MICROCHIP AN3860

Overcurrent Protection Using the Integrated Op Amps on
AVR® DB

Introduction

Author: Johan Vaarlid and Martin Mostad, Microchip Technology Inc.

The Timer/Counter type D (TCD) on the AVR® DB features an asynchronous event input that can be used to shut
down the output under fault conditions. This application note will demonstrate and explain how to detect overcurrent,
by using the configurable internal OPAMP (Analog Signal Conditioning) and Analog Comparator (AC) to detect a fan
motor failure and send this detection as a signal to the asynchronous event input of the TCD, shutting down the load.
Figure 1 outlines the working principle:

Figure 1. Overcurrent Protection Circuit Schematic
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In normal operation, the TCD output pin is controlling the speed of a fan via a transistor gate. The Analog Comparator
(AC) monitors the fan current through a current-sense amplifier implemented using the integrated operational
amplifiers on the microcontroller.

R1 is the current shunt resistor, which generates a voltage from the current that passes through the motor. R2 limits
the current into the microcontroller in the event of a high-voltage spike on R1.

The AC is configured to send an event as soon as the fan current rises above a selected threshold. A possible cause
for such a current spike is a fan stopped by a mechanical obstacle. The event system of the device is configured to
route the event from the AC to an RS-latch in the Configurable Custom Logic (CCL) which stops the TCD output.
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On fan failure, the rising current triggers the AC to send an event to the S-port of the RS-latch making the output Q
high. This signal is then sent to the TCD failure event. Thanks to its asynchronous event input, the TCD will abort
driving the fan and shut off the supply current.

After the fan supply was interrupted by the TCD, application-specific actions can be implemented, depending on the
application. Some possible actions include attempted restart, operation abort, or failure signaling. In this example, we
have made a simple restart algorithm initiated by clicking the button on the AVR128DB48 Curiosity Nano.

This application is one example of an implementation of functional safety. One way a current spike can occur in a
fan motor is when the motor experiences strain, for example from a finger or object stuck in or pressing on the fan
blades. In such an event, an automatic shutdown can be used to protect the end user from injury and to reduce the
chance of damage.

The example code for replicating the results described in this application note is available on GitHub.

View Code Example on GitHub

Click 10 browse repository

Additional details on AC, TCD, CCL, OPAMP, device performance and general configuration are available in the
device data sheet.

Features

» Auto-calibration of the AC to a wide range of normal load current draws

» Integrated op amp with internal resistor ladders for adjustable gain makes the solution even more adaptable
* Low BOM and PCB area implementation

+  MPLAB® Mindi™ model and schematics provided for simplified development and adaptation
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Relevant Devices

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® DB Family Overview
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Overview

Overview

The application creates a current spike detector that continuously monitors the motor current independently of the
CPU. On start-up, the device measures the maximum voltage across the current shunt resistor. To prevent false
alarms, and to provide some error margins, this current limit is increased by 50 mV. If a spike is detected, the TCD
will automatically shut down the motor, and the code will wait for a button press to turn the motor on again.

Figure 2-1. Code Flow Diagram
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Hardware Configuration

Hardware Configuration

This application note assumes the use of the AVR128DB48 Curiosity Nano (EV35L43A). To set up this circuit, a
breadboard or a stripboard PCB can be used with the AVR128DB48 Curiosity Nano and the following components

are needed:

* AVR128DB48 Curiosity Nano Evaluation Kit

* A small 5V computer fan or similar (M1)

*  2x 1 kQ resistor (R2, R5)
*  1x 10 kQ resistor (R6)

* 1x 0.1 Q current sense resistor (R1)

* 2x 100 nF capacitors (C1, C2)
* 1x N-Channel MOSFET transistor (Q1)

* 1xsignal diode (D1)

Note: C1 is already present on the AVR128DB48 Curiosity Nano and as such does not need to be added when

using the kit.

These components have to be connected as shown in the schematic below:

Figure 3-1. Overcurrent Protection Circuit Schematics
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Current Spike Detection Code

Current Spike Detection Code

Working Code Result

When the hardware is set up as described in the previous section, the resulting TCD output, and motor current draw
should look like in Figure 4-1. Different motors might have a different current draw profile. The spikes seen in “OP2
Out” is due to noise from TCD toggling. In this example, TCD is run at the maximum duty cycle, which is one cycle
low and the rest high.

Figure 4-1. Motor Failure Event, Sampled at 50 MHz

Start

00 Event Out

01 OP2o0ut

Initialization
First, initialize the peripherals to be used: TCD, CCL, AC and OPAMP.

Start with setting up the OPAMP as two cascaded noninverting Programmable Gain Amplifiers (PGA), with a total
gain of 60. This gain is chosen based on the input signal produced by the current draw of the fan motor used during
development. Depending on the current draw, a higher or lower gain can be chosen to fit your application. To lower
noise, the first op amp in the cascade is set to maximum, that is 16x, while the second op amp can be adjusted to
application needs, preferably to a gain that results in a 1-2V range output for ease of detection. If a different setup
is used, please refer to the AVR128DB48 Data Sheet for gain calculation. The following table shows possible gain
settings for OPAMP.OP2RESMUX.
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Table 4-1. Gain Settings for OPAMP.OP2RESMUX

Group Configuration

OPAMP_OP2RESMUX_MUXWIP_WIPO_gc ~17
OPAMP_OP2RESMUX_MUXWIP_WIP1_gc ~18
OPAMP_OP2RESMUX_MUXWIP_WIP2_gc ~21
OPAMP_OP2RESMUX_MUXWIP_WIP3 gc ~32
OPAMP_OP2RESMUX_MUXWIP_WIP4_gc ~43
OPAMP_OP2RESMUX_MUXWIP_WIP5_gc ~64
OPAMP_OP2RESMUX_MUXWIP_WIP6_gc ~128
OPAMP_OP2RESMUX_MUXWIP_WIP7_gc ~256

void opamp init (void)
{
/*Disable input on op amp output pin*/
PORTD . PIN5CTRL PORT_ISC_INPUT DISABLE gc;
PORTE . PIN1CTRL PORT ISC INPUT DISABLE_gc;

/*Set up op amp*/

OPAMP . CTRLA = OPAMP_ENABLE_bm;

OPAMP . TIMEBASE (uint8_t) ceil (CLK_PER*0.000001)-1;
that amounts to lus*/

Resulting Total Gain

/*Number of peripheral clock cycles

//OP2 setup

OPAMP . OP2CTRLA = OPAMP RUNSTBY bm | OPAMP ALWAYSON bm | OPAMP OP2CTRLA_ OUTMODE_NORMAL_gc;

OPAMP . OP2SETTLE = OPAMP MAX | SETTLE TIME; //As the settle time is unknown the maximum
should be set

OPAMP.OP2INMUX = OPAMP_ OP2INMUX MUXNEG_WIP_gc | OPAMP_OP2INMUX MUXPOS_LINKOUT_ gc;

OPAMP . OP2RESMUX = OPAMP OP2RESMUX MUXWIP WIP5 gc | OPAMP OP2RESMUX MUXBOT GND_gc|

OPAMP_OP2RESMUX_MUXTOP_OUT_gc;

//OP1 setup

OPAMP . OP1CTRLA = OPAMP RUNSTBY_] bm | OPAMP ALWAYSON_bm | OPAMP | OPlCTRLA OUTMODE _NORMAL gc;

OPAMP . OP1SETTLE OPAMP MAX . SETTLE TIME; //As the settle time is unknown, the maximums
should be set

OPAMP . OP1INMUX = OPAMP_ OPlINMUX MUXNEG_WIP gc | OPAMP_OPlINMUX_MUXPOS_INP_gc;

OPAMP . OP1RESMUX = OPAMP OPIRESMUX MUXWIP WIP7_gc | OPAMP_ OP1lRESMUX MUXBOT INN gc |

OPAMP_OP1RESMUX_ MUXTOP_OUT gc;
}

Then, set up the TCD to drive the PFO0 pin, and to shut down on a failure event. Currently, the TCD is not enabled.

However, it will be started later on.

void ted_init(void)

{
PORTMUX . TCDROUTEA = PORTMUX TCDO_ALT2_gc;
PORTF .DIRSET=PINO_bm;

TCDO.CTRLB = TCD_WGMODE_TWORAMP_gc

TCDO .CMPASET = 0; /* Compare A Set: 0 */
TCDO.CMPACLR = 1001; /* Compare A Clear: 1001 */
TCDO.CMPBSET = 0; /* Compare B Set: 0 */
TCDO.CMPBCLR = 1000; /* Compare B Clear: 1000 */

ccp _write io((void¥*) & (TCDO.FAULTCTRL) ,1 << TCD_CMPAEN bp /* Compare A enable:

| 0 << TCD_CMPA bp /* Compare A value: disabled */

| 0 << TCD CMPB bp /* Compare B value: disabled */

| 0 << TCD CMPBEN bp /* Compare B enable: disabled */

| 0 << TCD CMPC_bp /* Compare C value: disabled */

| 0 << TCD_CMPCEN_bp /* Compare C enable: disabled */

| 0 << TCD_CMPD _bp /* Compare D vaule: disabled */

| 0 << TCD_CMPDEN bp /* Compare D enable: disabled */);

TCDO.EVCTRLA = TCD_CFG_ASYNC gc /* Neither Filter nor Asynchronous Event

enabled */

is enabled */
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| TCD _ACTION FAULT gc /* Event trigger a fault */

| TCD:EDGE_RTSE_&IEH_gc /* The falling edge or low level of event generates retrigger or
fault action */

| 1 << TCD_TRIGEI bp; /* Trigger event enable: enabled */

TCDO . INPUTCTRLA=TCD_INPUTMODE WAITSW gc; //Wait for a reset command
TCDO . INPUTCTRLB=TCD_INPUTMODE WAITSW gc; //Wait for a reset command

while ((TCDO.STATUS & TCD_ENRDY bm) == 0); // Wait for Enable Ready to be high.

TCDO.CTRLA = 0 << TCD_ENABLE bp /* Enable: disabled */
| TCD_CLKSEL OSCHF_gc /* */

| TCD_CNTPRES DIVl gc /* Sync clock divided by 1 */
| TCD_SYNCPRES DIVI gc;

The AC needs to be set up to trigger at a suitable level. First, set it to trigger at some low level, here 1.1V. This level
will later be automatically calibrated to suit the motor at hand.

void ac_init(void)
{
PORTA . DIRSET:PIN7_bm ;
VREF .ACREF = VREF REFSEL 4V096_gc;

ACO .MUXCTRL = 0 << AC_INVERT bp /* Invert AC Output: disabled */
| AC_MUXNEG DACREF gc /* DAC Reference */
| AC_MUXPOS AINP2 gc; /* Positive Pin 0 */

ACO.DACREF = ac_calculate trigger voltage (AC_TRIGGER VOLTAGE MV_INIT), /* DAC Voltage
Reference: 0x64 */

ACO.CTRLA = 1 << AC_ENABLE bp /* Enable: enabled */
| AC_HYSMODE NONE gc /* No hysteresis */
| AC_POWER_PROFILEO_gc /* Power profile 0, lowest consumption and highest response time.
</
| 1 << AC_OUTEN_ bp /* Output Buffer Enable: enabled */
| 0 << AC_RUNSTDBY bp; /* Run in Standby Mode: disabled */

The helper function ac_calculate trigger voltage (uintl6 t mV) is used to set the AC trigger. It
calculates the DACREF value corresponding to a trigger level in millivolt.

uint8_t ac calculate trigger voltage (uintl6_t mV)

{
uint8_t triggerVoltage = (((uint32_t)mV*256) /VREF_AC MV) ;
return triggerVoltage;

To keep the overcurrent signal active until reset, the CCL LUTO and LUT1 form an RS-latch with the ACO output as S
input and Software Event A as R input as shown in Figure 3-1.

void ccl_init(void)
{
CCL.SEQCTRLO = CCL_SEQSEL RS_gc; // Create a RS latch
/*Set up LUTO*/
CCL.LUTOCTRLB = CCL_INSELO_ACO_gc; // ACO and mask all other bits

CCL.TRUTHO = 0x02; // When AC is hight hight output, otherwise low output
CCL.LUTOCTRLA = CCL_ENABLE bm | CCL_OUTEN_ bm;
PORTA .DIRSET = PIN3 bm;

/*Set up LUT1*/
EVSYS.USERCCLLUT1A = EVSYS_USER_CHANNEL1l gc;
CCL.LUT1CTRLB = CCL_INSELO_EVENTA gc; // Event A as input and mask all other bits

CCL.TRUTH1 = 0x02; // When Event A is high, we have a high output, otherwise low output
CCL.LUT1CTRLA = CCL_ENABLE bm;

CCL.CTRLA = CCL_ENABLE bm;
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Lastly, the button and debug signals showing the AC event level are set up.

void button_init (void

PORTB.DIRCLR=PIN2 bm
PORTB. PIN2CTRL=PORT_ISC_FALLING gc | PORT_ PULLUPEN bm
sei

button_init

PORTC .DIRSET
PORTC . OUTCLR
PORTD . DIRSET

PIN4_bm | PIN5_bm
PIN4 bm | PIN5 bm
PIN2 bm

Motor Start-Up and AC Calibration

To start the fan motor, utilize the function fan start () given below. This function invokes a series of other
functions which will be described chronologically.
void fan start(void
ac_trig event disable
tcd_enable

ac_calibration
ac_trig event_enable

ac_trig event disable () disconnects the AC trigger event from the CCL RS-latch, disabling the current spike
detector.
void ac_trig event disable(void
ACO.INTCTRL &= ~AC_CMP_bm
EVSYS . CHANNELO=EVSYS_CHANNELO_OFF_gc

EVSYS.USERTCDOINPUTA = EVSYS_USER _OFF_gc
EVSYS.USEREVSYSEVOUTD = EVSYS_USER OFF gc

tcd_enable () then turns on the fan motor by enabling the TCD peripheral.

void tcd enable (void

TCDO.CTRLA
TCDO .CTRLE

TCD_ENABLE bm
TCD_RESTART bm

ac_calibration () increases the triggering point of the AC in 50 mV increments until no trigger happens within
100 ms. This is done on every start-up to ensure optimal detection conditions and to avoid false positives. The
current draw of some motors is affected by temperature and other physical conditions.

void ac calibration (void

PORTB.DIRSET PIN3 bm

PORTB . OUTCLR PIN3 bm

uint8_t calibrating =1

uintl6é_t ac_trigger voltage mv=AC_TRIGGER VOLTAGE MV_INIT
ACO.INTCTRL = AC_INTMODE NORMAL POSEDGE_gc

while (calibrating

ac_trigger voltage mv += 50

ACO .DACREF = ac calculate trigger voltage (ac_trigger_voltage mv
_delay ms(100);//Allow some time for the flag to be raised

if (! (ACO.STATUS & AC_CMPIF bm

calibrating=0
PORTB.OUTSET =PIN3_bm
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ACO.STATUS=AC_CMPIF bm

ac_trig event enable () reconnects the AC trigger event to the CCL, making the system ready to detect a
current spike event.

void ac_trig_event enable (void

ACO.INTCTRL = AC_INTMODE NORMAL POSEDGE gc | AC_CMP bm

EVSYS.SWEVENTA = EVSYS_SWEVENTA CH1 gc

EVSYS.CHANNELO=EVSYS CHANNELO CCL LUTO gc; //Output from the RS latch as trigger
EVSYS . USERTCDOINPUTA=EVSYS USER CHANNELO gc

EVSYS .USEREVSYSEVOUTD = EVSYS_USER_CHANNELO_ gc

Detection and Restart

On a detected current spike, the hardware stops the motor without any CPU involvement. Pressing button SWO0 on
the AVR128DB48 Curiosity Nano will trigger the Interrupt Service Routine (ISR) ISR (PORTB_PORT vect), which
will invoke the fan_start () routine to restart the fan motor.

ISR (PORTB_PORT_vect

fan start
PORTB. INTFLAGS=0xff
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MPLAB® Mindi™

To help the development and adaptation of this application to different environments and fans, an MPLAB Mindi
simulation of the application was created. The simulation consists of two parts. The first part is a model of a DC motor
representing the fan. The second part is all the components needed to replicate the functionality of the AVR DB.

Only the op amp components are true representations of the circuits in the AVR DB. The rest of the components are
generic circuit elements needed to mimic the behavior of the AVR DB.

Modeling Using MPLAB® Mindi™

The classical way of modeling a DC motor is as two differential equations, one for the mechanical and one for the
electrical dynamics as shown in below:

]+ b0 = Ki

Li+ Ri=V —K8

MPLAB Mindi is only capable of simulating circuit elements, therefore the mechanical equation is transformed into an
equivalent circuit representation. This is achieved by saying that R;,g = b/KZ, L= ]/I(2 and lemf = K. This gives
the differential equation:

Llier.nf + Rlosiemf =1

Li+ Ri=V —igps

The model of the DC motor consists of three parts; Motor_Electrical, Motor Mechanical and Motor_Load.

Motor Electrical

The Motor Electrical part implements the electrical differential equation explained above. It consists of an arbitrary
voltage supply acting as the power supply for the DC motor being controlled by a PWM signal. There is also an
arbitrary voltage supply used to transform the current from the mechanical part into voltage, representing the EMF of
the motor.

In Motor Electrical two parameters determine the behavior of the motor, R (denoted Motor_ DCR1) and L (denoted
Motor_L1). They can be calculated using the following formula:

Vin
Ustall

L = Rz,

Where V;, is the input voltage to the DC motor, is 4 is the stall current and ., is the time constant of the electrical
system.
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Figure 5-1. Motor Electrical
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Motor Mechanical

The Motor Mechanical part implements the transformed mechanical differential equation explained above. It consists
of an arbitrary voltage supply to transform the current from the electrical part to voltage and an arbitrary voltage
supply to represented the losses due to the load.

In Motor Mechanical, two parameters determine the behavior of the motor, R4, (Interla_Loss1) and L; (Motor_L2).
They can be calculated using the following formula:

ino_load

v (1 _ ino_load)
in

Rigss =

Istall
L= RjpssTm
Where iy, 10aq is the current draw of the motor with no load, iy is the stall current and t,,, is the time constant of
the mechanical system.

Figure 5-2. Motor Mechanical
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Motor Load

The Motor Load part represents the losses due to the load, it consists of an arbitrary voltage source that transforms
the current from the mechanical part to speed in RPM. The losses due to the load are inversely proportional to the
resistance between the voltage source and ground. The fan used in this example is permanently connected to the
motor, so the losses due to the fan are already accounted for in the mechanical part. In normal operation, there is
infinite resistance between the voltage source and ground (open circuit), representing no load.

To simulate a fan failure, such as something getting stuck in the fan, the model also has a switch that will short the
voltage source to ground. This switch is triggered by a pulse coming from the Fan_Failure_Trigger voltage source.
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Figure 5-3. Motor Load
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5.2 AVR® DB Components

To represent the AVR DB functionality, two of the AVR DB op amp models are configured as cascading non-inverting
PGA as in software. The output from OP2 is connected to a generic Analog Comparator (AC) representing the AC

in the AVR DB. The AC is also connected to a voltage source, AC_Trigger_Ivl1, which sets the trigger level for the
failure event. The output from the AC is connected to an RS-latch created by logic gates and inverters as in the
actual hardware. The output from the RS-latch is connected to a switch which will break the connection between the
PWM signal and the motor, which represents the TCD reacting to a fault event and turning off.

Figure 5-4. AVR® DB Components
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5.3 Running the Simulation

Before running the simulation, change the parameters discussed in the above section to something that fits the
intended DC motor. Simulate by selecting Simulator — Run Schematic or by pressing Function Key F9.
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Figure 5-5. Simulation
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The resulting output graph is shown above in Figure 5-5. The blue line is the current draw, red is the motor speed

in RPM, green is the output from the op amp, turquoise is the EMF voltage and yellow is the failure detection. It can
be seen that at about 250 ys something is obstructing the fan causing it to stall and the current to spike, the current
spike triggers the fault event and the motor is turned off.

The code for Mindi models can be found on GitHub here:

View Code Example on GitHub

Click 10 browse repositony
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http://ww1.microchip.com/downloads/en/DeviceDoc/AVR128DB48_Curiosity_Nano_Schematics.pdf
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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 devices:

» 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 and under normal
conditions.

* There are dishonest and possibly illegal methods being used in attempts to breach the code protection features
of the Microchip devices. We believe that these methods require using the Microchip products in a manner
outside the operating specifications contained in Microchip’s Data Sheets. Attempts to breach these code
protection features, most likely, cannot be accomplished without violating Microchip’s intellectual property rights.

» Microchip is willing to work with any customer who is concerned about the integrity of its code.

» 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. We at Microchip are committed to continuously improving the code protection features of our products.
Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act.
If such acts allow unauthorized access to your software or other copyrighted work, you may have a right to sue
for relief under that Act.
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Legal Notice

Information contained in this publication is provided for the sole purpose of designing with and using Microchip
products. Information regarding device applications and the like is provided only for your convenience and may be
superseded by updates. It is your responsibility to ensure that your application meets with your specifications.

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.

Trademarks

The Microchip name and logo, the Microchip logo, Adaptec, AnyRate, AVR, AVR logo, AVR Freaks, BesTime,
BitCloud, chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, HELDO, IGLOO, JukeBlox,
KeeLoq, Kleer, LANCheck, LinkMD, maXStylus, maXTouch, MediaLB, megaAVR, Microsemi, Microsemi logo,
MOST, MOST logo, MPLAB, OptoLyzer, PackeTime, PIC, picoPower, PICSTART, PIC32 logo, PolarFire, Prochip
Designer, QTouch, SAM-BA, SenGenuity, SpyNIC, SST, SST Logo, SuperFlash, Symmetricom, SyncServer,
Tachyon, TimeSource, tinyAVR, UNI/O, Vectron, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

AgileSwitch, APT, ClockWorks, The Embedded Control Solutions Company, EtherSynch, FlashTec, Hyper Speed
Control, HyperLight Load, IntelliMOS, Libero, motorBench, mTouch, Powermite 3, Precision Edge, ProASIC,
ProASIC Plus, ProASIC Plus logo, Quiet-Wire, SmartFusion, SyncWorld, Temux, TimeCesium, TimeHub, TimePictra,
TimeProvider, WinPath, and ZL are registered trademarks of Microchip Technology Incorporated in the U.S.A.

Adjacent Key Suppression, AKS, Analog-for-the-Digital Age, Any Capacitor, Anyln, AnyOut, Augmented Switching,
BlueSky, BodyCom, CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController,
dsPICDEM, dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, Espresso T1S, EtherGREEN, IdealBridge,
In-Circuit Serial Programming, ICSP, INICnet, Intelligent Paralleling, Inter-Chip Connectivity, JitterBlocker, maxCrypto,
maxView, memBrain, Mindi, MiWi, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach,
Omniscient Code Generation, PICDEM, PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE,
Ripple Blocker, RTAX, RTG4, SAM-ICE, Serial Quad I/O, simpleMAP, SimpliPHY, SmartBuffer, SMART-I.S., storClad,
SQl, SuperSwitcher, SuperSwitcher Il, Switchtec, SynchroPHY, Total Endurance, TSHARC, USBCheck, VariSense,
VectorBlox, VeriPHY, ViewSpan, WiperLock, XpressConnect, and ZENA are trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated in the U.S.A.

The Adaptec logo, Frequency on Demand, Silicon Storage Technology, and Symmcom are registered trademarks of
Microchip Technology Inc. in other countries.

GestIC is a registered trademark of Microchip Technology Germany Il GmbH & Co. KG, a subsidiary of Microchip
Technology Inc., in other countries.

All other trademarks mentioned herein are property of their respective companies.
© 2021, Microchip Technology Incorporated, Printed in the U.S.A., All Rights Reserved.
ISBN: 978-1-5224-8313-7
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Quality Management System

For information regarding Microchip’s Quality Management Systems, please visit www.microchip.com/quality.
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