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STM32 motor control SDK - 6-step firmware sensor-less parameter optimization

Introduction

This document describes how to optimize the configuration parameters for a 6-step, sensor-less algorithm. The goal is to obtain
a smooth and fast startup procedure, but also a stable closed-loop behavior. Additionally, the document also explains how to
reach a proper switch between back EMF zero-crossing detection during PWM OFF-time and PWM ON-time when spinning the
motor at a high speed with a voltage driving mode technique. For further details about the 6-step firmware algorithm and the
voltage/current driving technique, refer to the related user manual included in the X-CUBE-MCSDK documentation package.
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Acronyms and abbreviations

1 Acronyms and abbreviations

Table 1. Acronyms and abbreviations

MCSDK Motor control software development kit (X-CUBE-MCSDK)
HW Hardware
IDE Integrated development environment
MCU Microcontroller unit
GPIO General-purpose input/output
ADC Analog-to-digital converter
VM Voltage mode
SL Sensor-less
BEMF Back electromotive force
FW Firmware
ZC Zero-crossing
GUI Graphical user interface
MC Motor control
OoCP Overcurrent protection
PID Proportional-integral-derivative (controller)
SDK Software development kit
ul User interface
MC workbench Motor control workbench tool, part of MCSDK
Motor pilot

Motor pilot tool, part of MCSDK
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Overview

Overview

In the 6-step sensor-less driving mode, the firmware exploits the back electromotive force (BEMF) sensed at the
floating phase. The position of the rotor is obtained by detecting the zero-crossing of the BEMF. This is commonly
done using an ADC, as shown in Figure 1. In particular, when the magnetic field of the rotor crosses the high-Z
phase, the corresponding BEMF voltage changes its sign (zero-crossing). The BEMF voltage can be scaled at the
ADC input, thanks to a resistor network that divides the voltage coming from the motor phase.

However, since the BEMF signal is proportional to the speed, the rotor position cannot be determined at startup,
or at very low speed. Therefore, the motor must be accelerated in an open-loop until a sufficient BEMF voltage is
reached. That BEMF voltage allows the synchronization of the step commutation with the rotor position.

In the following paragraphs, the startup procedure and the closed-loop operation, together with the parameters to
tune them, are described.

Figure 1. Motor with sensor-less circuit
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2.1 BEMF zero-crossing detection

The back EMF waveform of a brushless motor changes along with the rotor position and speed and is in a
trapezoidal shape. Figure 2 shows the waveform of the current and back EMF for one electrical period, where the
solid line denotes the current (ripples are ignored for the sake of simplicity), the dashed line represents the back
electromotive force, and the horizontal coordinate represents the electric perspective of motor rotation.

Figure 2. BLDC current and back EMF waveforms
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The middle of every two phase-switching points corresponds to one point whose back electromotive force polarity
is changed: the zero-crossing-point. Once the zero-crossing point is identified, the phase-switching moment is set
after an electrical delay of 30°. To detect the zero-crossing of the BEMF, the center tap voltage has to be known.
The center tap is equal to the point where the three motor phases are connected together. Some motors make the
center tap available. In other cases, it can be reconstructed through the voltage phases. The 6-step algorithm that
is described here takes advantage of the presence of a BEMF sensing network connected to the motor phases
that allows to calculate the center tap voltage.

Two different strategies are available for the identification of the zero-crossing point:
. Back EMF sensing during the PWM OFF-time
. Back EMF sensing during the PWM ON-time (currently supported in voltage mode only)

During the PWM OFF-time, the floating phase voltage is acquired by the ADC. Since no current is flowing in the
floating phase, and the other two are connected to the ground, when the BEMF crosses zero in the floating
phase, it has equal and opposite polarity on the other phases: the center tap voltage is therefore zero. Hence, the
zero-crossing point is identified when the ADC conversion rises above, or falls below, a defined threshold.

On the other hand, during the PWM ON-time, one phase is connected to the bus voltage, and another to the
ground (Figure 3). In this condition, the center tap voltage reaches half of the bus voltage value when the BEMF
in the floating phase is zero. Like previously, the zero-crossing point is identified when the ADC conversion rises
above (or falls below) a defined threshold. The latter corresponds to Vg / 2.

Figure 3. BEMF sensing during PWM ON-time
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BEMF sensing network design

2.2 BEMF sensing network design

In Figure 4 the commonly used network to sense the BEMF is shown. Its purpose is to divide the motor phase
voltage to be properly acquired by the ADC. The R2 and R1 values must be chosen according to the bus voltage
level. The user has to be aware that implementing an R1/ (R2 + R1) ratio much lower than needed, the BEMF
signal may result as too low and the control not robust enough.

On the other hand, a ratio higher than needed would lead to frequent turning-on/off of the D1 protection diodes
whose recovery current may inject noise. The recommended value is:

R1 0.95 X VDD
(1)

R1+R2 ~ BusVoltage[V]

Very low values for R1 and R2 must be avoided to limit current tapped from the motor phase.
R1 is sometimes connected to a GPIO instead of GND. It allows the network to be runtime enabled or disabled.

In the 6-step firmware, the GPIO is always in reset state and the network is enabled. However, the eventual
presence of D3 must be considered when setting the BEMF thresholds for sensing during the PWM ON-time: it
usually adds 0.5+0.7 V to the ideal threshold.

BEMF threshold (ON — time) = D3 ( forward voltage) + M (2)

C1 is for filtering purposes and must not limit the signal bandwidth in the PWM frequency range.

D4 and R3 are for fast discharge of the BEMF_SENSING_ADC node during the PWM commutations, especially
in high voltage boards.

The D1 and D2 diodes are optional and must be added only in case of risk of violating the BEMF sensing ADC
channel maximum ratings.

Figure 4. BEMF sensing network
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Optimization of control algorithm parameters

3 Optimization of control algorithm parameters

3.1 Startup procedure

The startup procedure is usually made up of a sequence of three stages:
1. Alignment. The rotor is aligned at a predetermined position.

2. Open-loop acceleration. The voltage pulses are applied in a predetermined sequence to create a magnetic
field that causes the rotor to start rotating. The sequence’s rate is progressively increased to allow the rotor
to reach a certain speed.

3.  Switch-over. Once the rotor has reached a certain speed, the algorithm switches to a closed-loop 6-step
control sequence to maintain control of the motor's speed and direction.

As shown in Figure 5, the user can customize the startup parameters in the MC workbench before generating the
code. Two different driving modes are available:

. Voltage mode. The algorithm controls the speed by varying the duty cycle of the PWM applied to the motor
phases: a target Phase Voltage is defined for each segment of the startup profile

. Current mode. The algorithm controls the speed by varying the current that flows in the motor phases: a
Current target is defined for each segment of the startup profile

Figure 5. Startup parameters in the MC workbench

Main Sensor Auxiliary Sensor Sensorless start-up parameters

Start-up profile

Initial electrical angle of Iq: 0 deg
Duration (ms) Speed target (rpm) | Phase Voltage (V rms) Current target (A)
Phase 1: 200 0 415 0.32
Phase 2: 1000 600 10.41 032
Phase 3: 500 600 10.41 032
Phase 4: 0 0 4.15 0.32
Phase 5: 0 0 415 032
Voltage mode Current mode
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3141 Alignment
In Figure 5, the Phase 1 always corresponds to the alignment step. The rotor is aligned to the 6-step position
closest to the “Initial electrical angle”.
It is important to note that, by default, the duration of the Phase 1 is 200 ms. During this step the duty cycle is
linearly increased to reach the target Phase Voltage (Phase Current, if the current driving mode is selected).
However, with bulky motors or in the case of high inertia, the suggested duration, or even the target Phase
Voltage/Current may not be sufficient to properly start the rotation.
In Figure 6, a comparison between a wrong alignment condition and a proper one is provided.
If the target value or duration of Phase 1 are not enough to force the rotor in the starting position, the user can
see the motor vibrating without starting to rotate. Meanwhile, the current absorption increases. During the first
period of the startup procedure, the current increases, but the torque is not sufficient to overcome the inertia of
the motor. At the top of Figure 6 (A), the user can see the current increasing. However, there is no evidence of
BEMF: the motor is then stalled. Once the acceleration step is started, the uncertain position of the rotor prevents
the algorithm from completing the startup procedure and running the motor.

Increasing the voltage/current phase during phase 1 may fix the issue.

Figure 6. Alignment — troubleshooting
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In voltage mode, the target voltage during the startup can be customized with the Motor Pilot without the need to
regenerate the code. In the Motor Pilot, in the rev-up section, the same acceleration profile of Figure 1 is reported
(see Figure 7). Note that here the voltage phase can be shown as the pulse set into the timer register (S16A unit),
or as corresponding to the output voltage (Vrms unit).

Once the user finds the proper values that best suit the motor, these values can be implemented into the MC
workbench project. It allows regenerating the code to apply the default value. The below formula explains the
correlation between voltage phase in Vrms and S16A units.
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Phase Voltage (Vrms) = BusVoltage[V] X ,lﬁ% (3)
Where
., _ TimerClockFrequency[Hz]
PWM period = PWM frequency[Hz| (4)

In current mode, in the Motor Pilot GUI, the target current is only shown in S16A. Its conversion in ampere
depends on the shunt value and the amplification gain used in the current limiter circuitry.

Figure 7. Start up parameters in the motor pilot
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3.1.2 Open-loop acceleration

In Figure 5, the Phase 2 corresponds to the acceleration phase. The 6-step sequence is applied to speed up the
motor in an open-loop, hence, the rotor position is not synchronized with the 6-step sequence. The current
phases are then higher than optimum and the torque is lower.

In the MC workbench (Figure 5) the user can define one or more acceleration segments. In particular, for a bulky
motor, it is recommended to accelerate it with a slower ramp to overcome the inertia before performing a steeper
ramp. During each segment, the duty cycle is linearly increased to reach the final target of the voltage/current
phase of that segment. Thus, it forces the commutation of the phases at the corresponding speed indicated in the
same configuration table.

In Figure 8, a comparison between an acceleration with a voltage phase (A) too low and a proper one (B) is
provided.

Figure 8. Acceleration — troubleshooting 1
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If the target voltage/current of one phase or its duration is not enough to allow the motor to reach that
corresponding speed, the user can see the motor stop spinning and start vibrating. At the top of Figure 8, the
current suddenly increases when the motor stalls while, when properly accelerated, the current increases without
discontinuities. Once the motor stops, the startup procedure fails.

Increasing the voltage/current phase may fix the issue.

On the other hand, if the voltage/current phase defined is too high, since the motor is running inefficiently in open-
loop, the current may rise and reach the overcurrent. The motor suddenly stops, and an overcurrent alarm is
shown by the Motor Pilot. The behavior of the current is shown in Figure 9.
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Figure 9. Acceleration — troubleshooting 2
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Decreasing the voltage/current phase may fix the issue.

Like the alignment step, the target voltage/current can be runtime customized during the startup with the Motor
Pilot without the need to regenerate the code. Then, it can be implemented into the MC workbench project when
the proper setting is identified.

313 Switch-over

The last step of the startup procedure is the switch-over. During this step, the algorithm exploits the sensed BEMF
to synchronize the 6-step sequence with the rotor position. The switch-over starts in the segment indicated in the
parameter underlined in Figure 10. It is configurable in the sensor-less startup parameter section of the MC
workbench.

Figure 10. Switch-over start condition

Execute sensor-less algorithm starting from phase:

After a valid BEMF zero-crossing detection signal (to fulfill this condition see Section 2.1), the algorithm switches
to a closed-loop operation. The switch-over step may fail due to the following reasons:

. Switch-over speed is not properly configured

. PI1 gains of the speed loop are too high

. Thresholds to detect the BEMF zero-crossing event are not properly set
3.1.3.1 Switch-over speed not properly configured

The speed at which the switch-over starts is by default the same as the initial target speed that can be configured
in the drive setting section of the MC workbench. The user has to be aware that, as soon as the speed loop is
closed, the motor is instantaneously accelerated from the switch-over speed to the target speed. If these two
values are very far apart, an overcurrent failure may occur.
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3.1.3.2 PI gains of the speed loop too high

During switch-over, the algorithm moves from forcing a predefined sequence to measure the speed and calculate
the output values accordingly. Thus, it compensates the actual speed that is the result of the open-loop
acceleration. If the Pl gains are too high, a temporary instability can be experienced, but it can lead to overcurrent
failure if exaggerated.

Figure 11 shows and example of such instability during the transition from open-loop to closed-loop operation.

Figure 11. Switch-over instability
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3.1.3.3 Wrong BEMF thresholds
If the wrong BEMF thresholds are set, the zero-crossing is detected either in advance or late. This provokes two

main effects:
1. The waveforms are asymmetric and the control inefficient leading to high ripples of torque (Figure 12)
2. The speed loop becomes unstable by trying to compensate for the ripples of torque

The user would experience unstable speed control and, in the worst cases, a de-synchronization of the motor
driving with the control leading to an overcurrent event.

The proper setting of BEMF thresholds is crucial for good performance of the algorithm. Thresholds also depend
on the bus voltage value and the sensing network. It is recommended to refer to Section 2.1 to check how to align
voltage levels to the nominal one set in the MC workbench.

Figure 12. Effect of wrong BEMF thresholds
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3.2 Closed-loop operation

If the motor completes the acceleration phase, the BEMF zero-crossing is detected. The rotor is synchronized
with the 6-step sequence and a closed-loop operation is obtained. However, further parameter optimization can
be carried out to improve the performances.

For instance, as described in the previous Section 3.1.3 (“Wrong BEMF thresholds”), the speed loop, even if
working, may appear unstable and BEMF thresholds may need some refinement.

Additionally, the following aspects have to be considered if a motor is requested to work at high speed or driven
with a high PWM duty cycle:

. PWM frequency

. Speed loop PI gains

. Demagnetization blanking period phase

. Delay between zero-crossing and step commutation

. Switch between PWM OFF-time and ON-time sensing

3.21 PWM frequency
The sensor-less 6-step algorithm performs an acquisition of the BEMF every PWM cycle. To properly detect the
zero-crossing event, a sufficient number of acquisitions are required. As a rule of thumb, for proper operation, at
least 10 acquisitions over 60 electrical angles grant good and stable rotor synchronization.

Therefore:
Min frequencypyy = 6 X # BEMF samples X Electrical revolutions per (5)
second
where:
Electrical revolutions per second = Max speed [rpgg X pole pairs (6)
# BEMF samples = 10 (7)
3.2.2 Speed loop Pl gains

Speed loop Pl gains affect the responsiveness of the motor to any command of acceleration or deceleration. A
theoretical description of how a PID regulator works is beyond the scope of this document. However, the user
must be aware that speed loop regulator gains can be changed at runtime through the Motor Pilot and be
adjusted as desired.
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Figure 13. Pl gains in motor pilot
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3.23 Demagnetization blanking period phase

The demagnetization of the floating phase is a period after the change of phase energization during which, due to
the current discharge (Figure 14), the back EMF reading is not reliable. Therefore, the algorithm must ignore the
signal before it has elapsed. This period is defined in the MC workbench as a percentage of a step (60 electrical
degrees) and can be runtime changed through the Motor Pilot as shown in Figure 15. The higher the motor
speed, the faster the demagnetization period. The demagnetization, by default, reaches a lower limit set to three
PWM cycles at 2/3 of the maximum rated speed. If the inductance phase of the motor is low and does not require
much time to demagnetize, the user can reduce the masking period or the speed at which the minimum period is
set. However, it is not recommended to lower the masking period below 2 - 3 PWM cycles because the control
can incur sudden instability during step commutation.

Figure 14. Demagnetization of the phase
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Figure 15. Demagnetization period in motor pilot
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Speed at min demag period RPM

3.24 Delay between BEMF zero-crossing and step commutation

Once the BEMF zero-crossing event has been detected, the algorithm normally waits 30 electrical degrees until a
step sequence commutation (Figure 16). In this way, the zero-crossing is positioned at the midpoint of the step to
target the maximum efficiency.

Figure 16. Zero-crossing delay definition (30 degrees nominal)
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Since the accuracy of the zero-crossing detection depends on the number of acquisitions, hence on the PWM
frequency (see Section 3.2.1), the accuracy of its detection may become relevant at high speed. It then generates
an evident asymmetricity of the waveforms and the distortion of the current (see Figure 17). This can be
compensated by reducing the delay between zero-crossing detection and step commutation. Zero-crossing delay
can be runtime changed by the user through the Motor Pilot as shown in Figure 18.

Figure 17. Effect of non-compensated zero-crossing delay
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Figure 18. Zero-crossing delay in motor pilot

Advanced Configuration
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3.2.5 Switch between PWM OFF-time and ON-time sensing

While increasing the speed or the load current (that is to say motor output torque), the duty cycle of the PWM
driving increases. Thus, the time for sampling the BEMF during the OFF-time is reduced. To reach 100% of the
duty cycle, the ADC conversion is triggered during the ON-time of the PWM, thus switching from BEMF sensing
during the PWM OFF-time to PWM ON-time.

A wrong configuration of the BEMF thresholds during ON-time leads to the same issues described in
Section 3.1.3 (“Wrong BEMF thresholds”).

By default, BEMF ON-sensing thresholds are set to half of the bus voltage (see Section 2.1). The user must
consider that actual thresholds depend on the bus voltage value and sensing network. Follow the indications in
Section 2.1 and make sure to align the voltage level to the nominal one set in the MC workbench.

Values of the thresholds and PWM duty cycle at which the algorithm swaps between OFF and ON-sensing are
runtime configurable through the Motor Pilot (Figure 19) and available in Voltage mode driving only.

Figure 19. PWM ON-sensing parameters in motor pilot

Advanced Configuration
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sensing

Bemf threshold up H 12.70 V
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PWM-on Sampling point % duty cycle
On-sensing enable thres B ﬂ + % duty cycle
On-sensing disable thres % duty cycle

Write parameters
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4 Troubleshooting

. What do | have to take care of to properly spin a motor with a sensor-less 6-step algorithm?
Spinning a motor with a sensor-less 6-step algorithm implies being able to properly detect the BEMF
signal, accelerate the motor, and synchronize the rotor with the control algorithm. The proper measurement
of the BEMF signals lies in the effective design of the BEMF sensing network (see Section 2.1). The target
voltage (voltage mode driving) or current (current mode driving) during the startup sequence depends on
the motor parameters. The definition (and eventually the duration) of the voltage/current phase during
alignment, acceleration, and switch-over steps are crucial for a successful procedure (see Section 3).

In the end, the synchronization of the rotor and the ability to increase the speed motor up to the rated
speed depends on the optimization of the PWM frequency, BEMF thresholds, demagnetization period and
delay between zero-crossing detection and step commutation, as described in Section 3.2.

. What is the right value of the BEMF resistor divider?

The user has to be aware that a wrong BEMF resistor divider value may remove any chance of properly
driving the motor. For further details on how to design the BEMF sensing network, refer to Section 2.1.

. How do I configure the startup procedure?

To optimize the startup process, it is recommended to increase the duration of each step of the rev-up
phase to several seconds. It is then possible to understand whether the motor properly accelerates, or at
which speed/step of the open-loop procedure it fails.

It is not advisable to accelerate a high-inertia motor with a too steep ramp.

If the configured voltage phase or current phase is too low, the motor stalls. If it is too high, the overcurrent
is triggered. Gradually increasing the voltage phase (voltage mode driving) or current (current mode
driving) during the alignment and acceleration steps allow the user to understand the range of working of
the motor. Indeed, it helps to find the optimum.

When it comes to switching to a closed-loop operation, the gains of the Pl must be reduced at first to
exclude that a loss of control or instability is due to speed loop. At this point, being sure that the BEMF
sensing network is properly designed (see Section 2.1) and the BEMF signal properly acquired is crucial.
The user can access the reading of the BEMF, and plot it in the Motor Pilot (see Figure 20) by selecting the
available registers BEMF_U, BEMF_V and BEMF_U in the ASYNC plot section of the tool. Once the motor
is in the Run state, the speed loop controller gains can be optimized. For further details or parameter
optimization, see Section 3 and Section 3.2.

Figure 20. BEMF signals in motor pilot
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. What can | do if the motor does not move at startup?
At startup, a linearly increasing voltage (voltage mode driving) or current (current mode driving) is provided
to the motor phases. The goal is to align it at a known and predefined position. If the voltage is not high
enough (especially with motors with a high inertia constant), the motor does not move and the procedure
fails. For further information about possible solutions, refer to Section 3.1.1.

. What can | do if the motor does not complete the acceleration phase?
Like for the alignment phase, the motor is accelerated in an open-loop by applying a linearly increasing
voltage (voltage mode driving) or current (current mode driving) to the motor phases. Default values do not
consider eventual applied mechanical load, or motor constants are not accurate and/or known. Therefore,
the acceleration procedure may fail with a motor stall or an overcurrent event. For further information about
possible solutions, refer to Section 3.1.2.

. Why does not the motor switch over into closed speed loop?
If the motor properly accelerates to target speed but it suddenly stops, something may be wrong in the
BEMF threshold configuration or the PI controller gains. Refer to Section 3.1.3 for further details.

. Why does the speed loop look unstable?
An increase of the noise of the measurement with the speed is expected since the higher the speed is, the
lower the number of BEMF samples for zero-crossing detection and, consequently, the accuracy of its
calculation. However, an excessive instability of the speed loop may also be the symptom of wrong BEMF
threshold or Pl gains that are not properly configured, as highlighted in Section 3.1.3.

. How can | increase the maximum reachable speed?
Maximum reachable speed is usually limited by several factors: PWM frequency, loss of synchronization
(due to excessive demagnetization period or wrong delay between zero-crossing detection and step
commutation), inaccurate BEMF thresholds. For further details on how to optimize these elements, refer to
Section 3.2.1, Section 3.2.3, Section 3.2.4 and Section 3.2.5.

. Why does the motor suddenly stop at a certain speed?
It is likely due to an inaccurate PWM on-sensing BEMF threshold configuration. Refer to Section 3.2.5 for
further details.
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Table 2. Document revision history

24-Nov-2023 1 Initial release.
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IMPORTANT NOTICE — READ CAREFULLY

STMicroelectronics NV and its subsidiaries (“ST”) reserve the right to make changes, corrections, enhancements, modifications, and improvements to ST
products and/or to this document at any time without notice. Purchasers should obtain the latest relevant information on ST products before placing orders. ST
products are sold pursuant to ST’s terms and conditions of sale in place at the time of order acknowledgment.

Purchasers are solely responsible for the choice, selection, and use of ST products and ST assumes no liability for application assistance or the design of
purchasers’ products.

No license, express or implied, to any intellectual property right is granted by ST herein.
Resale of ST products with provisions different from the information set forth herein shall void any warranty granted by ST for such product.

ST and the ST logo are trademarks of ST. For additional information about ST trademarks, refer to www.st.com/trademarks. All other product or service names
are the property of their respective owners.

Information in this document supersedes and replaces information previously supplied in any prior versions of this document.
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