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Introduction
Authors: Gheorghe Turcan, Grig Barbulescu, Teodor Lina Microchip Technology Inc.

There are two standardized methods for driving Brushless DC (BLDC) motors or Permanent Magnet
Synchronous Motors (PMSM): Trapezoidal Drive (or Block Commutation) and Sinusoidal Drive.

Trapezoidal Drive is simple to implement, even with 8-bit microcontrollers (MCUs), as it is a driving state
machine with state switching dictated by the few feedback sources. In a Sensorless solution, the revolution
indicator is the motor Back Electromotive Force (BEMF), which provides the position of the rotor every 60°
based on the Zero-Cross Detection (ZCD) of each of the three motor's phases.

To measure the BEMF of a spinning motor, the coils must not be driven such that the signal is not distorted.
This condition occurs when both the high-side, and this condition is encountered when both the high-side and
the low-side MOSFETs of the half-bridge are driven to a logical low level.

BEMF measurement becomes possible in Trapezoidal Drive because two of the six steps of one complete
electrical revolution fulfill the necessary condition one phase at a time, and the other phases’ interferences are
filtered by hardware and software algorithms.

Sinusoidal Drive has less torque ripple, higher efficiency, and better torque at low speed when compared to
Trapezoidal Drive, but with the cost of greater complexity. Moreover, in Sinusoidal Drive, all three phases are
driven continuously. Thus, there is no window for the BEMF to be acquired directly.

The usual method used for BEMF acquisition in Sinusoidal Drive is Field Oriented Control (FOC), which requires
detailed and fast individual coil current measurements, complex mathematical transformations, and dynamic
signal reconstruction and prediction. For FOC, an MCU needs a clock frequency higher than 100 MHz, fast ADCs,
and mathematical processing power found only in 16-bit and 32-bit cores.

The method presented in this technical brief creates the conditions necessary for a direct BEMF measurement
while the drive is still sinusoidal and continuous for all three phases, thus eliminating the need for a complex
acquisition and control algorithm.

The solution provides an easy way to obtain the ZCD from the motor for each 60° rotation, thus creating
the possibility for drive synchronization to be simplified to a degree where even 8-bit MCUs can keep up and
implement a simple Sensorless Sinusoidal Motor Control solution.

 Method for Detecting Motor BEMF in Sinusoidal Drive
Using the Dead Time Interval
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1. Overview
When an inductor moves through a magnetic field, a voltage is induced in it. A brushless motor is a
collection of three inductors spinning in a circular arranged magnetic field, and an electrical voltage
is induced in the motor’s coils. BEMF is the induced voltage that always occurs when the motor
spins. Ideally, the BEMF occurs at any non-zero velocity, but in practice, due to noise and limited
measurement resolution, a minimum rotation per minute (RPM) is required to have a measurable
BEMF which can provide the rotor’s position through ZCD detection.

The BEMF voltage has three main parameters: Amplitude, frequency, and phase.

The amplitude is proportional to the rotor's speed and is motor-specific.

The frequency is proportional to the rotor's speed and the number of pole pairs. The motor's RPM
can be calculated using the BEMF frequency and equations that capture the motor characteristics.

The phase is important for synchronization between the stator's rotating field and the rotor. The
phase and frequency are used as feedback for drive synchronization (phase and speed alignment
with the motor) and for implementing control loops.

Figure 1-1. One Phase of a Three Phase Brushless Motor
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For proper BEMF measurement and ZCD detection, the drive signals for all three phases must be
disabled simultaneously to not influence the measurement. Even in Trapezoidal Drive, this is not
achieved, as only one phase is not driven. The other two are still being driven and will generate
noise. The ZCD is determined using analog and digital filters, along with a Majority detection
algorithm. For more information, see Majority Detection algorithm as a reference. These filters are
required to reduce the noise and have a close to accurate ZCD identification, but they introduce a
delay between the actual ZCD and the measured ZCD.

For Sensorless Sinusoidal drive, all three phases are conducting continuously and there is no
undisturbed measurement window that can be used for direct motor BEMF measurement. Thus,
the go-to FOC method measures each coil current and recreates the BEMF through a mathematical
model, which requires performant hardware and is not applicable for 8-bit MCUs. The dominant
method for Sinusoidal Drive on 8-bit MCUs is given by a sensored solution with a Phase-Locked Loop
(PLL) synchronization approach.

This technical brief introduces a new Sinusoidal Drive method, which creates a direct BEMF
acquisition window that complies with the requirement for the no phase measurement point
disturbance from the drive signals, allowing for a simple and unfiltered ZCD detection that is closer
to the actual motor coil current ZCD.

The new Sinusoidal Drive method requires Pulse-Width Modulation (PWM) rising event alignment
and dead time control, achieved with pure software or a combination of software and hardware-
capable peripherals. Thus, the method presented can be used in any 8-bit MCU that can
generate complementary PWM signals. However, with dedicated hardware peripherals, as found
in Microchip's AVR® EB Family, the code size is drastically reduced, and interrupt time is shortened.

https://ww1.microchip.com/downloads/aemDocuments/documents/MCU16/ApplicationNotes/ApplicationNotes/AN1160-Sensorless-BLDC-Control-with-Back-EMF-Filtering-Using-a-Majority-Function-DS00001160.pdf
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2. Sinusoidal Drive Measurement Window Insertion
To remove the influence from the driving signal, the BEMF must be sampled when both of the
transistors in the respective half-bridge are driven low.

The complementary PWM dead-time, as depicted in Figure 2-1, provides such a window for sampling
the BEMF. The dead-time is required to prevent current shoot-through in the half-bridge.

That said, the dead-time of each phase does not necessarily align. Thus, the proposed method
increases one dead-time period on all six PWM signals and the dead-times are aligned, creating a
sufficiently long window to measure the BEMF, as depicted in Figure 2-2.

Figure 2-1. Dead time and PWM signals illustration
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Figure 2-2. Logic Analyzer Capture to Visualize the Long Dead Time
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Insertion of the BEMF acquisition window brings minor drawbacks when compared to the ordinary
sinusoidal drive:
1. Because of the increased dead-time duration, the PWM duty cycle range is decreased by a

proportion, dependent on the PWM frequency and the time it takes to correctly assess the BEMF.
2. The half-bridge body diodes get hotter because of the longer dead time. When the BEMF is

positive, there are more power losses.

Apart from these disadvantages, this method is a cheap alternative for Sinusoidal Sensorless Control
of three-phase motors (BLDC or PMSM) and can be implemented on 8-bit MCUs as it does not
require a lot of computational power in one complete PWM cycle. Usually for motor control 20 kHz
PWM switching speed is used, so a complete PWM cycle duration is 50 μs.
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3. BEMF Measurement and Interpretation
Multiple peripherals like the AD converter (ADC) or the Analog Comparator (AC) can be used to
sample the BEMF and detect Zero Crosses. In this method, the Analog Comparator samples the
BEMF. All the PWM driving signals must synchronously be logically low, the coils are not driven and
the signal measured after all the propagation delays is the motor’s BEMF.

The Analog Comparator is connected to the divided motor's phase signals on the positive input
and the motor summing neutral to the negative input, as depicted in Figure 4-1. The neutral can
be either reconstructed in software, or in hardware using resistors in a star configuration. The
comparator output acquisition is timed to coincide with the dead time period and possible delays.
The comparator output provides the BEMF position equivalent to the current position through the
coils. Using this signal, it is possible to find the Zero Cross Detection and estimate the rotor's
position. Figure 3-1 shows the Analog Comparator Output, and Figure 3-2 an overview of a Zero
Cross point.

Figure 3-1. BEMF Interpreted Signal by the Analog Comparator

Figure 3-2. BEMF Zero Cross Point
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4. Drive Synchronization Using BEMF
As the ZCD only happens for one phase at a time, there is no need to sample all three phases
simultaneously. Thus, the required components to sample the BEMF can be given by either three
comparators, or one comparator with a multiplexed input selection, as shown in Figure 4-1.

The comparator delays and MUX stabilization must be taken into consideration. To avoid delays,
a priority selection method can be used: Measure the first phase of a motor until a zero cross is
reached, then measure the second phase until another zero cross is reached, and so on.

Figure 4-1. Analog Comparator Possible Configurations

Based on the values of the sampled BEMF, the motor can be ahead or behind the drive field. To
reduce the error between the drive field and the motor, a control algorithm can be introduced to
improve the synchronization of the motor commutation. Figure 4-2 shows a rendering of all three
drive channels with all three filtered BEMF channels when the motor can be behind the drive field.
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Figure 4-2. Motor’s Phases and Measured BEMF for each Phase

Based on the information obtained from the BEMF ZCD, there are three possible cases:
1. The BEMF Signal is ahead of the Drive Signal, so the Drive speed must be reduced to keep

synchronization.
2. The BEMF Signal is behind of the Drive Signal, so the Drive speed must be increased to keep

synchronization.
3. The BEMF Signal and Drive Signal are in phase with one another, within a range.

Figures 4-3 and 4-4 show 1 and 2 for one motor phase and its BEMF signal. The first figure shows
the case when BEMF is ahead of Drive. The second figure shows the case when BEMF is behind the
Drive.
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Figure 4-3. BEMF Signal Ahead of Sine Drive Signal
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Figure 4-4. BEMF Signal Behind of Sine Drive Signal
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5. BEMF Acquisition Demo
This example shows how to setup the Timer/Counter type E (TCE) and Waveform Extension
(WEX) peripherals to generate six complementary PWM signals to spin a three-phase Brushless
Direct Current Motor (BLDC) or a Permanent Magnet Synchronous Motor (PMSM) with Sinusoidal
Drive. This example also configures the Analog Comparator (AC) peripheral to measure the Back
Electromotive Force (BEMF) when the motor is spinning.

The measurement window is one of the two dead time periods during a PWM cycle. Increasing the
dead time period to 2 μs gives a big enough acquisition window to detect the current Zero-Cross,
uninfluenced by the driving signals. The other dead time period is 500 ns. A complete PWM cycle
has 50 µs (the classic 20 kHz frequency of MOSFET switching, commonly used in motor control
applications).

In this example, the motor spins using forced commutation without synchronization or closed loop
algorithms. This code example highlights the new BEMF measurement method during dead time.
The motor is spinning at a constant speed and amplitude that is not modified at run time as it is not
the main objective of this application.

The image below shows the setup used in this application:

Figure 5-1. Hardware Setup Needed for the Application

AVR16EB32
Cnano Board

MPPB Adaptor for AVR16EB32

Multi-Phase Power Board(MPPB)

Voltage Supply

BLDC or PMSM
      Motor

To generate this project using MPLAB® Code Configurator (MCC) Melody, MCC Melody (MCC Classic is
not supported), follow the next steps:
1. Create a new MPLAB® X IDE project for AVR16EB32.
2. Open MCC from the toolbar, find more information on installing the MCC plug-in here.
3. In MCC Content Manager Wizard, select MCC Melody, then click Finish.
4. Click Project Resources, go to System, select CLKCTRL, and disable the Prescaler enable button
5. From the Device Resources, go to the Drivers and Timer window, add the TCE module, then do

the following configuration:
– Module Enable: Must be enabled by default. If not, toggle the button (it turns blue if enabled)

https://onlinedocs.microchip.com/pr/GUID-1F7007B8-9A46-4D03-AEED-650357BA760D-en-US-6/index.html?GUID-D98198EA-93B9-45D2-9D96-C97DBCA55267
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– Clock Selection: System clock (by default, the divider must be 1 - System clock)
- Counter Direction: UP
– Waveform Generation Mode: Single-Slope PWM mode with overflow on TOP
– Requested Period [s]: 0.00005
– Duty Cycle 0 [%]: 0
– Duty Cycle 1 [%]: 0
– Duty Cycle 2 [%]: 0
– Duty Cycle 3 [%]: 98.5
– Waveform Output n: Check the boxes from the Enable column for Waveform Output 0, 1, 2, 3
– Scale mode: CMP values are scaled from the Center, 50% DC
– Scaled Writing to registers: Normal
– Amplitude Control Enable: Toggle the button (it turns blue if enabled)
– Amplitude Value: 0.1
– Generate ISR: Toggle the button (it turns blue if enabled)
– Compare 3 Interrupt Enable: Toggle the button (it turns blue if enabled)

6. From the Device Resources, go to Drivers and add the WEX module, then do the following
configuration:
– Input Matrix: Direct
– Update Source: TCE (the update condition for the output signals will be dictated by TCE)
- Override Settings: Check all the boxes from the Output Enable column for the Waveform
Output [0-5]
– Dead-time Insertion Channel 0 Enable: Toggle the button (it turns blue if enabled)
– Dead-time Insertion Channel 1 Enable: Toggle the button (it turns blue if enabled)
– Dead-time Insertion Channel 2 Enable: Toggle the button (it turns blue if enabled)
– Requested Dead-time Low Side (μs): 2
– Requested Dead-time High Side (μs): 0.5

7. From the Device Resources, go to Drivers and add the AC0 module, then do the following
configuration:
– Enable: Toggle the button (it turns blue if enabled)
– Positive Input MUX Selection: Positive Pin 5
– Negative Input MUX Selection: Negative Pin 1
– Output Pad Enable: Toggle the button (it turns blue if enabled)

8. In the Pin Grid View window - check if the WEX_WO[0-5] pins are locked as outputs on PORTA.
The pins are locked when checking the boxes from the Enable column from Waveform Output
n. To change the PORT, click on a pin from another PORT in Pin Grid View. Check if PA7 pin is
set as AC output. Check if PD4 and PD0 pins are set as inputs for AC. Also, another two pins
are necessary as inputs for AC for the other two motor phases. Click on PD5 and PD6 and set
them as inputs from Pins -> GPIO. Last, the pins that show the sampled BEMF and the sampling
moment must be set as outputs from Pins -> GPIO. These pins are PF1, PF2, PF3 and PF4.

9. In the Project Resources window, click the Generate button so that MCC will generate all the
specified drivers and configurations.
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10. After the MCC Melody generates the project files with the configuration explained above,
overwrite the content from the main.c file with the following:
Add macro definitions, variables and Look-up Table (LUT) used to drive the motor:

/* Number of pole pairs of a BLDC motor */
#define MOTOR_PAIR_POLES                4

/* MOSFET switching frequency in Hz */
#define F_SAMPLING                      20000.0

/* uint16_t range mapping: 0 - 359.99 electrical degrees -> 0 - 65535 */
#define DEGREES_TO_U16(DEG)             (uint16_t)( (float)(DEG) * 65536.0 / 360.0 + 0.5)

/* Speed conversion from RPM to LUT scrolling speed */
#define RPM_TO_U16(RPM)                 (uint16_t)(((float)(RPM) * 65536.0 * (float)
(MOTOR_PAIR_POLES)) / ((float)(F_SAMPLING) * 60.0) + 0.5)

/* Sets the amplitude of the sine wave signals, and thus the scaling values of duty cycle 
 * in U.Q.1.15 format, ranging from 0 to 1.00. Duty cycle scaling is done in hardware
 * using the hardware accelerator of TCE.*/
#define AMP_TO_U16(X)                   (uint16_t)(32768.0*(X) + 0.5)

/* Speed of the motor - 120 RPM */
#define SPEED                           RPM_TO_U16(120)

/* Amplitude of the sine wave - 10% */
#define AMPLITUDE                       AMP_TO_U16(0.1)

#include "mcc_generated_files/system/system.h"

typedef enum
{
    MUX_PHASE_A = (AC_MUXPOS_AINP5_gc | AC_MUXNEG_AINN1_gc),
    MUX_PHASE_B = (AC_MUXPOS_AINP6_gc | AC_MUXNEG_AINN1_gc),
    MUX_PHASE_C = (AC_MUXPOS_AINP3_gc | AC_MUXNEG_AINN1_gc),
} mux_t;

/* LUT that is used to generate a sinusoidal drive */
static const uint16_t sine_lookup_table[] = 
{
  16384, 16786, 17187, 17589, 17989, 18389, 18788, 19185, 19580, 19973, 20364, 
  20753, 21140, 21523, 21903, 22280, 22653, 23023, 23389, 23750, 24107, 24459, 24807, 
  25149, 25486, 25818, 26143, 26463, 26777, 27085, 27386, 27681, 27969, 28250, 28523, 
  28790, 29049, 29300, 29543, 29779, 30006, 30226, 30437, 30639, 30833, 31018, 31194, 
  31362, 31520, 31670, 31810, 31941, 32062, 32174, 32276, 32369, 32453, 32526, 32590, 
  32644, 32689, 32723, 32748, 32763, 32768, 32763, 32748, 32723, 32689, 32644, 32590, 
  32526, 32453, 32369, 32276, 32174, 32062, 31941, 31810, 31670, 31520, 31362, 31194, 
  31018, 30833, 30639, 30437, 30226, 30006, 29779, 29543, 29300, 29049, 28790, 28523, 
  28250, 27969, 27681, 27386, 27085, 26777, 26463, 26143, 25818, 25486, 25149, 24807, 
  24459, 24107, 23750, 23389, 23023, 22653, 22280, 21903, 21523, 21140, 20753, 20364, 
  19973, 19580, 19185, 18788, 18389, 17989, 17589, 17187, 16786, 16384, 15981, 15580, 
  15178, 14778, 14378, 13979, 13582, 13187, 12794, 12403, 12014, 11627, 11244, 10864, 
  10487, 10114, 9744, 9378, 9017, 8660, 8308, 7960, 7618, 7281, 6949, 6624, 6304, 5990, 
  5682, 5381, 5086, 4798, 4517, 4244, 3977, 3718, 3467, 3224, 2988, 2761, 2541, 2330, 
  2128, 1934, 1749, 1573, 1405, 1247, 1097, 957, 826, 705, 593, 491, 398, 314, 241, 
  177, 123, 78, 44, 19, 4, 0, 4, 19, 44, 78, 123, 177, 241, 314, 398, 491, 593, 705, 
  826, 957, 1097, 1247, 1405, 1573, 1749, 1934, 2128, 2330, 2541, 2761, 2988, 3224, 
  3467, 3718, 3977, 4244, 4517, 4798, 5086, 5381, 5682, 5990, 6304, 6624, 6949, 7281, 
  7618, 7960, 8308, 8660, 9017, 9378, 9744, 10114, 10487, 10864, 11244, 11627, 12014, 
  12403, 12794, 13187, 13582, 13979, 14378, 14778, 15178, 15580, 15981
};



 TB3349
BEMF Acquisition Demo

 Technical Brief
© 2024 Microchip Technology Inc. and its subsidiaries

DS90003349A - 13

Add the Motor_Drive function. This function updates the driving signals and generates the
sinusoidal drive at a given speed.

/* Function that is called every 50us to update the drive */
void Motor_Drive(void)
{
    /* Counters that scroll through the LUT at runtime. These counter are used to create 
     * the 120 degrees phase shift between each of the motor's phases */
    static uint16_t     phase_a = DEGREES_TO_U16(0.0);
    static uint16_t     phase_b = DEGREES_TO_U16(120.0);
    static uint16_t     phase_c = DEGREES_TO_U16(240.0);
    static const uint16_t speed = SPEED;

    /* Values that will be written in the CMP channels of TCE */
    uint16_t drive_a, drive_b, drive_c;
    
    /* Updating the counters */
    phase_a += speed;
    phase_b += speed;
    phase_c += speed;
    
    /* Select new variables from the LUT for each CMP channel */
    drive_a = sine_lookup_table[(phase_a >> 8)];
    drive_b = sine_lookup_table[(phase_b >> 8)];
    drive_c = sine_lookup_table[(phase_c >> 8)];
    
    /* Update the values from CMP channels with new ones */
    TCE0_CompareChannels012BufferedSet(drive_a, drive_b, drive_c);
}

Add the Mux_Set function. This function switches the BEMF monitor from one phase to another
because this example uses only one Analog Comparator.

/* Functions that switches the MUX to monitor all 3 phases at runtime */
void Mux_Set(uint8_t mode)
{
    uint8_t temp;
    temp = AC0.MUXCTRL;
    temp &= ~(AC_MUXPOS_gm | AC_MUXNEG_gm);
    temp |= mode;
    AC0.MUXCTRL = temp;
}
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Add the BEMF_Read function. This function samples the BEMF signals and displays them
on General Purpose Input/Output (GPIO) pins. This function also calls the Mux_Set and
Motor_Drive functions.

/* Function that is called during the enlarged dead time to read the BEMF state */
void BEMF_Read(void)
{
    bool  bemf_state;
    static mux_t mux = MUX_PHASE_A;

    /* BEMF sampling point marked by an IO toggling */
    IO_PF4_SetHigh();
    bemf_state = ((AC0.STATUS & AC_CMPSTATE_bm) != 0 );
    IO_PF4_SetLow();
    
    /* Switching AC0 MUX from one phase to another one */
    switch(mux)
    {
        case MUX_PHASE_A: if(bemf_state) {IO_PF1_SetHigh();} else {IO_PF1_SetLow();} 
                                          mux = MUX_PHASE_B; break;
        case MUX_PHASE_B: if(bemf_state) {IO_PF2_SetHigh();} else {IO_PF2_SetLow();} 
                                          mux = MUX_PHASE_C; break;
        case MUX_PHASE_C: if(bemf_state) {IO_PF3_SetHigh();} else {IO_PF3_SetLow();} 
                                          mux = MUX_PHASE_A; break;
        default: mux = MUX_PHASE_A; break;
    } 
    
    /* Update Analog Comparator MUX to monitor another phase of the motor */
    Mux_Set(mux);
    
    /* Update drive to keep the motor spinning */
    Motor_Drive();
}

Edit the main.c file. Register the BEMF_Read function as a callback for the TCE CMP3 channel,
enable the TCE hardware scaling accelerator, and set the desired amplitude level.

int main(void)
{
    SYSTEM_Initialize();
    
    /* Register the BEMF sampling function as a callback */
    TCE0_Compare3CallbackRegister(BEMF_Read);
    
    /* Enable hardware scaling accelerator after initialization to avoid messing up 
     * the timing for reading BEMF with CMP3 channel of TCE */
    TCE0_ScaleEnable(true);
    
    TCE0_AmplitudeSet(AMPLITUDE);
    
    while(1)
    {
    }    
}

11. Now, the project can be built and run from MPLAB X IDE. At run time, while the motor is
spinning, the BEMF from each motor phase is measured with the AC and shown using some
output GPIO pins. It can be observed that the measured BEMF follows the sinusoidal driving
signals of the motor's phases.
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6. BEMF Acquisition Demo Results
Below are illustrations of logic analyzer captures that show the sampling moment of BEMF during
the dead time and how the sampled BEMF follows the driving signals of the motor’s phases:

Figure 6-1. Sampling Point of BEMF During Dead Time

Figure 6-2. Sampled BEMF for One Phase of the Motor. Analog Comparator Output Vs. Sampled BEMF

Figure 6-3. All Three Motor Phases with their Sampled BEMF Signals.

In this capture the phase signals are filtered with a hardware low-pass filter to observe the
sinusoidal drive.
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Here, one can find an MCC-generated code example for AVR16EB32 with the same functionality as
the one described in this section:
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Click to view code examples on MPLAB DISCOVER

https://mplab-discover.microchip.com/v2/item/com.microchip.code.examples/com.microchip.ide.project/com.microchip.subcategories.modules-and-peripherals.timing-counting-and-signal-generation.ic/com.microchip.mcu8.mplabx.project.avr16eb32-bemf-acquisition-demo-during-dead-time-mplab-mcc/1.0.0?view=about
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7. Conclusions
This technical brief provides a method to measure the BEMF from the phases of a BLDC or PMSM
motor driven in Sinusoidal Sensorless mode. Enlarging one of the dead times added for transistor
switching creates a big enough acquisition window to measure clean BEMF signals. This method can
be implemented using 8-bit MCUs that don’t have all the capabilities of 16-bit and 32-bit cores.

When using this method, information about the rotor’s position can be obtained every 60° when
the BEMF's Zero-Cross signal is detected, and the drive is updated to keep synchronization with the
motor. The highest efficiency is achieved when the BEMF is synchronized with the driving voltage
because the voltage drop across the coils is minimum.

Compared to the method presented in this document, the FOC algorithm is still better because the
rotor position information is obtained much more frequently (every PWM cycle). This new method,
using dead time to measure BEMF, can be applied for low-end applications, where the control
doesn’t have to be very complicated, and the dynamic load variation is not too high.

Applications like fans and pumps can use this measurement method for BEMF detection and have a
Sinusoidal Sensorless Drive. From a noise and efficiency aspect, the control obtained with this newly
proposed method is still superior to the classical Trapezoidal Drive.
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