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Scalable BLDC motor control family suited to sensorless FOC in
automotive applications

Introduction

Vehicles, both gasoline and electric, have been integrating ever more electric motors. Some are clearly visible, such as in
power steering, side mirrors, and comfort features like seat adjustment (Figure 1). But many are hidden away, operating
the fans and pumps that are essential to vehicle operation. Whereas brushed DC motors were often deployed in the
past, the need for audibly quieter operation, higher electrical efficiency, fewer electromagnetic compatibility (EMC)
challenges, and improved reliability is driving almost every application space to transition to brushless DC motors
(BLDC).

Because commutation of such motors is performed electronically, engineering teams are regularly on the hunt for
semiconductor devices that simplify implementation while offering opportunities to reduce bill of materials (BOM)
costs. However, this shouldn’t require the team to learn a new device architecture and be trained on a new toolchain
every time. Instead, developers are seeking scalable device families that enable their experience to be applied to any
application with a power requirement ranging from a few to hundreds of watts.
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Figure 1: Tens of small electric motors are integrated into the average vehicle, regardless of whether an internal
combustion engine or an electric motor powers it.

Principles of sine wave BLDC control

Applying three sine waves with a phase difference of 120° between them ensures smooth control of BLDC motors, a
method that forms the basis of field-oriented control (FOC). To generate this rotating magnetic field in the stator, a
microcontroller can continuously modify the output of three of its pulse-width modulation (PWM) pins to generate a
sine wave of the required frequency and amplitude. Externally, MOSFETs and suitable gate drivers are then used to
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implement the power stage. However, there are two key challenges in ensuring that the electrical signal is aligned with
the mechanical system of the electric motor.

The first issue is determining the rotor’s orientation. If the sine wave output isn’t aligned with the mechanical position,
the rotor will jump to align itself. This results in audible noise and vibration, as well as potential damage or accelerated
wear to anything mechanically attached to the rotor, such as a gearbox. Integrating a sensor, using Hall sensors or an
encoder, provides the necessary information to ensure that the electrical and mechanical systems are aligned with one
another. However, adding a sensor or encoder increases weight and cost and is another potential failure point in the
system.

When possible, sensorless control is preferred. In field-oriented control (FOC), the controller uses mathematical
calculations that reconstruct the rotor angle from the measured motor currents and the applied voltages. The motor
current is acquired using a single shunt resistor placed in the DC-link (low-side 1-shunt method), or two or three shunts
in the individual phases (3-shunt method). The microcontroller samples this current at defined points within the PWM
cycle and reconstructs the individual phase currents. These measurements, together with the known PWM duty cycles
and the motor’s electrical model, allow the control algorithm to estimate the rotor angle and magnetic flux.

To simplify FOC implementation, the three-phase currents passing through the motor are transformed into a two-
dimensional reference frame using Clarke and Park transformations. This frame, aligned with the moving rotor, is
defined in terms of a direct (d-axis) and quadrature (g-axis) current, Id and Ig. The desired 90° phase lead is maintained
by regulating Id towards zero and Iq towards the required torque using two proportional-integral (PI) controllers. From
here, the result is transformed back using an inverse Clarke/Park transformation that is fed into the PWM module,
generating the required three-phase stator field (Figure 2).
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Figure 2: Block diagram for FOC using Clarke/Park transformations that generate time-variant three-phase motor
currents from a time-invariant Id and Iq reference frame.

Calculation of each commutation step is a complex task that demands significant processing power, often pushing
developers toward the higher-performance end of microcontroller families or digital signal processors (DSPs). In an
effort to simplify FOC implementation, Toshiba has taken an alternative approach, focusing on developing a hardware
acceleration engine for microcontrollers that handles this complexity with minimal demand on the microcontroller’s
processor. Known as a vector engine, it offloads Clarke/Park transformation calculations and can reduce the processor
load by up to 70% compared to a pure-software implementation (Figure 3). This leaves more time for classic embedded
real-time tasks such as communication, data pre-analysis, control, and maintenance prediction.
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Figure 3: By pushing the complexity of Clarke/Park transformations into a dedicated vector engine (VE), more
processing capacity is available for other embedded real-time tasks.

Growing family of SmartMCD supports a broader range of motor
control applications

A growing portfolio of SmartMCD microcontroller devices now integrates Toshiba’s Advanced-Vector Engine alpha (A-
VEa), the fourth-generation implementation of its vector engine co-processor, previously denoted VE, VE+, and A-VE
(Figure 4). Improvements have been made in support for 1-shunt operation to support optimal current-detection
timing, and non-interference control. Also new is a flexible task execution capability supported by the integrated
scheduler. Operation is kept simple thanks to deep integration with the ADC channels and PWMs of the programmable
motor driver (PMD) block, and a phase timer for performing automatic theta (8) compensation for scheduled repetition

and synchronised interaction.
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Figure 4: A-VEa vector engine co-processor that offloads the complexity of FOC control in SmartMCD devices.
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The latest addition to the SmartMCD family is the TBOMO40FTG, which integrates an on-chip 2 A driver stage suited for
driving motors with power demands up to about 40 W (Figure 5). It complements the TB9M003/030FG SmartMCDs,
which integrate a three-phase MOSFET pre-driver to target applications in the 40 W to 1,000 W range.

Thanks to its higher level of integration, the TBIMO40FTG offers SmartMCD capability in applications that are
constrained by limited board space or seek to achieve lower system-level costs. It is also the first device in the family to
leverage the Arm® Cortex®-M23 processor that operates up to 40 MHz, offering a performance improvement over the
Cortex MO found in other devices. Integration with in-vehicle networks is supported via a local interconnect network
(LIN) bus, and the integrated 5 V regulator allows the device to be powered directly from the vehicle’s 12 V supply.
Current and thermal protection are also included, along with a dedicated interface for Hall sensors and encoders when
needed. The device features are rounded out with a 12-bit ADC, 80 KBytes of flash, 4 KBytes of SRAM, and 12 KByte boot
ROM, with all memory fully protected by ECC (Error-Correcting code).
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Figure 5: Block diagram of the TBOMO40FTG.
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The PMD unit (Figure 6) enables PWM carrier generation (triangular, inverse triangular, saw-tooth, or inverse saw-tooth)
with individually selectable waveforms for each phase. It also features a user-configurable phase shift between the
carrier and each phase. The PWM carrier frequency is between 0.06 kHz and 117 kHz, while the vector engine runs at

60 MHz. Complementary 3-Phase PWM generation is performed by comparing the PWM carrier with the individually
adjustable duty cycle setting. This unit also features conduction control with U/X, V/Y, and W/Z phase outputs
individually configurable as PWM or as high/low outputs with active-high or -low setting. The ADC conversion trigger
generation function has adjustable timing and is synchronised to the PWM carrier, while buffer function settings can be
changed during normal operation. For added robustness, the unit also features a protection control for overcurrent
events, while a dead-time control circuit prevents short-circuiting when switching between upper and lower phases
(U/X, VY, W/Z).
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Figure 6: Sensorless FOC software architecture for the TBOMO40FTG.

Where the TBOMO40FTG really shines is in its high level of integration to support different motors, both with and without
sensors, allowing its deployment across a family of motor controllers. For applications that demand precise motor
position acquisition, this is supported by the encoder and Hall sensor peripheral (Figure 7). The encoder mode supports
AB- and ABZ-type incremental encoders, while the sensor mode supports 2-phase and 3-phase Hall sensors. There are
three sensor operating modes available: event counter, timer counter, and phase counter.

It also supports zero-crossing detection for BLDC motors with square-wave commutation using BEMF-based control.
Other features of the encoder input circuit include rotation-edge and direction detection, a 32-bit up-/down counter
(controlled by rotation direction), a division-pulse output, an interrupt (generated by edge detection or counter values),
and an abnormal-state detection flag.
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Figure 7: Both incremental encoders and Hall sensor ICs are supported by the A-ENC32 peripheral.
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Integrated 2 A Bridge Driver stage

The key difference of TBOMO40FTG when compared to other devices in the family is the integrated three-phase inverter
stage. Featuring high-side and low-side MOSFETS, it’s suited to driving brushless DC motors up to 2 A. The switching
EMC behaviour can be matched to the application via register-programmable slew-rate control settings on the U, V, and
W outputs, and built-in dead-time control supports shoot-through free commutation. The bridge outputs are enabled
and disabled directly by the digital drive signals from the control logic. Fault handling is implemented in hardware. The
device monitors for drain-source open conditions on both the high-side and low-side transistors. Each monitor
includes a configurable digital filter to accommodate different noise environments. When a monitored fault, such as an
overcurrent event or a detected drain-source open condition occurs, the bridge driver forces all outputs to a
high-impedance state (forced off) to protect the power stage and motor.

First steps with evaluation and software development

The software support package (Figure 8) is conveniently split into two parts, separating the low-level drivers (LLD) that
enable and control the common microcontroller peripherals from the higher-layer motor control drivers (MC_FOC).
Evaluation of the TBOMO40FTG software is supported with a non-commercial evaluation version supplied as object
code. A licensed version developed according to A-SPICE and a commercial version including source code are also

available.
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Figure 8: Sensorless FOC software architecture for the TBOMO40FTG.

summary

With growing demand for BLDC motors across the entire automotive platform and the need for FOC to deliver lower
acoustic noise and vibration in operation, development teams are on the hunt for scalable motor controller families.
This enables them to repeatedly leverage the time invested in previous designs and the software development
environment across a range of applications, avoiding reinventing the wheel. This latest addition to the SmartMCD
family, the TBOMO40FTG with integrated motor drivers, is ideally suited to cost-optimized, space-restricted applications
in the sub-40 W power range, complementing the TB9M003/030FG. With its fourth-generation vector engine co-
processor, those with experience of the SmartMCD range will be ready to start building on their existing expertise with
Toshiba’s software packages and development environment.
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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 minimise 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, analyse, reverse-engineer, alter, modify, translate or copy Product, whether in whole or in part.

e Productshall not be used for orincorporated 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 US 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.
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Contact us to discuss incorporating
our products and solutions into your
design:

https://toshiba.semicon-storage.com/feu fcontact.htmi

toshiba.semicon-storage.com
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