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An analog sensor produces an output signal that varies in a known way as a function of the physical

property being sensed. Depending on the type of analog sensor, the output signal may be a voltage,

current, frequency, phase, etc. This application note provides two examples of acquiring data from analog
sensors using a microcontroller (MCU) with an internal Analog-to-Digital Converter (ADC) peripheral. The first
example demonstrates the use of a Resistance Temperature Detector (RTD) to measure temperature. The
second example demonstrates current measurement in a circuit using a sense resistor. Both examples utilize
techniques for minimizing power consumption.

Features

+ Acquisition of Analog Sensor Data Using the Microcontroller’s Internal Analog-to-Digital Converter (ADC)
+ Techniques for Minimizing Power Consumption
+ Two Examples

- Resistance Temperature Detector (RTD) Measurement (Voltage Sensing)

- Current Measurement (Current Sensing)
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1. Relevant Devices

This section lists the relevant devices for this document. The following figures show the different
family devices, laying out pin count variants and memory sizes:

+ Vertical migration upwards is possible without code modification, as these devices are pin-
compatible and provide the same or more features

+ Horizontal migration to the left reduces the pin count and, therefore, the available features
+ Devices with different Flash memory sizes typically also have different SRAM and EEPROM

Figure 1-1. AVR® EA Family Overview

Flash 4
» Pins
28 32 48
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2. Overview

Many systems include one or more analog sensors that periodically must be checked. Analog
sensors that generate voltage or current outputs are quite common. These signals can be measured
using a microcontroller’s Analog-to-Digital Converter (ADC) peripheral. In battery-powered systems,
it is crucial to minimize power consumption using techniques such as placing the microcontroller in
a sleep mode between measurements.

This application note describes two examples of low-power analog sensor measurements using
the AVR® EA family of microcontrollers. The first example demonstrates the use of a Resistance
Temperature Detector (RTD) to measure temperature. The second example shows current
measurement in a circuit using a sense resistor.
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3. RTD Measurement (Voltage Sensing) Example

In this example, the AVR EA microcontroller is used to periodically drive a Resistance Temperature
Detector (RTD) with current, measure the voltage across the RTD, and calculate both resistance
and temperature of the RTD. The only hardware needed in addition to the microcontroller is a 1.8
kQ fixed resistor and the RTD itself. The type of RTD used is a Pt100, meaning that it is made of
platinum and has a resistance of 100Q at 0°C.

3.1 Hardware Block Diagram

The figure below is a high-level hardware block diagram showing the peripherals and components
used in the RTD measurement and how they are connected.

4

VREF VREFA

DAC —&—>» 1.8kOhm ADC

RTD

\/

3.2 Theory of Operation

To measure the RTD, the Digital-to-Analog Converter (DAC) is enabled to produce an output of
approximately 1.8V. The DAC on AVR EA is buffered so it can drive low-impedance loads. Since the
DAC voltage is applied to a 1.8 kQ fixed resistor in series with the RTD, the current flowing through
the RTD will be under 1 mA. RTD datasheets usually provide guidance for maximum current, but
generally, a current of less than 1 mA is recommended because it prevents the RTD from any
significant self-heating. The ADC is used to measure the voltage across the RTD, which can be
converted into the sensor resistance and thus, its temperature.

The resistance of the RTD varies in a known way as a function of temperature (7), by the following
equations, where Ry is the resistance of the RTD at a temperature of 0°C and A, B and C are constants
provided by the RTD manufacturer:
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For T of 0°C or higher, R(T) = Ro(l + AT + BTZ)

For T of -200°C to 0°C, R(T) = Ro(1+ AT + BT*+ CT*(T — 100))

If the resistance of the RTD is known, then the formulas above can be used to determine the
temperature.

Here are the relevant formulas for determining the resistance of the RTD:

First, the voltage across the RTD is determined by the voltage divider equation, where Rris the
resistance of the fixed resistor and Ryp is the resistance of the RTD:

_ Rrp
Verrp = (m) “Veer

The ADC digital result x, when the ADC is used in differential mode, is determined by the following
equation (from the device datasheet), where Gpgy is the gain of the PGA:

Verp - G
x=( RTD " GPGA

-2048
VREF )

The voltage divider equation from above can be substituted in for Vgrp, causing Vgerto cancel out:

_(__Rm
w= () G- 2048

This equation can be solved for Ryp, the resistance of the RTD:
R _ X - RF
™D =\ Gpgy - 2048 — x

Note that Vzer does not appear in the equation, so errors in the reference voltage value will not
affect the result. The only parameters needed to compute the RTD resistance are the resistance
value of the fixed resistor, the ADC result, and the PGA gain value.

3.3 Hardware Prerequisites
* AVR64EA48 Curiosity Nano (CNANO) Development Board
+ RTD (Pt100) Sensor
+ 1.8 kQ Resistor

34 Hardware Setup
Hardware connections are as follows:

Pp7 pF——m
PD6 }F—

1.8 kQ
PDO

PD1 El
AVRG4EA48

RTD

+ The DACOOUT pin of the device (PD6 on AVR EA) must be connected to the VREF pin of the device
(PD7 on AVR EA) so the DAC output provides the reference voltage for the ADC

+ The 1.8 kQ fixed resistor must be connected from the DACOOUT pin (PD6 on AVR EA) to the ADCO
AINO pin (PDO on AVR EA)
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* The RTD must be connected from the ADCO AINO pin (PDO on AVR EA) to ground
+ The ADCO AIN1 pin (PD1 on AVR EA) must be connected directly to ground

3.5 Software Prerequisites
MPLAB® version:
+ MPLAB X IDE v6.05 or newer

+ Microchip AVR64EA48 Device Support Pack AVR-Ex_DFP v2.4.168 or newer
+ MPLAB XC8 Compiler v2.41 or newer

+ MPLAB Code Configurator (MCC)
- MCC Plugin v5.3.0 or newer
- MCC Core v5.5.0 or newer

Microchip Studio version:
* Microchip Studio for AVR® and SAM Devices v7.0.2542 or newer

*  Microchip AVR64EA48 Device Support Pack AVR-Ex_DFP v2.2.56 or newer
+ AVR GCC 5.4.0 compiler or newer (automatically installed with Microchip Studio)

For debugging purposes, it can be helpful to install the MPLAB Data Visualizer:
* MPLAB Data Visualizer

3.6 Implementation Details

To minimize power consumption, the AVR EA is configured to stay in Power-Down sleep mode
whenever a measurement is not in progress. In this sleep mode, AVR EA consumption was measured
as approximately 0.9 pA (with Vpp = 3.3V). The PIT (Periodic Interrupt Timer), a part of the RTC

(Real Time Counter), is set up to periodically generate an interrupt to bring the device out of sleep
mode. When this happens, the DAC is enabled to produce an output voltage of 1.8V, and the ADC

is re-enabled. The ADC is commanded to start a differential conversion immediately. While the ADC
conversion is in progress, the CPU performs the calculations necessary for converting the previous
ADC value into resistance and temperature. As soon as the ADC conversion is complete and the
result is saved, DAC and ADC are disabled, and the device is put back to sleep.

The DAC and ADC are enabled after the device comes out of sleep. The DAC output stabilizes before
the ADC is ready to start its first conversion, so there is no need for additional delays in the software.

Various strategies were tested to minimize power consumption (higher/lower CPU and ADC clock
speeds, PGA on/off with less/more conversions). But in this case, the overriding issue is the fact

that the DAC must supply nearly 1 mA of current to the RTD sensor while AD conversions are in
progress. Therefore the best strategy is to run both the CPU and ADC as fast as possible (10 MHz
and 5 MHz clocks, respectively) with maximum PGA gain so the time that the DAC must supply 1 mA
is minimized. During the Power-Down Sleep mode, the 10 MHz clock source is disabled, and only the
internal 32 kHz oscillator and the RTC clock source are running. With this configuration, a burst of 16
ADC conversions takes only 155 ps.

During that 155 microseconds of conversion time with DAC enabled, the microcontroller supply
current measured 4.7 mA (this includes what the DAC needed to drive the RTD, with Vpp = 3.3V). If
there is one conversion per second, the average current will be (155 ps/1s) x 4.7 mA = 1.55e-4 x 4.7
mA = 0.73 pA.

Average current consumption is thus expected to be the sleep current of 0.9 pA + (0.73 pA) x n,
where n is the number of RTD temperature measurements per second:

_ Measured Average Current Consumption (with Vpp = 3.3V)

2 per second 2.4 A
4 per second 3.7 A
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........... continued

Measured Average Current Consumption (with Vpp = 3.3V)

8 per second 6.6 A
16 per second 12 pA
32 per second 24 pA
64 per second 47 pA

3.7 Source Code Overview
The key peripherals and parameters used in the source code are:

+ Main clock (CPU, peripherals) frequency: 10 MHz
+ Peripherals
- RTC
+ RTC clock frequency: 1.024 kHz
+ PIT period: 512 cycles (0.5 seconds)
SLPCTRL
+ Sleep mode: Power-Down
- DAC
+ Voltage reference: Vpp (3.3V by default on CNANO board)
+ Output voltage: 1.8V
- ADC
+ Clock frequency: 5 MHz (main clock divided by 2)

+ Voltage reference: VREFA
+ Sample accumulation: 16
+ PGA gain: 16x
+ PGA bias current: 100%
* Interrupts
- RTCPIT Interrupt (RTC_PIT_vect)

The following figure shows the high-level flow of the code:
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Figure 3-1. High-level flow of voltage sensing code
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4.1

4.2

Current Measurement (Current Sensing) Example

Some analog sensors, for example photodiodes and phototransistors, generate a current output. It
may also be interesting to measure the current at a point in a circuit. In this example, the AVR EA
microcontroller periodically measures a current using its internal ADC peripheral. Because the ADC
can only sample a voltage, the current is sent through a “sense” resistor with a known resistance
value to convert the current to a voltage. The current can then be calculated from the measured
voltage.

Hardware Diagram
This example uses the following hardware configuration to measure the current:

lo Vo
—

PD6
DACO OUT
R; =100 kQ
PD1 %
ADCO IN1
Rsense = 10 kQ
PDO %
ADCO INO
R, =100 kQ

AVRG4EA48 I

+ The DACO OUT pin of the device (PD6 on AVR EA) must be connected to the ADCO IN1 pin of the
device (PD0 on AVR EA) via resistor Ry

+ The sensing resistor Rsgnse is connected between the ADCO inputs IN1 and INO (PDO and PD1 on
AVR EA)

+ The ADCO AINO pin (PD1 on AVR EA) must be connected to ground via resistor R,
This example uses the following values:

Ry = Ry = 100kQ

Rsgnse = 10kQ

Vo=1V

Theory of Operation
The DAC is used to create a current source. Although the DAC outputs a voltage signal Vj, the
resistors in the circuit will create a current /y that is given by:
_ Vo
R1+ Rgpnse + Ry

Iy

The voltage divider rule gives the following equation for the voltage drop across Regnse:

_ Rsgnse
Vsense = Vo X R1 + Rspnse + Ry

If the expression for Iy is substituted (the same current flows through all the resistors), the following
expression is obtained:

Vsense = Io - Rsense

This, in turn, leads to:
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Iy = VSENSE
RsensE

Since Rseyse is known, measuring the voltage drop across Rsgyse may determine the current.
With the output voltage V, set to 1V (DACO OUT) and using the resistor values as listed, the following
result is obtained:

_ Rsgnse _ 10kQ _
Vsense = Vo X RriRepyss + Ry~ 0V X 100k + 10k + 100k — +/ 6™

_ Vsense _ 47.6mV _
fo= Rsgnsg ~ 10kQ 48ud

4.3 Hardware Prerequisites
*  AVR64EA48 Curiosity Nano (CNANO) Development Board

* 10 kQ Resistor
* Two 100 kQ Resistors

4.4 Software Prerequisites
MPLAB® version:
* MPLAB X IDE v6.05 or newer
*  Microchip AVR64EA48 Device Support Pack AVR-Ex_DFP v2.4.168 or newer
+ MPLAB XC8 Compiler v2.41 or newer
+ MPLAB Code Configurator (MCC)
- MCC Plugin v5.3.0 or newer
- MCC Core v5.5.0 or newer
Microchip Studio version:
+ Microchip Studio for AVR® and SAM Devices v7.0.2542 or newer
*  Microchip AVR64EA48 Device Support Pack AVR-Ex_DFP v2.2.56 or newer
* AVR GCC 5.4.0 compiler or newer (automatically installed with Microchip Studio)

For debugging purposes, it can be helpful to install the MPLAB Data Visualizer:
« MPLAB Data Visualizer

4.5 Hardware Setup
The hardware setup is explained in the Hardware Diagram section above.

4.6 Implementation Details

The AVR EA device is configured to stay in Power-Down sleep mode whenever a measurement is not
in progress to minimize power consumption. The Periodic Interrupt Timer (PIT), a part of the Real
Time Counter (RTC), is set up to generate an interrupt each second to bring the device out of sleep
mode. When this happens, a counter is incremented and checked against a predefined period (10s).

If the value matches this period, the DAC is enabled to produce an output voltage of 1.0V, and

the ADC is enabled. The ADC is commanded to start a differential conversion immediately. While
the ADC conversion is in progress, the CPU performs the calculations necessary for converting the
previous ADC value into a voltage and a current. After the ADC conversion is complete, the DAC and
ADC are disabled, and the device goes back into sleep mode.

In the example code, USART1 can be used to output the measured voltage and calculated current to
aterminal. The "#define USART ON" must be included to enable this.

When measuring small signals, the PGA may be enabled to amplify the input signal to get better
resolution on the measurement. In this example, the PGA gain is set to 16x. The PGA bias is set to
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the maximum of 100%, because the highest bias allows the ADC sampling duration to be minimized
(see device datasheet).

The following table shows the average current consumptions using different configurations (with

Vpp = 3.3V):
Main Clock PGA Disabled (ADC), Average Current  PGA Enabled (ADC), Average Current
(MA)
2 MHz 1.7 pA 1.6 pA
3.33 MHz 1.4 pA 1.3 pA
10 MHz 1.2 pA 1.1 pA

The average current consumption with the PGA enabled was lower than when the PGA was off,
not following the theoretically expected result that using the PGA should result in higher current
consumption. Testing showed that by not entering Sleep and sampling the ADC on each interrupt
(each second) with the main clock at 10 MHz, the results were as expected:

PGA (ADC) Average Current Consumption
PGA OFF 3.48 mA
PGA ON 3.50 mA

This suggests that the higher average current consumption measured when PGA is off compared to
when the PGA is enabled in the initial measurement is due to a combination of the time between
each ADC measurement and the code execution order.

4.7 Source Code Overview
The key peripherals and parameters used in the source code are:

« Main clock (CPU, peripherals) frequency: 10 MHz
* Peripherals
- RTC
+ RTC clock frequency: 1.024 kHz
+ PIT period: 1024 cycles (1 second)
SLPCTRL
+ Sleep mode: Power-Down
- DAC
+ Voltage reference: Vpp (3.3V by default on CNANO board)
« Output voltage: 1.0V
- ADC
+ Clock frequency: 1 MHz (main clock divided by 10)
+ Voltage reference: Vpp (3.3V by default on CNANO board)
« Sample accumulation: 16
+ PGA gain: 16x
* PGA bias current: 100%
USART
+ Baud rate: 115200
* Interrupts
- RTCPIT Interrupt (RTC_PIT_vect)

The following figure shows the high-level flow of the code:
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Figure 4-1. High-level flow of current sensing code
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5. Get Code Examples from MPLAB Discover

MPLAB Discover bundles the available resources from multiple sources into one portal.
The MPLAB Discover webpage: MPLAB Discover

DISCOVER
=

Code Examples

+ Example code for Microchip Studio
+ Example code for MPLAB X

You can download code examples as a . zip file directly from MPLAB Discover. Repositories ending
with “studio” can be opened in Microchip Studio. Repositories ending with “mplab-mcc” can be
opened in MPLAB X.

When the code example is hosted on GitHub, MPLAB Discover provides a link “Open with Github".
There you can download the example code or use the git tool on your PC to create a local
repository clone.

@ MICROCHIP
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6. Revision History

B 08/2023 Links to repositories on GitHub replaced with link to MPLAB Discover. Find
current GitHub links there.

A 07/2023 Initial document release
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Microchip Information
The Microchip Website

Microchip provides online support via our website at www.microchip.com/. This website is used to
make files and information easily available to customers. Some of the content available includes:

+ Product Support - Data sheets and errata, application notes and sample programs, design
resources, user’'s guides and hardware support documents, latest software releases and archived
software

+ General Technical Support - Frequently Asked Questions (FAQs), technical support requests,
online discussion groups, Microchip design partner program member listing

+ Business of Microchip - Product selector and ordering guides, latest Microchip press releases,
listing of seminars and events, listings of Microchip sales offices, distributors and factory
representatives

Product Change Notification Service

Microchip’s product change notification service helps keep customers current on Microchip
products. Subscribers will receive email notification whenever there are changes, updates, revisions
or errata related to a specified product family or development tool of interest.

To register, go to www.microchip.com/pcn and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:
+ Distributor or Representative

+ Local Sales Office

+ Embedded Solutions Engineer (ESE)

+ Technical Support

Customers should contact their distributor, representative or ESE for support. Local sales offices are
also available to help customers. A listing of sales offices and locations is included in this document.

Technical support is available through the website at: www.microchip.com/support

Microchip Devices Code Protection Feature
Note the following details of the code protection feature on Microchip products:

* Microchip products meet the specifications contained in their particular Microchip Data Sheet.

+ Microchip believes that its family of products is secure when used in the intended manner, within
operating specifications, and under normal conditions.

+ Microchip values and aggressively protects its intellectual property rights. Attempts to breach the
code protection features of Microchip product is strictly prohibited and may violate the Digital
Millennium Copyright Act.

* Neither Microchip nor any other semiconductor manufacturer can guarantee the security of its
code. Code protection does not mean that we are guaranteeing the product is “unbreakable”.
Code protection is constantly evolving. Microchip is committed to continuously improving the
code protection features of our products.

Legal Notice

This publication and the information herein may be used only with Microchip products, including
to design, test, and integrate Microchip products with your application. Use of this information

in any other manner violates these terms. Information regarding device applications is provided

only for your convenience and may be superseded by updates. It is your responsibility to ensure
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that your application meets with your specifications. Contact your local Microchip sales office for
additional support or, obtain additional support at www.microchip.com/en-us/support/design-help/
client-support-services.

THIS INFORMATION IS PROVIDED BY MICROCHIP "AS IS". MICROCHIP MAKES NO REPRESENTATIONS
OR WARRANTIES OF ANY KIND WHETHER EXPRESS OR IMPLIED, WRITTEN OR ORAL, STATUTORY

OR OTHERWISE, RELATED TO THE INFORMATION INCLUDING BUT NOT LIMITED TO ANY IMPLIED
WARRANTIES OF NON-INFRINGEMENT, MERCHANTABILITY, AND FITNESS FOR A PARTICULAR
PURPOSE, OR WARRANTIES RELATED TO ITS CONDITION, QUALITY, OR PERFORMANCE.

IN NO EVENT WILL MICROCHIP BE LIABLE FOR ANY INDIRECT, SPECIAL, PUNITIVE, INCIDENTAL, OR
CONSEQUENTIAL LOSS, DAMAGE, COST, OR EXPENSE OF ANY KIND WHATSOEVER RELATED TO THE
INFORMATION OR ITS USE, HOWEVER CAUSED, EVEN IF MICROCHIP HAS BEEN ADVISED OF THE
POSSIBILITY OR THE DAMAGES ARE FORESEEABLE. TO THE FULLEST EXTENT ALLOWED BY LAW,
MICROCHIP'S TOTAL LIABILITY ON ALL CLAIMS IN ANY WAY RELATED TO THE INFORMATION OR

ITS USE WILL NOT EXCEED THE AMOUNT OF FEES, IF ANY, THAT YOU HAVE PAID DIRECTLY TO
MICROCHIP FOR THE INFORMATION.

Use of Microchip devices in life support and/or safety applications is entirely at the buyer's risk,

and the buyer agrees to defend, indemnify and hold harmless Microchip from any and all damages,
claims, suits, or expenses resulting from such use. No licenses are conveyed, implicitly or otherwise,
under any Microchip intellectual property rights unless otherwise stated.
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