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Implementing low-noise sensorless FOC from a standstill

Introduction

The move to electronically commutated motors has seen massive improvements in energy efficiency,
which in turn contributes to the reduction of both the operational cost and the amount of greenhouse
gases that industry and consumer goods emit. However, this switch is not without its challenges.
Brushed DC motors were able to use their brushes and slip-ring configuration to commutate the motor
at the correct moment in time as this configuration also served to indicate the angle of the rotor in
relation to the permanent magnets. Regardless of the rotor orientation the coils would always be
energized at the appropriate time, enabling an efficient motor start-up.

With the introduction of brushless electronic commutation motors (permanent magnet synchronous
motor, PMSM), this inherent knowledge regarding the rotor angle is lost. Simply applying energy to a
randomly selected combination of coils and hoping for the best can, in the worst case, resultin a
sudden movement of the rotor as it tries to align itself with the stator’s magnetic field causing
mechanical stress and potential damage to both the motor and the housing. In the laboratory, this
often results in the motor jumping violently in the air. The obvious way to avoid this is by implementing
a sensor that, together with the control electronics, can determine the rotor angle at any moment in
time (figure 1). At spin-up, a rotor-mounted sensor such as a resolver ensures that the appropriate coil
combination can be energized while, during operation, electrical commutation can be applied at
precisely the correct moment in time.

There are, however, many reasons why the addition of such rotor sensors cannot be implemented.
Typically, they are mounted at the rear end of the motor’s shaft, consequently adding to the volume of
the motor and requiring additional wiring. While Hall sensor implementations are relatively cheap,
even this may still be too expensive for cost-sensitive applications. And, finally, every extra component
is a failure risk, especially when mounted to the motor itself. The sensor’s electronics, along with its
wiring and connector, are additional items that are exposed to vibrations and can thus ‘go wrong’.
Consequently, the desire to operate such motors without sensors is very appealing. One challenge
remains: How should the rotor angle be determined to guarantee optimal electronic commutation?
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Figure 1: An exploded view of the PMSM; the resolver adds to the cost, volume, and weight, while also
adding another potential failure-point in the final system.

The magic of mathematics

Thanks to Faraday’s law of induction we know that an electromotive force (EMF) is generated by a
magnet passing through an electric coil.

ot
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In the case of a PMSM, the permanent magnets of the rotor are passing by the stator coils and thus
generate an EMF into the stator windings. This back EMF effect can be measured by the microcontroller
being used, typically via an analog-to-digital converter (ADC) and is provided to the control algorithm.
From here, the rotor angle can be determined mathematically. The issue with this approach is that the
rotor must be moving in order to be able to generate back EMF in the stator windings. At start-up, the
rotor is stationary. Therefore, no back EMF is being generated. Even when the rotor is moving, it
requires a certain rotational speed before enough back EMF is being generated for the microcontroller
to acquire a reasonable signal. Thus, sensorless motor control algorithms struggle when the rotor is
stationary or rotating at a slow RPM (revolutions per minute).

One option is to forcibly, but carefully, commutate the motor to get the rotor rotating in order that
enough back EMF can be generated. A frequently used technique is 6-step commutation, a simple
commutation method that results in high power consumption and significant torque ripple which, in
turn, generates mechanical stress in terms of vibrations resulting in audible noise. There are, however,
a wide array of applications for which high initial power consumption, vibration and the associated
noise generated is unacceptable, ranging from pumps, motors, and compressors in white goods, to
heating, ventilation and air conditioning (HVAC) systems and variable frequency drives in conveyor belt
systems. Those looking to achieve higher reliability and lower levels of audible noise will be using Field-
Oriented Control (FOC) approaches, so would prefer to also find a sensorless FOC solution that operates
from start-up, through low rotational speed, and up to the final operational speed.
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FOC - a brief overview

Torque ripple in the control of brushless motors using 6-step control methods occurs because it is not
possible to ensure that the magnetic fields of the stator and rotor are maintained at a constant angle of
90° to one another. Instead, it fluctuates between 60° and 120° degrees causing alternating acceleration
and deceleration of the rotor resultingin a ripple in the rotor speed. This causes vibrations that are not
only perceived as audible noise but also create significant mechanical stress on the motor components,
lowering the system’s reliability. FOC, which is also known as vector control, resolves such issues by
generating a smoothly rotating stator magnetic field that is continuously controlled to ensure a
constant 90° lead angle to the rotor magnetic field (figure 2). Use of FOC results in constant torque and
thus prevents speed ripple that, in turn, minimizes both mechanical stress and acoustic noise.

Knowing the position of the rotor, the required 90° lead angle stator magnetic field can be calculated to
achieve a constant torque. Three signals need to be generated to excite the stator coils that will result
in this precise angle of the magnetic field. The rotor will then, naturally, rotate toward this point. This
movement needs to be anticipated by the control algorithm so that the excitation of the coils can be
appropriately modified to maintain the 90° angle. The result is three sinusoidal control signals, each
120° phase shifted to one another, generating a smoothly rotating magnetic field that drives the rotor
with a constant torque to achieve the desired RPM set-point for the motor (figure 2).
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Figure 2: Torque ripple of a 6-step commutation (left) compared with FOC (right).

Unfortunately, the control of the time variant sinusoidal three-phase currents is challenging to
implement in a PI(D) (proportional, integral, differential) controller. FOC algorithms prefer to use a time
invariant representation by transforming these three-phase currents into a two dimensional reference
frame which is related to the moving rotor and consists of direct (or flux) and quadrature (or torque)
currents /yand /,. The mathematics used to do this is known as the Clarke and Park transformations.
From here, time invariant and relative to the rotor angle, the 90° angle can be maintained by applying
the ‘donkey and carrot principle’. The current /yalong the direct axis is pushed towards 0 and the
current /;along the quadrature axis is pushed towards the required torque value using two Pl
controllers.
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Once this has been calculated, the time invariant, two-dimensional result can be converted back into a
time variant, three-phase signal that will generate the required stator field to maintain the constant 90°
lead angle, ensuring that the rotor continues to rotate at the desired RPM. This is implemented using
inverse Clarke/Park transforms. More details regarding the Clarke/Park transforms can be found in
other Toshiba white papers on motor control [1].

To generate the required sine control signal, the microcontroller varies the mark/space ratio of its
pulse-width modulated (PWM) output continuously from 0% to 100% at three of its output pins so that
three sinus signals, 120° apart, result from the motor inverter at a frequency that reflects the desired
motor RPM (figure 3). The motor inverter (marked ‘Motor Driver’ in figure 3) is required to deliver the
necessary current to power the motor’s stator coils.
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Figure 3: FOC, or vector control, block diagram with transformations from the time variant three-
phase motor currents into the time invariant d, g reference frame.

Rotor position sensing options

As already pointed out, an accurate picture of the position of the rotor is an essential element in these
calculations. This can be achieved using either sensors or using sensorless approaches.

The most straightforward method to determine the rotor position is to use an incremental or line
encoder. This optical device detects marks on a wheel mounted on the rotor shaft and provides signals
to the controller every time a mark passes the device. Encoders provide by far the highest accuracy
(depending on the density of marks on the wheel, usually less than 1°) but are the most expensive
option. As already highlighted, form factor and mounting position can make them challenging to
accommodate, and the additional wiring and connector can be perceived as an additional failure
source.

Resolvers or Hall sensors are the next best options. They can detect the magnetic field of the rotor’s
permanent magnets and thus determine the current rotor position. Resolvers are expensive but feature
excellent accuracy even at very high RPMs. Hall sensors are a significantly cheaper solution but require
a compromise on accuracy and maximum possible RPM. Similar to encoders, both resolvers and Hall
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sensors need to be mounted on the motor where they occupy additional space for the devices, the
wiring and the connectors. And, similar to encoders, they constitute an additional potential failure
source.

Sensorless techniques do not require any encoder or sensor to be mounted on the motor while
providing sufficient accuracy for most FOC applications. They rely upon the physical effect of the
magnetic flux of a permanent magnet inducing a current in a stator coil when passing. In the case of
brushless DC motors it is the rotor’s permanent magnet that induces a current into the stator windings
when passing the stator coils. The current induced by the magnets can be converted into a voltage by
using shunt resistors that then can be measured by an ADC. As depicted in figure 3, the basic FOC loop
already includes ADCs used to measure the phase current applied to the stator coils. The same ADCs
can be re-used to detect the back EMF generated by the rotor and thus to determine the current rotor
position. This requires complex algorithms to separate the current used to excite the stator phases
from the back EMF currents induced by the rotor. Popular techniques either use three individual shunt
resistors for each motor phase (3-shunt) or a common, single shunt resistor for all motor phases (1-
shunt). As can be imagined, 1-shunt solutions are the cheapest option but require the most complex
algorithms for the detection of the back EMF and the calculation of the current rotor position.

From this, it is clear that the sensorless approaches are very low cost, offer a higher reliability thanks to
their lower system complexity and enable small form factors, while providing adequate precision of the
rotor position. However, establishing rotor angle is challenging when the motor is stationary or at low
RPMs.

Low-speed sensorless PMSM control

FOC control algorithms for PMSM control typically include a range of additional blocks that are engaged
and disengaged using a state machine that depends upon the current state of the rotor operation. In
normal operation, the FOC algorithm can be executed as normal. However, at low RPMs (the threshold
of which needs to be determined for the system) additional algorithmic functionality may be applied to
compensate for the loss in back EMF. The final state is that of rotor standstill, where a further set of
algorithms may be implemented to achieve rotor spin-up.

The simplest approach to spin-up is to simply and gradually generate the rotating magnetic field and
hope that, at some point, the rotor follows the field. Then, at some point, the motor will generate
enough back EMF for the algorithm to use for accurate rotor position calculation. The issue with this
approach is that it requires high currents and may generate a lot of torque ripple leading to vibration
and audible noise. There is also the risk of serious mechanical damage if the rotor makes sudden and
large rotational movements. If such a process was implemented in the compressor of a consumer
refrigerator, both user experience and product lifetime could suffer.

More advanced approaches monitor changes in the inductance of the stator windings that are caused
by the passing magnetic field of the rotor. The inductance is at its maximum where the stator coil and
the rotor’s main flux axis (d-axis) are orthogonal to each other (at 90° and at 270°) while its minima are
where the stator coil and the rotor’s main flux axis are parallel to each other (at 0° and at 180°). When
plotting the inductance over time it will be a sine waveform with a frequency twice that of the rotor
speed (figure 4).
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Figure 4: The inductance of the stator coils varies at twice the rotor speed due to ‘magnetic saliency’

and can be used to determine rotor angle.

This variation in inductance, known as ‘magnetic saliency’, is a prominent feature of Interior Permanent
Magnet motors (IPM). It can be determined using methods such as high-frequency voltage application
that superimposes a high-frequency, low-amplitude signal on top of the stator current signal. The
resulting variations in motor current are then monitored, allowing the rotor position to be calculated
mathematically. However, the approach is not without its challenges. The constant application of a
high-frequency signal may result in problems achieving electromagnetic compatibility (EMC). It also
induces torque ripple, which is less energy efficient, and is the cause of vibration and additional
acoustic noise - precisely those challenges we are attempting to overcome.

Another approach making use of the magnetic saliency is a technique known as the INFORM method. It
is similar to the previous method but, instead of a continuous application of the high-frequency signal,
the signal is applied intermittently during the space of the PWM output. Again, the amount of change in
the stator current is measured to calculate the rotor angle. If the current variation is the same, this
method can detect the rotor’s magnetic polarity with a higher level of accuracy than the previous
method. This is due to the measurement being unaffected by switching characteristics, such as
deadtime and on-voltage drop. Despite these benefits, the INFORM method still results in significant
acoustic noise as well as EMI caused by the application of the intermittent signal (figure 5).
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Figure 5: The INFORM method applies intermittent high-frequency pulses to the phase control signal,
but this can still result in higher-than-desired acoustic noise.

Symmetric carrier PWM Method

In order to avoid the use of high-frequency injected signals, Toshiba is developing an alternative
method that utilizes symmetrical PWM carriers for the three motor phases [2]. This resolves the issues
of the methods discussed previously while also offering reliable rotor position estimation at both low
RPMs and rotor standstill.

The approach makes use of the unique modulation features of advanced PWM modules in Toshiba’s
TXZ+™ microcontrollers allowing each of the three PWM outputs to individually use one of three
possible modulation carrier waveforms: triangular wave, sawtooth wave, and inverse sawtooth wave.
The ‘Advanced Programmable Motor Driver’ (A-PMD) PWM modules also generate a common trigger for
the device’s ADCs that are synchronously monitoring the current on two of the three motor phases (e.g.,
phase U and W) prior to and after the synchronization point of the three PWM outputs. Due to the
interaction of the synchronously linked PWM carriers, all current measurements happen while only two
of the three phases are excited.
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Figure 6: Using three symmetric carriers the phase currents can be acquired when one of the three
PWM outputs is inactive.

As can be seen in figure 6 above, each PWM only outputs its signal when the carrier waveform lies below
its duty setting. The point in time where all three reference waveforms change in direction forms the
moment in time around which the ADCs can determine the change in current. One differential current
measurement is performed before this synchronization point when only phases U and V are energized.
The other two differential current measurements are performed after this synchronization point when
only phases U and W are energized. The estimation of the rotor angle position is based on these three
differential current measurements and can be achieved with minimal additional computational effort.
Still it has been proven to provide sufficient accuracy while generating significantly lower levels of noise
at low rotational speed (compared to the previous methods reviewed, figure 7).
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Figure 7: A comparison of estimated and measured rotor position (using an encoder) (top) with a

comparison of acoustic noise over frequency between symmetrical and conventional control
methods.

Hardware support

Already well-known for their motor control performance are the M3H and the M4K groups from
Toshiba’s TXZ+™ microcontroller family. These are powered by Arm® Cortex®-M3 and Cortex®-M4
processor cores respectively, with the latter also featuring a hardware floating-point unit (FPU).
Manufactured in a state-of-the-art 40 nm low-power CMOS process, they are designed for the vector
control of brushless DC and PMSM motors.

The key to supporting the symmetrical PWM carrier method discussed is their Advanced Programmable

Motor Driver (A-PMD) peripheral, providing versatile control of 3-phase inverters. The A-PMD supports
the pulse with modulation of the motor control signals with PWM carrier frequencies between 80 Hz
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and 156.25 kHz and adds dead time control as well as emergency stop and over voltage protection
functions. Most importantly, however, the PWM carrier of each phase can be individually configured for
(inverse) sawtooth or (inverse) triangle-waveform. To ensure that current measurements are taken at
the correct moment in time, the A-PMD supports six types of carrier comparison to generate the
necessary trigger signal for the ADCs (figure 8).
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Figure 8: Block diagram of the Advanced PMD, supporting the symmetrical PWM carriers required for
the rotor estimation approach described.

To further simplify the implementation of FOC algorithms, Toshiba’s M4K microcontrollers feature an
Advanced Vector Engine Plus (A-VE+). This powerful coprocessor implements the (inverse) Clarke/Park
transformations, current Pl control, Space Vector Modulation (SVM), as well as useful trigonometric
functions in hardware. Once configured, it results in a significant reduction in load for the main
processor core, leaving plenty of performance for other application code. It is also tightly coupled with
the A-PMD and ADC peripherals and includes a powerful scheduler, allowing for an almost independent
execution of the FOC functionality, if desired (figure 9).
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Figure 9: The A-VE+ coprocessor can significantly offload the complexity of FOC PMSM algorithms,
offers flexible configuration of the implementation, and can even support multi motor
implementations.

Summary

The march toward electronically commutated motor control solutions continues unabated, thanks to
the wide range of advantages they offer, such as reductions in size and weight, higher power for the
same volume, and significant improvements in efficiency. The use of Field Oriented Control (FOC)
provides the best torque output for brushless DC or other permanent magnet synchronous motors
(PMSM) while minimizing torque ripple and thus reducing both mechanical stress and audible noise.
However, control of such motors without some sort of rotor sensor is challenging, especially at low
RPMs and standstill. Without knowledge of the rotor angle, FOC algorithms are hard-pressed to
determine the correct commutation. While there are a range of clever techniques that make use of the
magnetic saliency property of permanent magnet based motors, they result in additional challenges of
audible noise and electromagnetic interference (EMI). The use of symmetrical PWM carriers has been
demonstrated to both minimize vibration, limit EMI, and provide an accurate estimate of the rotor
angle from a standstill and throughout the low RPM range. Toshiba’s M3H and M4K group
microcontrollers are well placed to implement this approach thanks to their ability to use different
carrier waveforms for each individual motor phase in the A-PMD PWM generation module. This, coupled
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with the A-VE+ FOC coprocessor, provides an exceptionally powerful solution for advanced PMSM
control applications.

References

1. Link to TCM0456 White Paper: https://toshiba.semicon-storage.com/eu/semiconductor/design-

development/innovationcentre/articles/tcm0456_mcumotorcontrol.html

2. “TMPM4K Motor Control Microcontroller for High-Performance PMSM Drive Systems at Lower
Cost”, Toshiba Review Vol.74, No.1, January 2019, https://toshiba.semicon-

storage.com/content/dam/toshiba-ss/shared/docs/company/technical-review/technical-

review-33_e.pdf

*TXZ+™ is a trademark of Toshiba Electronic Devices & Storage Corporation.

* Arm and Cortex are trademarks or registered trademarks of Arm Limited (or its subsidiaries) in the US
and/or elsewhere. The related technology may be protected by any or all of patents, copyrights,

designs and trade secrets. All rights reserved.

* All other company names, product names and service names may be trademarks of their respective

companies

Contact us to discuss incorporating

our products and solutions into your
design:
http://apps.toshiba.de/web/ContactUs/

toshiba.semicon-storage.com

Copyright 2020 © TOSHIBA ELECTRONICS EUROPE GMBH, All Rights Reserved.


https://toshiba.semicon-storage.com/eu/semiconductor/design-development/innovationcentre/articles/tcm0456_mcumotorcontrol.html
https://toshiba.semicon-storage.com/eu/semiconductor/design-development/innovationcentre/articles/tcm0456_mcumotorcontrol.html
https://toshiba.semicon-storage.com/content/dam/toshiba-ss/shared/docs/company/technical-review/technical-review-33_e.pdf
https://toshiba.semicon-storage.com/content/dam/toshiba-ss/shared/docs/company/technical-review/technical-review-33_e.pdf
https://toshiba.semicon-storage.com/content/dam/toshiba-ss/shared/docs/company/technical-review/technical-review-33_e.pdf
https://apps.toshiba.de/web/ContactUs/

Whitepaper TOSH I BA

Restrictions On Product Use

Toshiba Corporation and its subsidiaries and affiliates are collectively referred to as “TOSHIBA”.
Hardware, software and systems described in this document are collectively referred to as “Product”.
e TOSHIBA reserves the right to make changes to the information in this document and related Product without notice.

e Thisdocument and any information herein may not be reproduced without prior written permission from TOSHIBA. Even with
TOSHIBA’s written permission, reproduction is permissible only if reproduction is without alteration/omission.

e Though TOSHIBA works continually to improve Product's quality and reliability, Product can malfunction or fail. Customers are
responsible for complying with safety standards and for providing adequate designs and safeguards for their hardware, software
and systems which minimize risk and avoid situations in which a malfunction or failure of Product could cause loss of human life,
bodily injury or damage to property, including data loss or corruption. Before customers use the Product, create designs
including the Product, or incorporate the Product into their own applications, customers must also refer to and comply with (a)
the latest versions of all relevant TOSHIBA information, including without limitation, this document, the specifications, the data
sheets and application notes for Product and the precautions and conditions set forth in the "TOSHIBA Semiconductor Reliability
Handbook" and (b) the instructions for the application with which the Product will be used with or for. Customers are solely
responsible for all aspects of their own product design or applications, including but not limited to (a) determining the
appropriateness of the use of this Product in such design or applications; (b) evaluating and determining the applicability of any
information contained in this document, or in charts, diagrams, programs, algorithms, sample application circuits, or any other
referenced documents; and (c) validating all operating parameters for such designs and applications. TOSHIBA ASSUMES NO
LIABILITY FOR CUSTOMERS' PRODUCT DESIGN OR APPLICATIONS.

e PRODUCT IS NEITHER INTENDED NOR WARRANTED FOR USE IN EQUIPMENTS OR SYSTEMS THAT REQUIRE
EXTRAORDINARILY HIGH LEVELS OF QUALITY AND/OR RELIABILITY, AND/OR A MALFUNCTION OR FAILURE OF WHICH MAY
CAUSE LOSS OF HUMAN LIFE, BODILY INJURY, SERIOUS PROPERTY DAMAGE AND/OR SERIOUS PUBLIC IMPACT
("UNINTENDED USE"). Except for specific applications as expressly stated in this document, Unintended Use includes, without
limitation, equipment used in nuclear facilities, equipment used in the aerospace industry, lifesaving and/or life supporting
medical equipment, equipment used for automobiles, trains, ships and other transportation, traffic signalling equipment,
equipment used to control combustions or explosions, safety devices, elevators and escalators, and devices related to power
plant. IF YOU USE PRODUCT FOR UNINTENDED USE, TOSHIBA ASSUMES NO LIABILITY FOR PRODUCT. For details, please
contact your TOSHIBA sales representative or contact as via our website.

e Do notdisassemble, analyze, reverse-engineer, alter, modify, translate or copy Product, whether in whole orin part.

e Product shall not be used for or incorporated into any products or systems whose manufacture, use, or sale is prohibited under
any applicable laws or regulations.

e Theinformation contained herein is presented only as guidance for Product use. No responsibility is assumed by TOSHIBA for
any infringement of patents or any other intellectual property rights of third parties that may result from the use of Product. No
license to any intellectual property right is granted by this document, whether express or implied, by estoppel or otherwise.

e ABSENT AWRITTEN SIGNED AGREEMENT, EXCEPT AS PROVIDED IN THE RELEVANT TERMS AND CONDITIONS OF SALE FOR
PRODUCT, AND TO THE MAXIMUM EXTENT ALLOWABLE BY LAW, TOSHIBA (1) ASSUMES NO LIABILITY WHATSOEVER,
INCLUDING WITHOUT LIMITATION, INDIRECT, CONSEQUENTIAL, SPECIAL, OR INCIDENTAL DAMAGES OR LOSS, INCLUDING
WITHOUT LIMITATION, LOSS OF PROFITS, LOSS OF OPPORTUNITIES, BUSINESS INTERRUPTION AND LOSS OF DATA, AND
(2) DISCLAIMS ANY AND ALL EXPRESS OR IMPLIED WARRANTIES AND CONDITIONS RELATED TO SALE, USE OF PRODUCT,
OR INFORMATION, INCLUDING WARRANTIES OR CONDITIONS OF MERCHANTABILITY, FITNESS FOR A PARTICULAR
PURPOSE, ACCURACY OF INFORMATION, OR NONINFRINGEMENT.

e Do not use or otherwise make available Product or related software or technology for any military purposes, including without
limitation, for the design, development, use, stockpiling or manufacturing of nuclear, chemical, or biological weapons or missile
technology products (mass destruction weapons). Product and related software and technology may be controlled under the
applicable export laws and regulations including, without limitation, the Japanese Foreign Exchange and Foreign Trade Law and
the U.S. Export Administration Regulations. Export and re-export of Product or related software or technology are strictly
prohibited except in compliance with all applicable export laws and regulations.

e Please contact your TOSHIBA sales representative for details as to environmental matters such as the RoHS compatibility of
Product. Please use Product in compliance with all applicable laws and regulations that regulate the inclusion or use of
controlled substances, including without limitation, the EU RoHS Directive. TOSHIBA ASSUMES NO LIABILITY FOR DAMAGES
OR LOSSES OCCURRING AS A RESULT OF NONCOMPLIANCE WITH APPLICABLE LAWS AND REGULATIONS.

Copyright 2020 © TOSHIBA ELECTRONICS EUROPE GMBH, All Rights Reserved.



