is the total
series resistance (R1 + R2).

For example, if the expected maximum transient input voltage
is 10V, the equation is

10V-0.7V
R

=3 mA

If R = 3.1 kQ, then based on Equation 1, R1 and R2 = 1.55 kQ.

These values for R1 and R2 are significant, relative to the input
impedance of certain amplifiers, and can contribute a large error
to the overall system performance.

One way to reduce the value of R1 and R2 is to add external
protection diodes with higher current capabilities on the input
pins, as shown in Figure 3.

VREF1

VREF2

VCM —=-

|

Figure 3. Overvoltage protection circuit with external input differential
protection diodes.

For example, when using the Digi-Key BO520LW-7-F Schottky diode,
which can handle up to 500 mA of forward current, the value of R is
reduced to 20 Q.

Trade-Offs in System Performance

Adding series resistors to the input of the amplifier can degrade certain
performance parameters. In some amplifiers, R1 and R2 appear in series
with internal precision resistors. In other amplifiers, offset currents work
with the resistors to create offset voltages. The parameters more likely to
be affected are gain error, the common-mode rejection ratio (CMRR), and
offset voltage.

To examine the potential impact of the series resistance, measurements
were taken of two current sense amplifiers configured with protec-

tion resistors at the input pins. The test setup used for evaluating gain
error, CMRR, and offset voltage is shown in Figure 4. This setup uses
the Agilent E3631A power supply for providing the 5 V single supply to
the device, the Yokogawa GS200 precision dc source, for the differential
input voltage signal, the HAMEG HMP4030 for setting the CMV, and the
Agilent 3458A precision multimeter for measuring the output voltage of
the current sense amplifiers.
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Figure 4. Test setup for evaluating the gain error, CMRR, and offset voltage.

Both the AD8210 and the AD8418 were evaluated to measure the impact
of the additional series resistors on the gain error, CMRR, and offset volt-
age parameters of the devices.

Gain Error

When series resistors are placed in series with the input of an amplifier,
they form a resistor divider with the differential input impedance of the
amplifier. The resistor divider introduces an attenuation that appears at
the circuit level as additional gain error. The additional gain error will be
larger for amplifiers with lower differential input impedances.

Table 1 shows the calculated, additional gain error, and the actual gain
error of the AD8210. The AD8418 was tested with and without the protec-
tion circuit as well. Table 2 shows the calculated additional gain error and
the actual gain error of the amplifier.

In the measured results, the AD8418 gain error shifts by 0.013% while
the AD8210 shifts by 0.497%. The input impedances of the AD8418 and
AD8210 are 150 kQ and 2 kQ, respectively, so it follows that the error
introduced in the AD8418 would be less than the AD8210.

Common-Mode Rejection Ratio

Because current sense amplifiers are usually exposed to environments
with high CMV, CMRR is one of the most important specifications. CMRR
assesses the ability of a device to reject high CMVs and attain optimal
accuracy and performance. It refers to a measure of change in output
voltage when equal voltage is applied at the two input terminals of

the amplifier. CMRR is defined as a ratio of the differential gain to the
common-mode gain and is usually specified in decibels.

Use the following equation to find the CMRR values for both amplifiers:

CMRR=

Apm B
Acv |

20X A Vew
AVour

where: A,y is the differential gain of the AD8210 and the AD8418
(Apy = 20). Ay, is the common-mode gain, AVqy/AVgy.

When series resistor are in series with the input of an amplifier, the
mismatch of the series resistors is added to any mismatch of the internal
resistors, which will impact the CMRR.

The CMRR measurement results for the AD8210 and the AD8418 current
sense amplifiers are shown in Table 3 and Table 4, respectively.

The results indicate that the effect of the additional external series resis-
tors is a reduction in the AD8418 CMRR and has a smaller effect on the
AD8210 CMRR. The AD8418 moved to 89 dB while the AD8210 remained
almost unchanged at 94 dB. The common-mode impedance of both
amplifiers is relatively high for fixed-gain devices with the AD8418 and
AD8210 at 750 kQ and 5 MQ, respectively.
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Table 1. AD8210 Gain Error

Additional Actual Gain Actual Gain
R1 Q) R2 (Q) Gain Error (%) (VAV) Error (%)
0 0 0

-0.1095
-0.59705

19.9781
19.88089

10.2 10.2 0.497
Table 2. AD8418 Gain Error

Additional Actual Gain Actual Gain
Ri{a) Rz (Q) Gain Error (%) (2] Error (%)
0 0 0

19.99815 -0.00925

10.2 10.2 0.013 19.9955 -0.0225

Table 3. AD8210 CMRR Performance at a Gain of 20

oMv=0V | cMv=av | cMv=av | cmv=6V
RUQ) | R2@) | 2044y (aB) | and 6V (@B) | and 65V (@B) | and 65 V (@B)
0 0 277 10496 12149 12335
102 102  -9437 10799  —121.86  —123.10

Table 4. AD8418 CMRR Performance at a Gain of 20

oMV=0V | cMv=35v | cmv=ov
R1(Q) RZQ | 40435V (aB) | and 70V (dB) | and 70V (cB)
0 0 12772 12372 -138.39
102 102 88,89 10435 9305

Table 5. AD8210 Additional Offset Voltage Due to Input
Offset Current and External Impedances

o o | v |t ot
0 0 0

5.598
10.2 10.2 5.938 17

Table 6. AD8418 Additional Offset Voltage Due to Input
Offset Current and External Impedances

G T R L
0 0 0

-0.91
10.2 10.2 26.09 13
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Offset Voltage

When bias currents pass through the external resistors, they produce

an error voltage in series with the intrinsic offset voltage of the device.
To compute this additional offset voltage error, multiply the input offset
current (log, which is the difference between the two input bias currents,
by the external impedance present on the input pins, as shown in the
following equation:

Offset Voltage=1,; X R

DS X
where: |y is the input offset current. R is the additional
external impedance.

The increase in offset voltage based on measurements from the
AD8210 and the AD8418 current sense amplifiers are shown in
Table 5 and Table 6, respectively.

The results show that the increase in offset voltage in the AD8418 is
larger than the increase in offset voltage in the AD8210. This is caused by
the input offset current of the AD8418, which is around 100 pA.

Any additional impedances in series with the input pins (together) in
combination with the input offset current, create an additional offset
voltage error.

Conclusion

Implementing additional series resistors on the input pins is a simple

way to protect a current sense amplifier against overvoltage conditions.
The impact on performance measures such as gain error, CMRR, and
offset voltage is measurable and directly related to the magnitude of the
external resistors and the type of current sense amplifier used. If designed
properly, the circuit improves the application’s differential input voltage
ratings with a modest increase in component count and a minimal impact
on precision.

For more information on overvoltage protection for robust amplifiers,
see the Analog Dialogue article “Robust Amplifiers Provide Integrated
Overvoltage Protection.”

References
AD8210 Data sheet. Analog Devices Inc.

AD8418 Data sheet. Analog Devices Inc.
B0520LW Data sheet. Diodes Incorporated.

3



http://www.analog.com/en/index.html
http://www.analog.com/library/analogDialogue/index.html
http://www.analog.com/AD8210
http://www.analog.com/AD8418
http://www.diodes.com/_files/datasheets/ds30051.pdf

About the Authors

Emmanuel Adrados joined Analog Devices in
May 2011, following his graduation from the
Bicol State College of Applied Sciences and
Technology with a bachelor’s degree in
electronic engineering. He currently works

as a product applications engineer supporting
linear products. In his spare time, Emmanuel
enjoys playing chess and badminton.

He can be reached at Emmanuel. Adrados@analog.com.

Paul Blanchard is an applications engineer
at Analog Devices in the Instrumentation,
Aerospace, and Defense business unit,
located in Wilmington, MA. Paul started with
ADI in 2002 in the Advanced Linear Products
(ALP) Group covering instrumentation ampli-
fiers and variable gain amplifiers. In 2009,
as part of the Linear Products Group (LPG),
he was primarily responsible for automotive
radar, current sensing, and AMR related applications. Currently,
as part of the Linear and Precision Technology (LPT) Group, he is
working on precision input signal conditioning (PISC) signal chain
technologies. Paul earned his bachelor’s and master’s degree in
electrical engineering from Worcester Polytechnic Institute.

He can be reached at paul.blanchard@analog.com.

Online Support Community

L"/EngineerZone“

SUPPORT COMMUNITY

Engage with the Analog Devices technology experts in our online
support community. Ask your tough design questions, browse FAQs,
or join a conversation.

ez.analog.com

Analog Devices, Inc.
Worldwide Headquarters

Analog Devices, Inc.

One Technology Way

P.0. Box 9106

Norwood, MA 02062-9106
USA.

Tel: 781.329.4700
(800.262.5643, U.S.A. only)
Fax: 781.461.3113

Analog Devices, Inc.
Europe Headquarters

Analog Devices, Inc.
Otl-Aicher-Str. 60-64
80807 Miinchen
Germany

Tel: 49.89.76903.0
Fax: 49.89.76903.157

Analog Devices, Inc.
Japan Headquarters

Analog Devices, KK

New Pier Takeshiba

South Tower Building
1-16-1 Kaigan, Minato-ku,
Tokyo, 105-6891

Japan

Tel: 813.5402.8200

Fax: 813.5402.1064

Analog Devices, Inc.
Asia Pacific Headquarters

Analog Devices

5F, Sandhill Plaza

2290 Zuchongzhi Road
Zhangjiang Hi-Tech Park
Pudong New District
Shanghai, China 201203
Tel: 86.21.2320.8000
Fax: 86.21.2320.8222

©2016 Analog Devices, Inc. All rights reserved. Trademarks and
registered trademarks are the property of their respective owners.
Ahead of What's Possible is a trademark of Analog Devices
TA14187-0-4/16

analog.com

ANALOG
DEVICES

AHEAD OF WHAT'S POSSIBLE™


http://www.analog.com/en/index.html
http://www.analog.com/en/index.html
http://ez.analog.com
http://ez.analog.com

