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Sensorless Drive for Single and Two-Phase Brushless DC
Motor Application Note

Introduction

Author: Mike Gomez, Microchip Inc.

Single and two-phase Brushless DC (BLDC) motors are widely used in different small cooling fan and
ventilating applications because of their low-cost, low-complexity and little to no required maintenance.
Generally, a BLDC motor drive uses one or more Hall sensors to keep the motor synchronized and
running. The implementation results in a higher overall cost due to the added sensor and wiring used.
Additional components also reduce the system mean time between failures (MTBF). An alternative,
sensorless solution is presented here which counters the aforementioned drawbacks.

This application note describes how to implement a sensorless control for single and two-phase BLDC
motors using the 8-bit PIC® microcontroller. The implementation is based on the low-cost PIC16F153XX
family of microcontrollers and hardware BEMF filtering in a cooling fan application. The application is
tested on a 80 mm x 80 mm 12V DC fan with 3600 rated RPM. The fan is configured and modified to run
as a single or two-phase BLDC motor and has a speed modulation range from 60-100%. The built-in
comparator, DAC, FVR and CWG are used to implement a sensorless control. The firmware is used to
provide a successful motor start-up, synchronization, and to determine when to perform the correct
commutation. Figure 1 illustrates the block diagram of sensorless control of a two-phase BLDC motor.

Figure 1. Block Diagram (showing single and two-phase motor control scenarios)
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Sensorless Control

Sensorless Control

For a sensored control of a BLDC motor, Hall effect sensors are used to determine the position of the
rotor and to provide the proper motor commutation interval. Instead of using a Hall effect sensor, the
sensorless control uses the Back Electromotive Force (BEMF) that is generated by the moving rotor
magnets over the stator coils. Detecting the motor position through BEMF gives the following known
challenges:

.

.

A minimum motor speed is required to generate sufficient back EMF to be sensed
Abrupt changes to the motor load can cause the BEMF drive loop to go out of lock

The BEMF voltage can be measured only when the motor speed is within a limited range of the
ideal commutation rate for the applied voltage

Commutation at rates faster than the ideal rate will result in a discontinuous motor response
Proper motor start-up and synchronization is required to successfully run the motor

Sensorless control is best fitted on an application that requires the overall design to be low-cost,
continuous low-speed operation is not required, and a rapid change in motor load are not expected. The
implementation of sensorless control in this application note targets these application requirements.
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Motor Back Electromagnetic Force (BEMF)

The implementation of sensorless drive is primarily based on the monitoring of the Back Electromagnetic
Force (BEMF) to determine rotor position and using it to synchronize motor commutation. The BEMF is
the voltage generated in the stator winding by a permanent magnet motor when the rotor of the motor is
turning. Figure 2-1 shows the ideal BEMF voltages for single and two-phase and its comparison with the
three-phase BLDC motor. A comparison with three-phase motor BEMF is shown below to briefly
demonstrate the difference in implementation.

Figure 2-1. Single/2-Phase and 3-Phase BEMF Waveform
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In the most common three-phase sensorless control, the motor commutation point is measured on the
zero crossing of the BEMF signal. The six-step commutation sequence energizes two phases at any time,
instantly leading to one phase winding being connected to the positive supply voltage, while one is
connected to the negative supply voltage, and the remaining phase is floating (idle). The back EMF in the
floating phase will result in a zero crossing when it crosses the average of the positive and negative
supply voltage during the motor commutation sequence. This zero crossing provides a position datum
from which the commutation can be correctly scheduled. On the other hand, a single-phase BLDC motor
does not have an idle stator winding. Both windings of single phase are alternately energized to produce
a rotating motion. Meaning current are flowing on the winding all the time but in an alternate direction.
This caused the BEMF signal to behave more like that of a square wave rather than the trapezoidal
BEMF wave produced by a three-phase BLDC Motor. The same square wave pattern applies on a 2-
phase BLDC motor, its difference on the single-phase is that in the 2-phase the current is flowing on one
winding while the other winding is turned off/idle at every commutation.

Due to the square wave BEMF pattern, the motor commutation sequence on the single or two-phase
BLDC motor can be implemented the instant the BEMF changes its state or a rising/falling edge of the
BEMF signal is detected instead of measuring the exact zero crossing. The detection of a rising/falling
edge is done by the comparator. It is used to signal the CWG to change its drive mode from forward-to-
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reverse or vice versa. More information on the CWG implementation can be found in section Motor
Commutation.

Figure 2-2.
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Ideally, the back EMF signal is a clean square wave signal. In actuality, the back EMF signal has noises
coming from the effect of motor speed modulation as well as the coupled signal of the other driven
windings. This speed modulation causes the BEMF signal to introduce some noises. Therefore, when
speed modulation is applied (speed modulation less than 100%), noticeable noises can be seen on the
measured BEMF. Figure 2-3 shows the BEMF response at a speed lower than the rated RPM. Due to this
PWM noise, detecting the exact BEMF signal could be difficult and the key in successfully implementing a
sensorless algorithm is to detect the BEMF signal accurately. Thus, BEMF filtering should be added for a
successful sensorless mode implementation.

Figure 2-3. BEMF Waveform Comparison at <100% and >100% Speed Modulation
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BEMF Filtering

To reiterate, the back EMF signal is not a clean signal. The effect of PWM or speed modulation causes a
ringing effect that adds up as a noise on the BEMF signal. This is needed to be filtered out to detect the
proper motor commutation point and successfully run the motor at its allowable speed range. There are
different methods of filtering out BEMF signal noise. The most common technique is adding a hardware
filtering. The implementation of hardware BEMF filtering uses a RC low-pass filter in combination with a
voltage divider. Figure 3-1 shows the schematic of the hardware BEMF filtering.

Figure 3-1. Hardware BEMF Filtering
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The component values in this circuit depend on the desired low-pass filter corner frequency. The low-pass
filter should be designed to filter out as much high-frequency noise as possible without introducing
notable delay to the BEMF signal. The following observations should assist the choice of components:

* Atlow frequencies, the circuit behaves as a normal voltage divider.

R;
Vour = R+ R, Vin
»  For high frequencies, the capacitor C behaves as a short to ground, filtering away these
frequencies.
»  The corner frequency of the filter is given by the equation:

_ R1+ Ry
@Wo = R1XR2><C

* R1+R2 should be large (10-100 kQ) to avoid large currents through the filter.

Another method of filtering BEMF signal noise is by implementing a low and high side transistor
modulation. This method reduces the ringing effect by modulating both high and low side transistor driver
at the same time on an H-Bridge circuit instead of just using low side modulation during a change in
desired speed. This method can be implemented by using the CWG Steering mode. In Steering mode,
the CWG input signal can be replicated on any of the CWG output. More information about CWG and
motor commutation sequence can be found on the “Motor Commutation” chapter. Figure 3-2 shows the
implementation of low and high side modulation on driving a single-phase BLDC motor using CWG.
Figure 3-2. CWG Steering Mode
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Given a filtered BEMF signal, it is easier to detect rising/falling or changing of state of the BEMF more
accurately. When this event is detected, the filtered signal is then fed to the comparator to provide the
proper commutation sequence to the CWG peripheral.

This peripheral allows the user to specify combinations of signals as inputs to a logic function, and to use
the logic output to control other peripherals and 1/O pins.
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Motor Prepositioning and Start-up

Since back EMF magnitude is directly proportional to the motor speed, detecting the back EMF at low
speed can be extremely difficult. Thus, the sensorless commutation scheme does not work during motor
start-up where the speed is at its lowest. To solve BEMF issues at low speed start-up, a motor start-up,
prepositioning and open-loop operation procedure are used on this application to start and accelerate the
motor until the back EMF is sufficient to provide information of the rotor position.

The sequence for motor start-up and prepositioning up to implementation of Sensorless mode is
illustrated in Figure 4-1.

In this sequence, the motor is initially prepositioned, followed by open loop starting and energizing the
stator windings according to the predetermined commutation sequence. This prepositioning of the rotor is
done by gradually increasing the applied voltage over the winding and waiting a given period of time until
the rotor has settled in a known position. The motor is then started in an open loop fashion, with inter-
commutation time based on a predetermined set of frequency values. The inter-commutation time
contains a set of increasing frequency value implemented through the use of Timer1. Over the course of
Motor Open-Loop Drive mode, the Timer1 frequency values gradually increase, resulting in increased
motor speed. As the speed increases the firmware also starts to detect and check the motor BEMF
response.

In the case where the motor fails to synchronize and rotate after these procedures, a stall detection will
be triggered, allowing the firmware to re-execute the procedure with a different inter-commutation time.
This procedure continues until the motor successfully rotates. When it is successfully rotating, the inter-
communication time values will become the default value and used every time power is applied.

Aside from the Timer1 value, the applied voltage also varies together with the Timer1 frequency at a
certain ratio. This start-up procedure is known as variable-voltage variable-frequency control.
Furthermore, the ratio of supply voltage and commutation frequency should be designed properly
according to the motor and the load parameters so that the rotor can be forced to follow a proper motor
acceleration. In addition, these parameters need to be determined on every user’s given application or
system. Once the starting sequence is completed and the motor is running stable and synchronized at a
certain speed enough for the back EMF to be detected, the control is then passed over to the sensorless
commutation controller.
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Motor Prepositioning and Start-up

Figure 4-1. Motor Prepositioning and Start-up Sequence
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Motor Commutation

The sensorless commutation is implemented through the use of the comparator, Complimentary
Waveform Generator (CWG) and several timer interrupts. The comparator, together with the FVR and
DAC as its reference, is used to detect the rising/falling edge of the filtered BEMF signal. The reference is
set such that the BEMF magnitude can trigger and sustain a stable motor rotation. Once a change in
state on the filtered BEMF signal is detected, the comparator will trigger a timer interrupt that signals the
CWG to toggle its mode from Forward to Reverse. For single phase BLDC, the CWG Forward and
Reverse modes or CWG Steering mode can be used to drive the H-Bridge MOSFETs alternately, while in
the 2-phase the two MOSFETs are driven ON and OFF. MOSFET switches are used to alternately
energize the two motor windings, allowing current to flow. Figure 5-1 shows the CWG Drive mode on the
MOSFET switch driver of the two-phase BLDC motor. To learn more about CWG and how to implement
its different drive modes, refer to TB3118, Complementary Waveform Generator Technical Brief
(DS90003118): (http://ww1.microchip.com/downloads/en/AppNotes/90003118A.pdf).

Figure 5-1. CWG Drive Mode
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System Firmware

System Firmware

To illustrate the exact code flowchart for the sensorless drive, Figure 6-1 shows the main code and the
Interrupt Service Routine (ISR) used on the design. All peripherals used in the firmware are configured
and initialized using the MPLAB® Code Configurator (MCC). "Appendix B: MPLAB Code Configurator
(MCC) Peripheral Initialization" provides the procedures on how the peripherals are initialized using MCC.
For the complete source code, refer to "Appendix C: Source Code Listing".
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System Firmware

Figure 6-1. Main Code Flow
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System Firmware

The motor start-up will begin after initializing the ADC, Comparator, PWM, DAC, FVR and CWG. The
motor start-up and prepositioning are responsible for initializing and locking the rotor and stator at a
known position and, enabling the comparator for detection of BEMF followed by setting the TMR1
Interrupt handler from default Interrupt Service Routine (ISR) to Motor Open-Loop mode routine. The
Motor Open-Loop mode routine is a TMR1 ISR that toggles CWG mode gradually from forward to reverse
at a predefined set of interrupt time. The toggling is done to create an open-loop motor rotation(!). This
predefined time changes from time to time until it is tuned and the rotor shows a continuous or stable
rotating motion. During this period, the rotor is running at a slow pace but with continuous rotating motion,
thus allowing the BEMF pulses to be detected by the comparator(?). Once the comparator detects enough
BEMF pulses, it will gradually increase the motor speed up to the rated speed® as well as start
transitioning the control into Sensorless mode. In Sensorless mode(®), the comparator output serves as
the trigger on when the CWG will change from forward to reverse or vice versa.

Related Links
10. APPENDIX B: MPLAB Code Configurator (MCC) Peripheral Initialization
11. APPENDIX C: Source Code Listing
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Conclusion

Conclusion

Single phase motor control applications tend to align with low-cost requirements. The traditional use of a
Hall sensor for detecting rotor position adds to system cost and reduces MTBF. Thus, rotor position
through sensorless detection can assist with system reliability and cost improvements. This application
note implements a sensorless alternative and demonstrates how to easily drive a single or two-phase
BLDC motor using a combination of Core Independent Peripherals (CIPs) from the PIC16F153XX
microcontroller family and a simple low-pass hardware filter. Aside from the capability of successfully
driving these low-cost motors, added peripherals on the PIC16F153XX family such as HLT and
Temperature Indicator can also be used for added intelligence to the design. The Temperature Indicator
(Templnd) can be used as an on-board temperature monitor while the HLT can be used to implement an
intelligent motor stall detection.
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9. APPENDIX A: Circuit Schematics
Figure 9-1. Sensorless Single-Phase Brushless DC Motor Using PC16F153XX
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APPENDIX A: Circuit Schematics

Figure 9-2. Sensorless Two-Phase Brushless DC Motor Using PIC16F153XX
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APPENDIX B: MPLAB Code Configurator (MCC) Peripheral
Initialization

In this application note, the MPLAB® Code Configurator (MCC) is utilized to easily configure the
peripherals used in this motor control application. The MCC is a user-friendly plug-in tool for MPLAB® X
IDE which generates drivers for controlling and driving peripherals of PIC microcontrollers, based on the
settings and selections made in its Graphical User Interface (GUI). Refer to the MPLAB Code
Configurator User's Guide (DS40001725) for further information on how to install and set up the MCC in
MPLAB X IDE. The latest MCC file which contains the MCC setup and configuration for this application
can be downloaded from the Microchip website (www.microchip.com). The user will find the MC3 file
appended to the electronic version of this application note.

Note:
MCC Version 3.16 was used for writing this application note. The latest software version can be
downloaded from the Microchip website (http:// www.microchip.com/mplab/mplab-codeconfigurator).
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APPENDIX C: Source Code Listing

The latest software version can be downloaded from the Microchip website (www.microchip.com). The

user will find the source code appended to the electronic version of this application note. The latest
version is v1.0.
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The Microchip Web Site

Microchip provides online support via our web site at http://www.microchip.com/. This web site is used as
a means to make files and information easily available to customers. Accessible by using your favorite
Internet browser, the web site contains the following information:

*  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 (FAQ), technical support requests,
online discussion groups, Microchip consultant 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

Customer Change Notification Service

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

To register, access the Microchip web site at http://www.microchip.com/. Under “Support”, click on
“Customer Change Notification” and follow the registration instructions.

Customer Support

Users of Microchip products can receive assistance through several channels:

»  Distributor or Representative
* Local Sales Office
*  Field Application Engineer (FAE)
»  Technical Support
Customers should contact their distributor, representative or Field Application Engineer (FAE) for support.

Local sales offices are also available to help customers. A listing of sales offices and locations is included
in the back of this document.

Technical support is available through the web site at: http://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 specification contained in their particular Microchip Data Sheet.

*  Microchip believes that its family of products is one of the most secure families of its kind on the
market today, when used in the intended manner and under normal conditions.

*  There are dishonest and possibly illegal methods used to breach the code protection feature. All of
these methods, to our knowledge, require using the Microchip products in a manner outside the
operating specifications contained in Microchip’s Data Sheets. Most likely, the person doing so is
engaged in theft of intellectual property.

*  Microchip is willing to work with the customer who is concerned about the integrity of their code.
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*  Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their
code. Code protection does not mean that we are guaranteeing the product as “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.

Legal Notice

Information contained in this publication 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. 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 ITS
CONDITION, QUALITY, PERFORMANCE, MERCHANTABILITY OR FITNESS FOR PURPOSE.
Microchip disclaims all liability arising from this information and its use. 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, AnyRate, AVR, AVR logo, AVR Freaks, BitCloud,
chipKIT, chipKIT logo, CryptoMemory, CryptoRF, dsPIC, FlashFlex, flexPWR, Heldo, JukeBlox, KeelLoq,
Kleer, LANCheck, LINK MD, maXStylus, maXTouch, MediaLB, megaAVR, MOST, MOST logo, MPLAB,
OptoLyzer, PIC, picoPower, PICSTART, PIC32 logo, Prochip Designer, QTouch, SAM-BA, SpyNIC, SST,
SST Logo, SuperFlash, tinyAVR, UNI/O, and XMEGA are registered trademarks of Microchip Technology
Incorporated in the U.S.A. and other countries.

ClockWorks, The Embedded Control Solutions Company, EtherSynch, Hyper Speed Control, HyperLight
Load, IntelliMOS, mTouch, Precision Edge, and Quiet-Wire 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, BodyCom,
CodeGuard, CryptoAuthentication, CryptoAutomotive, CryptoCompanion, CryptoController, dsPICDEM,
dsPICDEM.net, Dynamic Average Matching, DAM, ECAN, EtherGREEN, In-Circuit Serial Programming,
ICSP, INICnet, Inter-Chip Connectivity, JitterBlocker, KleerNet, KleerNet logo, memBrain, Mindi, MiWi,
motorBench, MPASM, MPF, MPLAB Certified logo, MPLIB, MPLINK, MultiTRAK, NetDetach, Omniscient
Code Generation, PICDEM, PICDEM.net, PICkit, PICtail, PowerSmart, PureSilicon, QMatrix, REAL ICE,
Ripple Blocker, SAM-ICE, Serial Quad I/0, SMART-L.S., SQI, SuperSwitcher, SuperSwitcher I, Total
Endurance, TSHARC, USBCheck, VariSense, ViewSpan, WiperLock, Wireless DNA, 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.
Silicon Storage Technology is a registered trademark 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.
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Quality Management System Certified by DNV

ISO/TS 16949

Microchip received ISO/TS-16949:2009 certification for its worldwide headquarters, design and wafer
fabrication facilities in Chandler and Tempe, Arizona; Gresham, Oregon and design centers in California
and India. The Company’s quality system processes and procedures are for its PIC® MCUs and dsPIC®
DSCs, KEELOQ® code hopping devices, Serial EEPROMSs, microperipherals, nonvolatile memory and
analog products. In addition, Microchip’s quality system for the design and manufacture of development
systems is ISO 9001:2000 certified.
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