ANALOG
DEVICES

Circuit Note
CN-0321

Circuits
from the Lab

Reference Circuits

Circuits from the Lab™ reference circuits are engineered and
tested for quick and easy system integration to help solve today’s
analog, mixed-signal, and RF design challenges. For more
information and/or support visit www.analog.com/CN0321.

Devices Connected/Referenced

AD5422 16-Bit Current and Voltage Output DAC
AD5700-1 Low quer HART Modem with Internal
RC Oscillator

36V, 1 A, Synchronous, Step-Down

ADP2441 DC-to-DCRegulator

Quad Isolator with Integrated
ADuM3471 | Transformer Driverand PWM
Controller

Small,3.75 kV rms Quad Digital

ADuM3482
Isolator

Fully Isolated, Single Channel Voltage and 4 mA to 20 mA Output with HART
Connectivity

EVALUATIONAND DESIGN SUPPORT

Circuit Evaluation Boards
CNO0321 Evaluation Board (EVAL-CN0321-SDPZ)
System Demonstration Platform (EVAL-SDP-CB1Z)
Design and Integration Files
Schematics, Layout Files, Bill of Materials

CIRCUITFUNCTION AND BENEFITS

This circuit provides a complete, fully isolated, analog output
channel suitable for programmable logic controllers (PLCs)and
distributed control system (DCS) modulesthat require standard
4mA to 20 mA HART®-compatible current outputs and unipolar
or bipolar outputvoltage ranges. It providesa flexible building
block for channel-to-channel isolated PLC/DCS output modules
or any other industrial application that requiresa fully isolated
analogoutput. The circuit also includes external protection on
the analog output terminals.

The AD5422 16-bit digital-to-analog converter (DAC) is software
configurable and provides all the necessary currentand voltage
outputs.

The AD5700-1, the industry’s lowest power and smallest
footprint HART-compliantIC modem, is used in conjunction
with the AD5422 to form a complete HART-compatible4 mA
to 20 mA solution. The AD5700- 1 includes a precision internal
oscillator that provides additional space savings, especially in
channel-to-channelisolated applications.

"HART is a registered trademark of the HART Communication Foundation.
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PLC/DCS solutions must be isolated fromthe local system
controllerto protect against groundloopsand to ensure robustness
against external events. Traditional solutions use discrete ICs for
both power and digital isolation. When multichannel isolation is
needed, the costand space of providing discrete power solutions
becomes a big disadvantage. Solutionsbased onoptoisolators
typically have reasonable output regulationbut require additional
external components, thereby increasingboard area. Power
modules are often bulky and can provide poor outputregulation.
The circuit in Figure 1 usesthe ADuM347x family of isolators and
powerregulation circuitry along withassociated feedback isolation.
External transformers are used to transfer power across the
isolation barrier.

The ADuM3482 providesthe UART signalisolation forthe
ADS5700-1.

The ADP2441,36 V step-down dc-to-dcregulator, accepts an
industrial standard 24 V supply, with wide tolerance on the
input voltage. It steps this down to 5V to power all controller
side circuitry. The circuit also includes standard external
protection on the 24 V supply terminals, as well as protection
against dcovervoltage of +36 Vdownto —28 V.
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Figure 1. Functional Block Diagram (Simplified Schematic: All Connections and Decoupling Not Shown)
CIRCUIT DESCRIPTION The AD5422 has an on-board 10 ppm/°C reference. Forhigher

Analog Output

For industrial control modules, standard analogoutput voltage
and currentrangesinclude +5V,+10V,0Vto +5V,0Vto +10'V,
+4mAto+20 mA,and 0 mA to +20 mA. The AD5422is a
precision, fully integrated 16-bit DAC that offersa programmable
current source and programmable voltage output designed to
meet the requirements of industrial process control applications.

The AD5422 providesall the output ranges previously listed, with
the current output rangesand voltage output rangesavailable on
separate pins. An overrange feature of 10% is available on all the
voltage ranges,and a 0 mA to 20 mA overrange s available on
the current output. Analog outputs are short-and open-circuit
protected.

Rev.0 | Page

performance over temperature, this design usesan ADR02
reference. The ADR02is a5V precision reference thatallows
for aninput voltage of up to 36 V. It has a 0.05% maximum
accuracy error and a 3 ppm/°C maximum temperature drift.
This drift contributes approximately 0.02% erroracrossthe
industrial temperature range.

The AD5422 allows for an internal or external precision,
current setting resistor for the current output circuitry. This
design uses the internal current sensing resistor option;
however, even higher accuracy can be achieved by using a
precision external 15 kQ resistor.
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Byleaving the DVcc SELECT pin of the AD5422 floating, an
internal 4.5 V power supply is connected to the DV pin which
is used as a digital power supply for the AD5700- 1 and the field
side of the isolators. Alternatively, the 5V outputlow dropout
(LDO)regulator onthe ADuM3471 can be used. The LDO
provides a tighter regulated 5 V rail; however, it does not allow
for dcovervoltagesof greaterthan 20 V due to the absolute
maximum ratings on the regulator input pin of the ADuM3471.

The output connector configuration for the EVAL-CN0321-SDPZ
hardwareis shown in Table 1.

Table 1. Output Terminals

Terminal Name Output Type

ouT2 Voltage outputranges
GND Ground

OUT1 Current outputranges

HART Compatibility

The AD5700-1is used in conjunction with the AD5422 to form
a complete HART-compatible 4 mA to 20 mA solution. The
ADS5700-10.5% precision internal oscillator provides significant
space savings in channel-to-channel isolated applications where
a clock crystal would otherwise be needed per channel. The crystal
would typicallybe bigger thanthe AD5700-1 IC tself; therefore,
the internal oscillator results in significant space saving.

The HART modemoutputis attenuatedby Cland C2 and
ac-coupled into the AD5422via the CAP2 pin. Additional
informationcan be foundin the AN-1065 Application Note.
Circuit Note CN-0278 describesan alternate HART coupling
methodusing the Rger pin thatoffers greater power supply
rejection; however, it requiresan external precision current
setting resistor.

Isolated Power

The voltage output headroomrequiredby the AD5422is 0.8 V
maximum, and the current output needs a 2.5V headroom
maximum. Therefore, a >12.5V supply is required to output a
20 mA current through a 500 Q2 load. In this design, the
minimum supply voltage (overtemperature) is no lower than
13.5 V, which allows for some additional headroom.

The ADuM347x devices are quad-channel digital isolators with
integrated pulse-width modulation (PWM) controllers and low
impedance transformer drivers (X1 and X2). The only additional
componentsrequiredfor anisolated dec-to-dcconverterare a
transformer and simple full-wave diode rectifier. The devices
provide up to 2 W of regulated, isolated power when supplied
froma 5.0V or 3.3 V input, which eliminates the need for a
separateisolated dc-to-dc converter.

The iCoupler® chip-scale transformer technology is used to
isolate the logic signals, and the integrated transformer driver
with isolated secondary side control provides high efficiency for
the isolated dc-to-dc converter. The internal oscillator frequency is
adjustable from 200 kHz to 1 MHz and is determined by the Roc
value. When Roc = 100 kQ, the switching frequency is 500 kHz.

The ADuM3471 regulation is from the positive 15 V supply. The
feedback for regulation is from the divider network (R1 and R2).
The resistors are chosen such that the feedback voltage is .25V
when the outputvoltageis 15 V. The feedback voltage is compared
with the ADuM 3471 internal feedback setpoint voltage of 1.25 V.
Regulation is achieved by varying the duty cycle of the PWM
signals driving the external transformer.

The negative supply is loosely regulated and could potentially
be aslowas—26.4V if unloaded. For this reason, a 25V Zener
diode was placed on the negative supply. This diode draws a
small current from the supply when it is lightly loaded; however, it
ensures thatit clamps ataround 25'V.

Another approach is to use anisolation transformerwith a

4:1 turns ratio; when it is unloaded, the negative rail does not go
as low. In applications thatrequire higher compliance voltages or
very low power dissipation,a different power supply design
should be considered.

Input Power

The circuit in Figure 1is poweredby a24 V supply. The ADP2441
is used to step the 24 V down to 5V to supply all controller side
circuitry.

The ADP2441 hasa wide tolerance on itsinput supply, making it
ideal foraccepting a 24 V industrial supply. Because the ADP2441
can accept up to 36 V, reliable transient protection of the supply
inputis also more easily achieved.

The ADP2441 also featuresa number of other safety/reliability
functions, such as undervoltage lockout (UVLO), a precision
enable feature,a power good pin,and overcurrentlimit protection.
It can achieve up to 90% efficiency for an inputof24 V and an
outputof5V.

Isolation

The ADuM3471 power isolation circuitry includes four fully
isolated voltage channels with a 2.5kV isolation rating. These
four channels are usedto isolate the four datalines (SCLK,
LATCH, SDIN, and SDO) of the AD5422. Isolation of the SDO
line is not essential for the operation of the circuit; however, it
does allow access to diagnosticand fault features, as well as
register readback.

The ADuM3482isa 3.75 kV quad channel digitalisolator ina
small 20-lead SSOP package (7.2 mm x 7.8 mm). The ADuM3482
core operates between 3.0 Vand 5.5V, whereas the I/O supply
can range from 1.8 Vto 5.5 V. These devices can be usedto
interface directly with 1.8 Vlogic. Thisisolator is used to isolate
the UART signals for the AD5700-1 HART modem.

Further information on iCoupler products is available at
www.analog.com/icouplers.
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DC Overvoltage Protection

The circuit in Figure 1 allows for continuous +36 Vand -28 V
dc overvoltage protection. This means the circuit is protected in
cases where a dcpower supply line is accidentally connected to
the output.

During an overvoltage condition, the supplies are pulled up or
down via the external protection diodes. The resistance between
these diodes and the output terminals limits the peak current.

The maximum/minimum voltage on the output terminals is
limited by the breakdown voltage on any circuitry connected to
the output or power supplies. The current and voltage outputs
ofthe AD5422 cantolerate +48 V downto—28 V. The AV input
can tolerate —28'V, and the AVpp, can tolerate +48 V. The ADR02
reference can tolerate 36 V on its supply. The ADC_IP pin of
the AD5700-1is protected by a 150kQ resistor thatlimits any
current, followed by a 300 pF capacitor to blockany dc current.
Do not expose otherICs to higher voltages during the dc
overvoltage condition.

Transient Voltage Protection

The AD5422 contains ESD protection diodes that prevent damage
from normalhandling. The industrial control environment can,
however, subject I/O circuits to much higher transients. To
protect the AD5422 from excessivelyhigh voltage transients,
external power diodes and a surge currentlimiting resistor may
be required, as is shown in Figure 1.

The constraint on the resistor value in the current output path,
shown in Figure 1 as 18 Q, is that during normal operation, the
outputlevelat Ioyr must remain within its voltage compliance
limit of AVpp — 2.5V, and the two protection diodes and resistor
must have the appropriate power ratings. With 18 ), fora4 mA
to 20 mA output, the compliance limit at the terminal is decreased
by V =Lux x R=0.36 V.

The constraint on the resistor value in the voltage output path,
shown in Figure 1 as 100 €2, is that there must be 0.8 V headroom
over the outputvoltage. The effect of this resistor can be minimized
by using the + Ve input. Shown in Figure 1, the +Veeng: input
is protected by a 22 Q resistor. There is also a corresponding

22 Q) resistor on the —Venss path. These two 22 Q) resistors
cause some absolute gain error that may needto be calibrated
outatroom temperature; the reasonfor this error is that there is
only about 70 kQ impedance in the internal feedback circuitry of
the AD5422.The advantage of sensing the voltageat the output
and notat the Vour pin of the AD5422 is that the protection
resistor forthe Vour pin hasa varying voltage across it, depending
ontheload current drawn. Sensing at the terminal avoids this
error source.

Further protectionis provided with transient voltage suppressors
(TVS) or transorbs. These areavailable as both unidirectional
and bidirectional suppressorsand in a wide range of standoff
and breakdown voltage ratings. Size the TVS with the lowest
breakdown voltage possible while not conducting in the functional
range of the current output. As previously discussed, it is
recommendedthatall remotely connected nodes be protected.

COMMON VARIATIONS

This circuit is proven to work well with good stability and
accuracy with the component values shown. When the
application needs the 4mA to 20 mA current output only, a
single-supply scheme can be used. In this case, the positive
AVpp supply for the AD5422 canbe 24 V, for example, and the
output complianceis 24 V — 2.5 V = 21.5 V. With an output
current of 20 mA, a load resistance as high as 1 kQ is possible.

For applications not requiring 16-bit resolution, the 12-bit
AD5412is available. For applications thatrequire only current
outputs, the AD5420 (16-bit) and AD5410 (12-bit) are available.

For applications that require voltage and current outputson the
same terminal, see Circuit Note CN-0278 for a technique.

If overvoltage protection is not required, a reference with a
lower maximum supply voltage can be used such as the
ADR4550 or the ADR445.

The ADuM347x isolators (ADuM3470, ADuM3471, ADuM3472,
ADuM3473, and ADuM 3474) provide fourindependent isolation
channels ina variety of input/output channel configurations.
These devices are also available with either a maximum data
rate of 1 Mbps (A grade) or 25 Mbps (C grade).

The AD5700 modem can be used instead ofthe AD5700-1;
however, either an external crystal ora CMOS clockis required.

CIRCUITEVALUATION ANDTEST
Equipment Required

The following equipment is required:

e The EVAL-SDP-CBI1Z system demonstration platform
(SDP-B)

e  The EVAL-CNO0321-SDPZ evaluation board and software

e A PC (Windows®32-bit or 64-bit)

e A24Vpowersupply

e A precision voltmeter, such as Agilent 34410A

e A digital test filter (such as the HCF_TOOL-31 available
from the HART Communication Foundation)

e A 500 Qprecisionload resistor

e An oscilloscope, Tektronix DS1012B or equivalent
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Figure 2. Test Setup Functional Diagram

Test Setup Functional Diagram
A diagram of the test setup is shown in Figure 2.

Software Installation

The evaluation kit includes self-installing software ona CD.The
software is compatible with Windows XP (SP2), Vista (32-bit and
64-bit) or Windows7 (32-bit and 64-bit). If the setup file does not
run automatically, run the setup.exe file from the CD.

Install the evaluation software before connecting the evaluation
board and SDPboardto the USB port ofthe PC to ensure that
the evaluation system is correctly recognized when connected to
the PC.

1. Connectthe EVAL-SDP-CB1Zvia the USB port of the PC
using the supplied cable.

2. Connectthe EVAL-CN0321-SDPZ evaluation board to
Connector A. If Connector B is used, the UART of the
EVAL-SDP-CB1Z will not function as required.

3. Powerup the EVAL-CN0321-SDPZby applying 24 V to
the J1 connector.

4. Startthe EVAL-CN0321-SDPZ softwareand proceed
through any dialog boxes that appear. This completes the
installation.

Software

The main software window is shown in Figure 3. Click
Advanced for more optionsfor configuring the AD5422.

3 evaL-cho3z1-soz =8 Fon
ON-0321 ANALOG
SDP Evaluation Software DEV'CES

Msin | HART ! HART Query
[ 1out Faul
ac [l Crver Temp
DAC Qutput Range i
0-5v -
Valtage Cver-Range Enable?
Internal | Rset
Enable Output
DAC Dutput Value
0 5 v
K Code
RESET Advanced
8
STOP APP g
g

Figure 3. Main Software Window

For HART communications,ensure a currentoutput range is
enabled and then select the HART tab. From the HART tab,
data can be entered into the Command box and sent over the

4 mA to 20 mA loop, and the software can be set to poll for any
dataonthe4mA to 20 mA loop. Alternately, by selecting the
HART Query tab, a connected HART-compatible actuator can
be queried for its device address and device type.
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Absolute Accuracy Performance

The specification for the total unadjusted error (TUE) for the

AD5422 in current output mode using the internal Rgeris 0.08%
FSR typical at 25°C.

The total error of the ADRO2 reference (B grade)is 0.06%
maximum at 25°C.

Table 2 shows the measured currentoutput errorof the circuit
for the 4 mA to 20 mA range.

Table 2. Measured Current Output Error (4 mA to 20 mA Range)

Code (Hex) Currentat Output (mA) Error (%FSR)
0000 3.992 —0.049
4000 7.995 -0.034
8000 11.997 -0.018
B00OO 16.000 +0.001
FFFF 20.003 +0.020

The results are well within the expected values.

Similarly, for voltage output mode, the AD5422 TUEis 0.01%
FSR typical at 25°C.

The ADRO2reference error (B grade) is 0.06% maximum at25°C.

Table 3 shows the measured voltage output error for the circuit
in the £10 V output range.

Table 3. Measured Voltage Output Error (+10 V Range)

Code (Hex) Voltage at Output (V) Error (%FSR)
0000 -10.010 -0.050
4000 -5.005 -0.023
8000 +0.001 +0.003
B0O0O +5.006 +0.031
FFFF +10.011 +0.057

The voltage output shown in Table 3 also includes the error in
the circuit for the 22 Q) protection resistors on the +Vnse and
—Vsenss inputs of the AD5422. The +Vsenss and — Veense inputs
are internally connected to a ~70kQ) feedback resistor. The
additional 22 Q) resistors externally add a gain error of roughly
22 kQ/70 kQ, or 0.031%. This initial error canbe removed by
calibration.

Integral Nonlinearity (INL) Performance

The INL of the AD5422 was tested using both linear supplies
and the isolated dc-to-dc switching suppliesto ensure no loss in
system accuracy was incurred because of the switching supplies.
Figure 4 shows the INL for both the linear suppliesand the
switching supplies. There is no noticeable performanceloss when
using the switching supplies as comparedto the linear supplies.

2

T T T T
—+10V, LINEAR SUPPLY
—+10V, SWITCHING SUPPLY

1 [— —4mA TO 20mA, LINEAR SUPPLY s
4mA TO 20mA, SWITCHING SUPPLY

Uhy r1
y 4 b | ‘ “‘
Ty
UL I T W
. | ‘\"H‘\‘\‘UH “‘"i'\:ﬂ‘. | 4.()“ [

I I
LINEAR SUPPLY: AVpp = 15V, AVgg = —25V
5 1 1 1 1 1

0 10000 20000 30000 40000 50000 60000
CODE

INTEGRAL NONLINEARITY ERROR (LSB)
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Figure 4. Measured INL of Circuit with Linear and Switching Supply

The average output noise wasalso tested and comparedover
time when using a linear supply and switching supply, as shown
in Figure 5. Note that there is a slight offset in output noise
measuredovertime. This offset is not much larger than 1 LSB
and could be introduced by a slightly different measurement
setup or the drift in the reference during the time between the
two measurements.
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Figure 5. Measured Average DAC Output Noise, 1000 Sample,
Meter Setto NPLC=1

HART Compliance

For the circuit in Figure 1 to be HART-compliant, it must meet
the HART physicallayer specifications. Thereare a numberof
physicallayer specifications included in the HART specification
documents. For evaluating the performance ofthe hardware,
the output noise during silence and the analog rate of change
test were used.
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Output Noise During Silence Test

When a HART device is not transmitting (silence), it should not
couple noise onto the network. Excessive noise may interfere
with the reception of HART signals by the device itself or other
devices on the network.

The voltage noise measuredacrossa 500 Q) load in the loop
must contain no more than2.2 mVrms of combined broadband
and correlated noisein the HART extended frequency band. In
addition, the noise must not exceed 138 mV rms outside the
HART extendedfrequency band.

This noise was measured by a true rms meter connectedacross
the 500 Q2 load. This noise was measureddirectly for the out-of-
band noise and measured through the HCF_TOOL-31 filter for
the in-band noise. An oscilloscope was also used to examine the
noise waveform.

The captured noise waveform is shown in Figure 6, and the
results are summarized in Table 4.
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Figure 6. Output Noise During Silence Waveform

Table 4. Output Noise During Silence

Output Noise Measured (mV)

Outside Extended 0.6 <138
Frequency Range

Inside Extended 0.126 <22
Frequency Range

Analog Rate of Change

The analog rate of change test ensuresthat when a device
regulates the analog output current, the maximumrate of
change of the analog current doesnot interfere with HART
communications. Step changesin current disrupt HART
signaling.

The worst-case change in the analog output current must not
produce a disturbance higher than 15mV peak, measured
across a 500 Q load in the HART extended frequency band.

The AD5422 DACand outputdriver are relatively fast. Therefore,
to meet the required system specifications, the output current
change is limited by the hardware slew rate limit using capacitors
onthe CAP1 and CAP2 pins of the AD5422 and the digital slew
rate control feature of the AD5422. This is outlined in more
detailin the AN-1065 Application Note.

This test was performed using an oscilloscope coupled to a
500 Q) load through the HCF_TOOL-31 filter.

The resultis shown in Figure 7. The 4 mA and 20 mA output
line (see blue line in Figure 7) shows the periodicsteps between
4mA and 20mA, sensed directly across a 500 Q2 load. The output
of the filter x 10line (see redline in Figure 7) is the signal captured
onthe HCF_TOOL-31 filter output, amplified 10x, within the
150 mV peaklimits.
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Figure 7. Analog Rate of Change Waveform
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LEARN MORE Data Sheets and Evaluation Boards

CN-0321 Design Support Package: AD5422 Data Sheet
http://www.analog.com/CN0321-DesignSupport AD5700-1Data Sheet

CN-0270, Complete 4 mA to 20 mA HART Solution ADP2441 Data Sheet

CN-0278, Complete 4 mA to 20 mA HART Solution with ADuM3471 Data Sheet

Additional Voltage Output Capability

Maurice Egan, Configuringthe AD5420 for HART
Communication Compliance, Application Note AN-1065,
Analog Devices.

ADuM3482 Data Sheet
System Demonstration Platform (EVAL-SDP-CB1Z)

HART® Communication Foundation
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