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Sensorless BLDC Control with Back-EMF Filtering 

Using a Majority Function
INTRODUCTION

This application note describes a sensorless Brushless
Direct Current (BLDC) motor control algorithm that is
implemented using a dsPIC® Digital Signal Controller
(DSC) or a PIC24 microcontroller. The algorithm works
utilizing a majority function for digitally filtering the
Back-Electromotive Force (BEMF). Each phase of the
motor is filtered to determine when to commutate the
motor drive voltages. This control technique excludes
the need for discrete, low-pass filtering hardware and
off-chip comparators. It should be pointed out that all
the discussions here, and the application software,
assume a 3-phase motor has to be used. The motor
control algorithm described here has four main parts:

• Sampling trapezoidal BEMF signals using the 
microcontroller’s Analog-to-Digital Converter 
(ADC)

• PWM ON-side ADC sampling to reduce noise and 
solve low-inductance problems

• Comparing the trapezoidal BEMF signals to 
VBUS/2 to detect the zero-crossing points

• Filtering the signals coming from the comparisons 
using a majority function filter

• Commutate the motor driving voltages in three 
different modes:

- Classic Open Controller

- Classic Closed-Loop Controller

- Proportional-Integral (PI) Closed-Loop 
Controller

This new control method is a single-chip 16-bit PIC®

MCU or dsPIC DSC device-based solution. The only
external hardware required is a few resistors, used to
reduce the BEMF signals to the operational voltage
range of the device’s ADC module.

SENSORED CONTROL VERSUS 
SENSORLESS CONTROL

The BLDC motor is used for both consumer and indus-
trial applications due to its compact size, controllability
and high efficiency. Increasingly, it is also used in auto-
motive applications to eliminate belts and hydraulic
systems, to provide additional functionality and to
improve fuel economy, while reducing maintenance
costs to zero. 

Since the electrical excitation must be synchronous to
the rotor position, the BLDC motor is usually operated
with one or more rotor position sensors. For reasons of
cost, reliability, mechanical packaging and especially if
the rotor runs immersed in fluid, it is desirable to run the
motor without position sensors, which is commonly
known as sensorless operation.

It is possible to determine when to commutate the
motor drive voltages by sensing the BEMF voltage on
an undriven motor terminal during one of the drive
phases. There are some disadvantages to sensorless
control, however:

• The motor must be moving at a minimum rate to 
generate sufficient BEMF to be sensed

• Abrupt changes to the motor load can cause the 
BEMF drive loop to go out of lock

If low cost is a primary concern, if low-speed motor
operation is not a requirement, and if the motor load is
not expected to change rapidly, sensorless trapezoidal
control may be a better choice for your application.
However, there are specific algorithms to overcome all
of the above listed disadvantages. 

The BEMF zero-crossing technique described here is
recommended for several reasons:

• It is suitable for use on a wide range of motors

• It can, in theory, be used on both Y and 
delta-connected 3-phase motors

• It requires no detailed knowledge of motor 
parameters

• It is relatively insensitive to motor manufacturing 
tolerance variations
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Six-Step (Trapezoidal) Commutation

The method for energizing the motor windings in the
sensorless algorithm, described in this application
note, is six-step trapezoidal or 120° commutation.
Figure 1 shows how six-step commutation works. Each
step, or sector, is equivalent to 60 electrical degrees.
Six sectors make up 360 electrical degrees or one
electrical revolution.

FIGURE 1: SIX-STEP COMMUTATION

The arrows in the winding diagram show the direction
in which the current flows through the motor windings
in each of the six steps. The graph shows the potential
applied at each lead of the motor during each of the six
steps. Sequencing through these steps moves the
motor through one electrical revolution.

STEP COMMUTATION

• Step 1

- Red winding is driven positive. 
- Green winding is driven negative. 
- Blue winding is not driven.

• Step 2

- Red winding remains positive. 
- Blue winding is driven negative. 
- Green winding is not driven.

• Step 3

- Green winding is driven positive. 
- Blue winding is driven negative. 
- Red winding is not driven.

• Step 4

- Green winding is driven positive. 
- Red winding is driven negative. 
- Blue winding is not driven.

• Step 5

- Blue winding is driven positive. 
- Red winding is driven negative. 
- Green winding is not driven.

• Step 6

- Blue winding is driven positive.
- Green winding is driven negative. 
- Red winding is not driven.

For every sector, two windings are energized and one
winding is not energized. The fact that one of the wind-
ings is not energized during each sector is an important
characteristic of six-step control that allows for the use
of a sensorless control algorithm.
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Generating and Sensing BEMF

When a BLDC motor rotates, each winding generates
BEMF, which opposes the main voltage supplied to the
windings in accordance with Lenz’s law. The polarity of
this BEMF is in the opposite direction of the energizing
voltage. BEMF is mainly dependent on three motor
parameters:

• Number of turns in the stator windings

• Angular velocity of the rotor

• Magnetic field generated by rotor magnets

BEMF can be calculated in terms of these parameters
and angular velocity using Equation 4:

EQUATION 1: BACK-EMF (BEMF)

If magnetic saturation of the stator is avoided, or the
dependency of the magnetic field on temperature is
ignored (i.e., B is constant), the only variable term is the
rotor’s angular speed. Therefore, BEMF is proportional
to the rotor speed; as the speed increases, the BEMF
increases.

The frequency at which the sectors are sequenced
determines the speed of the motor; the faster that the
sectors are commutated, the higher the mechanical
speed is achieved. The BEMF voltage is proportional to
the rotor’s speed. Because of this, detection of position
using the BEMF at zero and very low speeds is not
possible. Nevertheless, there are many applications
(e.g., fans and pumps) that do not require positioning
control or closed-loop operation at low speeds. For
these applications, a BEMF sensing method is very
appropriate. 

The commutated voltage applied to the stator also has
a direct impact on the correct functioning of the motor.
For efficient control, the applied voltage must be at
least enough to match to generated BEMF, plus the
voltage drop across the motor’s windings due to torque
production. This voltage drop, in turn, is equal to the
impedance of the windings times the current.

Generally speaking, if the commutated voltage is set to
maximum, regardless of the motor’s speed or torque
production, the motor will be driven inefficiently with the
wasted energy heating the motor’s windings. For the
proper control necessary, Pulse-Width Modulation
(PWM) is used to achieve the right voltage level. PWM
is an efficient method of driving the motor, but it intro-
duces some noise issues when attempting to acquire
the control feedback signals (i.e., BEMF voltages).

To summarize, the important relationships for BLDC
motors and sensorless control are:

• The magnitude of the BEMF signal is proportional 
to speed

• The frequency of the BEMF signal is equal to the 
(mechanical) rotational speed times the number 
of poles pairs

• Motor torque is proportional to current (assuming 
the motor’s temperature is constant)

• Motor drive voltage is equal to BEMF (propor-
tional to speed) plus winding impedance voltage 
drop (proportional to current for a given torque)

Zero-Crossing Detection

In BLDC motor control theory, the stator’s flux should
be 90 electrical degrees ahead of the rotor’s flux for
maximum torque generation. As a consequence, for
maximum torque, the phase current needs to be in
phase with the phase BEMF voltage. 

For the 3-phase BLDC motors considered, the phases
are shifted 120° from each other, so a convenient
method for having a rotating rotor flux in the stator is the
six-step commutation scheme previously described,
commutating each of the three-phase voltages 60 elec-
trical degrees. At maximum torque and full load, the
phase current should have the same waveform as the
driving voltage, neglecting the inductive reactance, and
the two signals need to be in-phase, as it can be seen
when comparing Figure 2 (high current, load applied)
with Figure 3 (low current, no load). Figure 6 shows the
individual idealized phase BEMF waveforms as well as
phase current, assuming an efficient commutation with
a certain load. 

The BEMF phase voltage is centered at one-half of the
driving voltage. This means that any zero-crossing event
actually indicates an intersection of the BEMF waveform
with a point that is one-half of the supply voltage
(VBUS/2). The zero-crossing point occurs at 30 electrical
degrees from the end of the last commutation, which is
also 30 degrees from the next commutation point. The
motor speed can thus be calculated from the time inter-
val between two zero-crossing events. When the current
zero-crossing event is identified, a precise schedule for
future commutation steps can be achieved.

Each sector corresponds to one of six equal 60º por-
tions of the electrical cycle (the sector numbering is
arbitrary). Commutations occur at the boundary of each
of the sectors. Therefore, the sector boundaries are
what needs to be detected. There is an offset of 30º
between the BEMF zero-crossing events and required
commutation positions.

BEMF NlrB=

where: N = Number of windings per phase

l = Length of the rotor

r = Internal radius of the rotor

B = Rotor magnetic field

 = Angular velocity
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FIGURE 2: PHASE VOLTAGE AND PHASE CURRENT WHEN LOAD IS APPLIED

FIGURE 3: ZERO-CROSSING POINT EXACT OCCURRENCE
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Detecting BEMF Zero-Crossing Signals

BEMF voltage zero-crossing signals can be detected
by different methods. This section describes two differ-
ent sensing methods. Both methods have advantages
as well as drawbacks, which will be discussed for each
case. Each method assumes that a wired neutral point
is not provided or that the stators are wired in a delta
configuration.

COMPARING THE BEMF VOLTAGE TO HALF 
THE DC BUS VOLTAGE

This method consists of comparing the BEMF voltage
to one-half of the DC bus voltage (VBUS/2) by using
comparators, assuming that the zero-crossing events
occur when BEMF is equal to VBUS/2. Figure 4 shows
the circuitry used to implement this method.

FIGURE 4: BEMF VOLTAGE 
COMPARED TO VBUS/2

Assume that the motor is in commutation Step 1 (refer
to Figure 1), in which Phase A is connected to +VBUS

through an electronic switch, Phase C is connected to
GND through an electronic switch and Phase B is
open. The BEMF signal observed on Phase B has a
negative slope and its minimum value is almost equal
to +VDC just before the commutation Step 2 occurs.
Phase B reaches the value of GND when commutation
Step 2 occurs. 

At that instant, Phase B is now connected to GND
through an electronic switch, Phase C is now open and
Phase A remains connected to VDC. The BEMF signal
observed on Phase C has a positive slope and its
maximum value is almost equal to VDC just before com-
mutation Step 3 occurs. Both slopes observed on
Phase B and Phase C are compared to VDC/2 in order
to determine the zero-crossing event. This is easily
implemented with operational amplifiers configured as
comparators.

COMPARING THE BEMF VOLTAGE TO THE 
MOTOR NEUTRAL POINT

The zero-crossing sensing method described previ-
ously can be simplified by using a variable threshold
voltage point to detect the zero-crossing events. This
variable voltage is the motor neutral point. The neutral
point is not physically available for most BLDC motors.
However, it can be generated by using a resistor net-
work. Three resistors (RR) are connected in parallel
with the motor windings and connected together to
generate a virtual neutral point, as shown in Figure 5. 

FIGURE 5: BEMF VOLTAGE 
COMPARED TO A VIRTUAL 
NEUTRAL POINT

The neutral point signal can also be reconstructed in soft-
ware, by averaging the values of three simultaneously
sampled ADC channels (Equation 2). The reconstructed
motor neutral voltage is then compared to each BEMF
signal to determine the zero-crossing events. An event
occurs when the BEMF signals are equal to the motor
neutral point.

EQUATION 2: VIRTUAL NEUTRAL POINT 
AND BEMF SIGNALS 
RELATIONSHIP
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C B
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GND
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GND

To
ADC
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+

_
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To IC2
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RR
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Vn BEMF A BEMF B BEMF C+ +
3

----------------------------------------------------------------------------=

where: Vn is motor neutral voltage

BEMF A is the BEMF voltage in Phase A

BEMF B is the BEMF voltage in Phase B

BEMF C is the BEMF voltage in Phase C
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Figure 6 shows the BEMF signals measured on all
three phases. 

Figure 7 shows the required circuitry for a complete
BLDC control system.

FIGURE 6: BEMF ON ALL 3 PHASES

FIGURE 7: BEMF VOLTAGE MEASURED USING THE dsPIC® DSC ADC
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Figure 8 shows the sampling process over a sector
(60°) period. The lower window provides an enhanced
view of the time line while ADC sampling is taking
place. The ADC_Read signal represents the times at
which the ADC samples the BEMF voltage. Note that
through all of the BEMF decay ramp, only the first half
of the period is sampled. This is because once the
zero-crossing event has been detected, no further
sampling is done. This allows the top-level application
more time to execute other important tasks.

Figure 9 and Figure 10 compare the differences in ADC
sampling to the PWM duty cycle. Sampling and conver-
sion are configured to occur as fast as the ADC and the
controller will allow. At the same time, the sampling of
the BEMF voltage is acquired only on the high side of the
PWM signal, so the sampling rate and the PWM fre-
quency are directly proportional. As shown in Figure 9
and Figure 10, the number of samples taken depends
on the duty cycle. The value of the duty cycle (corre-
sponding to PWM High ON state) is proportional to the
voltage applied to the motor winding; at the same time,
higher motor speeds require a higher voltage. Since the

BEMF signal is sampled during the PWM High ON state,
it can be deduced that higher duty cycles (and higher
speeds) result in more ADC samples being taken. More
samples result in a faster and more accurate detection
of a zero-crossing event, with a net effect that sector
transitions can be scheduled much quicker.

An advantage of using the VBUS/2 method is the need
to sample only one ADC channel, as opposed to simul-
taneously sampling three channels sequentially,
required for the neutral reconstruction method.

The challenge of this method consists of determining
the correct time to sample the BEMF signals, since the
samples acquired by the ADC may be affected by the
resonant transition voltages caused by the PWM
switching frequency. The ADC module is configured to
take samples at the PWM ON time in order to avoid the
ringing noise produced by the electronic switches and
other noises (e.g., the high-voltage spikes produced
when a motor winding de-energizes). These noises
could create false zero-crossing events. 

FIGURE 8: ADC SAMPLING vs. PWM AND BEMF SIGNAL
 2008-2012 Microchip Technology Inc. DS01160B-page 7
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FIGURE 9: BEMF SAMPLING OVER A PWM PERIOD (LOW PWM DUTY CYCLE)

FIGURE 10: BEMF SAMPLING OVER A PWM PERIOD (HIGH PWM DUTY CYCLE)
DS01160B-page 8  2008-2012 Microchip Technology Inc.
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Digital Filter (Majority Function)

As previously noted, the BEMF signal can be adversely
affected by PWM commutation in the other two
energized windings. The coupling between the motor
parameters, especially inductances, can induce ripple
in the BEMF signal that is synchronous with the PWM
commutation. This effect is less noticeable on motors
with concentrated windings. 

Since this induced ripple can cause faulty commuta-
tion, it is essential to filter the BEMF signal. There are,
theoretically, two approaches: analog or digital. Analog
filtering has the disadvantages of additional compo-
nents and cost, as well as frequency dependent phase
and magnitude variations.

This BEMF sensing method is based on a nonlinear
digital filter, called ‘majority function’. In certain situa-
tions, it is also known as ‘median operator’. The majority
function is a Boolean function, which takes a number n
of binary inputs and returns the value which is most com-
mon among them. For three Boolean inputs, it returns
whichever value (true or false) occurs at least twice. In
this case, two equal values represent 66% of the
numbers. The majority function always returns the value
of the majority (> 50%) of the numbers. 

Table 1 shows an example of a 3-input majority func-
tion.The majority of the values can be expressed using
the AND (^) and OR (v) operators, as shown in
Equation 3.

TABLE 1: EXAMPLE OF A MAJORITY 
FUNCTION USING THREE 
INPUTS

EQUATION 3: BOOLEAN 
REPRESENTATION OF THE 
MAJORITY FUNCTION

FILTERING THE BEMF SIGNALS USING THE 
MAJORITY FUNCTION FILTER

The implementation of this nonlinear filter is based on
a 6-sample window, in which at least 51% of the three
most significant samples should be equal to ‘1’ and the
three least significant samples should be equal to ‘0’ for
the purpose of identifying the occurrence of a
zero-crossing event in the digitalized BEMF signals.
This filtering step results in a more robust algorithm.

The first stage of the majority function filter is imple-
mented using two logic operators: an AND operator for
detecting the active BEMF signal corresponding to the
existing commutation state and an Exclusive-OR opera-
tor is used to detect the falling or rising edges on the
active BEMF signal.  The output of this logic operation is
called “the active-masked BEMF signal” in the following
sections.

The active-masked BEMF signal is then filtered using
the majority detection filter. This filter is implemented
with an array composed of 64 values and a special logic
test condition that is used to modify the pointer of the
next data array. This logic test condition also identifies
both the falling and rising edges of the active-masked
BEMF signals; both edges are represented as a
true-to-false event at the output of the logical test condi-
tion. The output of this condition is also used as an input
to the majority detection filter.

The 64 values represent the 26 possible combinations
that the 6-sample window could have for the
active-masked BEMF signal. Each value on the look-up
table is a pointer to the next signal state over time. The
filter is always looking for a true-to-false change at the
output of the logic test condition. If this true-to-false
condition is detected, the filter looks for three consecu-
tive false states to validate that a zero-crossing event
occurred. A true-to-false condition at the output of the
logic test represents a zero-crossing event, and there-
fore, a commutation on the motor which occurs after a
delay. This delay is equal to the timing of 30 electrical
degrees minus the time required to execute the digital
filtering. After the commutation a new BEMF signal is
then monitored.

The 64 array values are listed in Table 2. They are
calculated as follows (Equation 4):

• The first 32 numbers are the index number 
multiplied by two

• The last 32 values are the index number minus 
32, then multiplied by two

EQUATION 4: CALCULATING ARRAY 
VALUES

A B C Majority

1 1 1 1

1 1 0 1

1 0 1 1

1 0 0 0

0 1 1 1

0 1 0 0

0 0 1 0

0 0 0 0

Majority A B  A C  B C  =

Array Value [N] N 2=

Array Value [N] N 32–  2=

First Half:

Second Half:
 2008-2012 Microchip Technology Inc. DS01160B-page 9
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TABLE 2: ARRAY VALUES There are 16 unique array index numbers that repre-
sent the true-to-false condition. They are selected
based on their 6-bit binary values, using these majority
function criteria: 

• A majority of ‘1’ (> 50%) in the three Most 
Significant bits (MSbs)

• A majority of ‘0’ (> 50%) in the three Least 
Significant bits (LSbs)

Table 3 shows the 16 possible numbers that match
these two conditions. The values pointed to by these
unique indexes are replaced by ‘1’ to indicate that a
true-to-false condition has occurred. 

TABLE 3: UNIQUE INDEX NUMBERS 
INDICATING A TRUE-TO-FALSE 
CONDITION

Array 
Index [N]

Array 
Value

Array 
Index [N]

Array 
Value

0 0 32 0

1 2 33 2

2 4 34 4

3 6 35 6

4 8 36 8

5 10 37 10

6 12 38 12

7 14 39 14

8 16 40 16

9 18 41 18

10 20 42 20

11 22 43 22

12 24 44 24

13 26 45 26

14 28 46 28

15 30 47 30

16 32 48 32

17 34 49 34

18 36 50 36

19 38 51 38

20 40 52 40

21 42 53 42

22 44 54 44

23 46 55 46

24 48 56 48

25 50 57 50

26 52 58 52

27 54 59 54

28 56 60 56

29 58 61 58

30 60 62 60

31 62 63 62

Number 6-Bit Binary Value

24 011000

25 011001

26 011010

28 011100

40 101000

41 101001

42 101010

44 101100

48 110000

49 110001

50 110010

52 110100

56 111000

57 111001

58 111010

60 111100
DS01160B-page 10  2008-2012 Microchip Technology Inc.
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The 48 remaining array numbers are pointers to the
unique values in case a true-to-false condition occurs.
There are some values that never point to any of the
unique values because they are not multiples of any of
the 16 unique numbers. Table 4 provides some
numbers that match this condition.

TABLE 4: NUMBERS THAT ARE UNIQUE 
NUMBER MULTIPLES

Those numbers (that never point to a 16 unique
number) are then pointed to their multiple and they are
trapped into a loop in such a way that the filter is waiting
for a new value, which points to a unique number.
Table 5 shows the numbers that are not multiples of a
unique value.

The complete array of filter coefficients, combining the
initial array with unique number pointers, is shown in
Table 6.

TABLE 5: NUMBERS THAT NEVER POINT 
TO A UNIQUE VALUE

TABLE 6: COMPLETE MAJORITY FILTER 
COEFFICIENTS

Table 7 shows an example of the complete filtering
process. The inputs are the noiseless binary
representation of the BEMF signals. 

Table 8 shows another example of the complete filter-
ing process. In this case, the inputs are the noisy binary
representation of the BEMF signals.

To keep the magnetic field in the stator advancing ahead
of the rotor, the transition from one sector to another must
occur at precise rotor positions for optimal torque. From
the moment of zero-crossing detection, commutation
delay is equal to the timing of 30 electrical degrees, minus
the time required to execute the digital filtering process. To
implement the commutation delay, one of the device’s
general purpose timers is used to measure the amount of
time elapsed from one zero-cross event to the next.

Number
6-Bit 

Binary

Number 
of Right 
Shifts

Unique 
Number 

Pointed To

6-Bit Binary 
of Unique 
Number

3 000011 3 24 011000

11 001011 3 24 011000

54 110110 1 44 101000

7 000111 2 28 011100

Number
6-Bit 

Binary

Numbers 
Pointed To 

Before 
Becoming Zero

Number of 
Times to be 

Right Shifted

1 000001 2, 4, 8, 16, 32 5 

9 001001 18, 36, 8, 16, 32 5

36 100100 8, 16, 32 3

17 010001 34, 4, 8, 16, 32 5

Array 
Index 

[N]

Array 
Value

Array 
(Unique 

Numbers)

Array 
Index 

[N]

Array 
Value

Array 
(Unique 

Numbers)

0 0 0 32 0 0

1 2 2 33 2 2

2 4 4 34 4 4

3 6 6 35 6 6

4 8 8 36 8 8

5 10 10 37 10 10

6 12 12 38 12 12

7 14 14 39 14 14

8 16 16 40 16 1

9 18 18 41 18 1

10 20 20 42 20 1

11 22 22 43 22 22

12 24 24 44 24 1

13 26 26 45 26 26

14 28 28 46 28 28

15 30 30 47 30 30

16 32 32 48 32 1

17 34 34 49 34 1

18 36 36 50 36 1

19 38 38 51 38 38

20 40 40 52 40 1

21 42 42 53 42 42

22 44 44 54 44 44

23 46 46 55 46 46

24 48 1 56 48 1

25 50 1 57 50 1

26 52 1 58 52 1

27 54 54 59 54 54

28 56 1 60 56 1

29 58 58 61 58 58

30 60 60 62 60 60

31 62 62 63 62 62
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TABLE 7: DIGITAL FILTERING COMPUTATIONS USING NOISELESS BEMF SIGNALS
 A

N
G

L
E BEMF Phase

XOR Masked 
Phase

AND Masked 
Phase

L
o

g
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es
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C
o
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ti
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 S
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F
ilt

er
 O

u
tp

u
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Z
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o
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ro
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E

ve
n

t

AND 
Mask

XOR 
Mask

C B A C B A C B A

0 1 1 0 0 0 0 0 0 0 0 0 0 FALSE 000 000

3 1 1 0 0 0 0 0 1 0 1 1 0 FALSE 010 000

6 1 1 0 0 0 0 0 1 0 1 1 2 FALSE 001 111

9 1 1 0 0 0 0 0 1 0 1 1 6 FALSE 100 000

12 1 1 0 0 0 0 0 1 0 1 1 14 FALSE 010 111

15 1 1 0 0 0 0 0 1 0 1 1 30 FALSE 001 000

18 1 1 0 0 0 0 0 1 0 1 1 62 FALSE 100 111

21 1 1 0 0 0 0 0 1 0 1 1 62 FALSE 000 000

24 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

27 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

30 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

33 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

36 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

39 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

42 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

45 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

48 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

51 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

54 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

57 1 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

60 1 0 0 0 0 0 0 1 0 0 1 62 FALSE — —

63 1 0 0 0 0 0 0 1 0 0 1 60 FALSE — —

66 1 0 0 0 0 0 0 1 0 0 1 1 FALSE — —

69 1 0 0 0 0 0 0 1 0 0 1 2 TRUE — —

72 1 0 0 1 1 1 0 0 1 1 2 4 FALSE — —

75 1 0 0 1 1 1 0 0 1 1 2 10 FALSE — —

78 1 0 0 1 1 1 0 0 1 1 2 22 FALSE — —

81 1 0 0 1 1 1 0 0 1 1 2 46 FALSE — —

84 1 0 0 1 1 1 0 0 1 1 2 30 FALSE — —

87 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

90 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

93 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

96 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

99 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

102 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

105 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

108 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

111 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

114 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

117 1 0 0 1 1 1 0 0 1 1 2 62 FALSE — —

120 1 0 1 1 1 1 0 0 1 0 2 62 FALSE — —

123 1 0 1 1 1 1 0 0 1 0 2 60 FALSE — —

126 1 0 1 1 1 1 0 0 1 0 2 1 FALSE — —

129 1 0 1 1 1 1 0 0 1 0 2 2 TRUE — —

132 1 0 1 0 0 0 1 0 0 1 3 4 FALSE — —
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TABLE 8: DIGITAL FILTERING COMPUTATIONS USING NOISY BEMF SIGNALS

 A
n

g
le

BEMF Phase
XOR Masked 

Phase
AND Masked 

Phase

L
o

g
ic
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l T
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t 

N

C
o

m
m

u
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ti
o

n
 S

te
p

F
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er
 O

u
tp

u
t

Z
er

o
-C

ro
ss

 
E

ve
n

t

AND 
Mask

XOR 
Mask

C B A C B A C B A

0 1 1 0 0 0 0 0 0 0 0 0 0 FALSE 000 000

3 1 1 0 0 0 0 0 1 0 1 1 0 FALSE 010 000

6 1 0 1 0 0 0 0 1 0 0 1 2 FALSE 001 111

9 1 1 0 0 0 0 0 1 0 1 1 4 FALSE 100 000

12 1 1 0 0 0 0 0 1 0 1 1 10 FALSE 010 111

15 0 1 1 0 0 0 0 1 0 1 1 22 FALSE 001 000

18 1 1 0 0 0 0 0 1 0 1 1 46 FALSE 100 111

21 1 0 0 0 0 0 0 1 0 0 1 1 FALSE 000 000

24 1 1 0 0 0 0 0 1 0 1 1 2 FALSE — —

27 1 1 0 0 0 0 0 1 0 1 1 6 FALSE — —

30 1 1 0 0 0 0 0 1 0 1 1 14 FALSE — —

33 1 1 1 0 0 0 0 1 0 1 1 30 FALSE — —

36 0 1 0 0 0 0 0 1 0 1 1 62 FALSE — —

39 1 1 0 0 0 0 0 1 0 1 1 1 FALSE — —

42 1 1 0 0 0 0 0 1 0 1 1 2 FALSE — —

45 1 0 0 0 0 0 0 1 0 0 1 6 FALSE — —

48 1 1 0 0 0 0 0 1 0 1 1 12 FALSE — —

51 1 1 0 0 0 0 0 1 0 1 1 26 FALSE — —

54 1 1 0 0 0 0 0 1 0 1 1 54 FALSE — —

57 1 1 0 0 0 0 0 1 0 1 1 1 FALSE — —

60 1 0 0 0 0 0 0 1 0 0 1 2 TRUE — —

63 1 1 0 1 1 1 0 0 1 1 2 4 FALSE — —

66 0 0 0 1 1 1 0 0 1 1 2 10 FALSE — —

69 1 1 1 1 1 1 0 0 1 0 2 22 FALSE — —

72 1 1 0 1 1 1 0 0 1 1 2 44 FALSE — —

75 0 0 0 1 1 1 0 0 1 1 2 1 FALSE — —

78 1 0 1 1 1 1 0 0 1 0 2 2 FALSE — —

81 1 0 0 1 1 1 0 0 1 1 2 4 FALSE — —

84 0 1 0 1 1 1 0 0 1 1 2 10 FALSE — —

87 1 0 1 1 1 1 0 0 1 0 2 22 FALSE — —

90 0 1 0 1 1 1 0 0 1 1 2 44 FALSE — —

93 1 0 0 1 1 1 0 0 1 1 2 1 FALSE — —

96 1 0 1 1 1 1 0 0 1 0 2 2 FALSE — —

99 1 1 0 1 1 1 0 0 1 1 2 4 FALSE — —

102 1 0 0 1 1 1 0 0 1 1 2 10 FALSE — —

105 1 0 0 1 1 1 0 0 1 1 2 22 FALSE — —

108 1 1 1 1 1 1 0 0 1 0 2 46 FALSE — —

111 1 0 0 1 1 1 0 0 1 1 2 1 FALSE — —

114 1 1 0 1 1 1 0 0 1 1 2 2 FALSE — —

117 1 0 0 1 1 1 0 0 1 1 2 6 FALSE — —

120 1 0 1 1 1 1 0 0 1 0 2 14 FALSE — —

123 1 0 1 1 1 1 0 0 1 0 2 28 FALSE — —

126 1 0 1 1 1 1 0 0 1 0 2 1 FALSE — —

129 1 0 1 1 1 1 0 0 1 0 2 2 TRUE — —

132 1 0 1 0 0 0 1 0 0 1 3 4 FALSE — —
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CONTROL LOOPS

This application software has three control modes that
can be selected for use during sensorless operation.
These modes are as follows:

• Open Loop

• Closed Loop

• Closed Loop (PI Controller)

Open-Loop Mode

When the load on a motor is constant over its operating
range, the response curve of motor speed relative to
applied voltage is linear. If the supply voltage is
well-regulated, a motor under constant torque can be
operated open loop over its entire speed range.

Assume that with PWM, the effective voltage is linearly
proportional to the PWM duty cycle. An open-loop con-
troller can be made by linking the PWM duty cycle to a
16-bit variable, which is generated by a potentiometer
being sampled by an ADC. The block diagram of this
mode is shown in Figure 11.

FIGURE 11: OPEN-LOOP CONTROL

The Analog-to-Digital conversion value is delivered in a
10-bit unsigned integer format; therefore, the possible
conversion values are within the range of 0 to 1024. It
is required to scale this conversion value to match the
PWM duty cycle range. Assuming a PWM frequency of
20 kHz, the PWM duty cycle value varies from 0 to
2000 for microcontrollers running at 40 MIPS, or 0 to
3500 for devices at 70 MIPS (i.e., 16-bit Microchip
devices.)

Closed-Loop and Proportional-Integral 
(PI) Closed-Loop Modes

Closed-Loop mode implemented in the software has
two options. The classic Closed-Loop mode attempts
to maintain a constant speed by increasing and
decreasing the duty cycle with a unit each run. 

The Proportional-Integral (PI) mode uses a PI speed
controller to calculate the difference between the
motor’s calculated speed and the speed demand
value, and apply the appropriate corrections. The
speed demand is typically set as determined by a
potentiometer value, scaled to the desired speed
range. Figure 12 shows the block diagram of the speed
PI Closed-Loop mode.

FIGURE 12: CLOSED-LOOP CONTROL

If we know the number of pair poles and the electrical
revolutions per second, it is possible to determine the
motor speed. For a motor with two pole pairs (or
4 poles), it is necessary to execute the six-step com-
mutation cycle twice to achieve a complete mechanical
revolution. Therefore, it is possible to measure the
mechanical revolutions per second through counting
the number of six-step commutation cycles and then
comparing them to the number of the motor pole pairs.

To measure the mechanical speed (RPM), Timer2 is
used for the 30-degree measurement. If it is known that
N ticks of Timer2 correspond to 30 electrical degrees,
the final mechanical RPM is calculated using the basic
motor control formulas.

Once the current speed is calculated, it is then
compared to the desired speed set by the scaled value
of the potentiometer. The proportional and integral
error between the desired speed and the current speed
is calculated and then multiplied by the PI constants, as
shown in Equation 5. The PI output is then scaled to
match the range of the PWM duty cycle. 

EQUATION 5: PI CONTROLLER 
COMPUTATIONS

dsPIC® DSC
MCPWM

BLDC
Motor

Voltage
Demand

dsPIC® DSC
MCPWM

Speed PI
Controller

Demand

+

-

Calculated Motor Speed

Motor



Speed Error = Desired Speed – Current Speed
Integral Error = Integral Error + Speed Error

PI Output = (kp) • (Speed Error) + (Ki) • (Integral Error)
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Start-up Sequence

The motor start-up sequence is composed of two
stages: a user-definable linear start-up ramp and a
ramp sustaining time. This sequence is common to all
control modes.

During the start-up ramp and the sustaining time, the
motor is run in forced spinning commutation. During
these phases, the BEMF is not checked. For the
start-up ramp, the parameters that can be defined are:

• Ramp Length (in time): How long the ramp takes

• Ramp Final RPM: The target motor speed at the 
end of the ramp

• Ramp Start-up Duty Cycle: The PWM duty cycle 
used to spin the motor in forced commutation

The sustaining time is the required time to keep the
motor spinning in forced commutation immediately
after the ramp finishes. During this period, if PI
Closed-Loop mode is enabled, then the PI controller is
trained for the required speed.

For open-loop control, the sustaining time should be
kept very low as it does not affect anything. Also note
that the ramp’s slope is calculated in the accompanying
Excel® tuning file.

The scope capture in Figure 13 shows the sequence,
from left to right:

• Rotor alignment sequence (exactly 200 ms)

• Start-up ramp, including sustaining time forced 
commutation (up to 60% of the top screen)

• Switching from forced commutation to closed loop 
(at about 60% of the unzoomed screen when the 
current drops very low)

• Closed-loop operation

FIGURE 13: START-UP SEQUENCE 
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SOFTWARE OVERVIEW

Figure 14, Figure 15 and Figure 16 provide an overview
of the BLDC control algorithm’s flow.

The state machine (Figure 14) Acknowledges the
following states:

• STATE_STARTING: The state in which the motor 
starts. The start-up ramp is executed here.

• STATE_STARTED: The motor is running in the 
selected mode (Open or Closed-Loop mode).

• STATE_STOPPING: The state in which a com-
mand is issued for motor stopping. Automatically 
transitions to STATE_STOPPED.

• STATE_STOPPED: The motor is stopped.

• STATE_FAULT: When current Fault or stalling 
occurs. Basically, the same as 
STATE_STOPPING, but the stop comes from a 
Fault, not by user command.

The ADC Interrupt Service Routine (ISR) (Figure 15)
sets the pre-commutation state, which is the state after
the zero-crossing point has been detected. It lasts for
30 electrical degrees, plus the delay the majority filter
adds, minus the phase advancing degrees. During the
pre-commutation state, the ADC does not sample any
signal and the CPU is almost free (as seen in Figure 8,
when the BEMF voltage reaches its halfway point). 

The pre-commutation state is cleared in Figure 16.
When the state is cleared, commutation occurs, the
ADC restarts sampling after the blanking counter
reaches the preset macro value, and the whole process
restarts.

PI Closed-Loop control includes a new PI training
routine, that is invoked whenever the sustaining time is
not zero. The routine involves calculating the output of
the PI controller using real measured values for the
input and the reference; the output is not applied until
the sustaining time has passed. This process assures
a smoother switching from forced sector commutation
to PI Closed-Loop operation.
DS01160B-page 16  2008-2012 Microchip Technology Inc.
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FIGURE 14: APPLICATION MAIN ROUTINE AND STATE MACHINE
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FIGURE 15: INTERRUPT ROUTINE FOR ADC (SENSORLESS COMMUTATION)
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FIGURE 16: INTERRUPT ROUTINES FOR PWM AND TIMER1
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CONCLUSION

This application note is intended for the developer who
wants to drive a sensorless BLDC motor, using this
new BLDC control technique, in a basic and simple
form, without the use of discrete, low-pass filtering
hardware and off-chip comparators.

It also shows that this new control method is a
single-chip 16-bit device-based solution, which does
not require external hardware, except for a couple of
resistors used to condition the BEMF signals to the
operational voltage range of the ADC module. The
algorithm described uses nonlinear digital filtering,
based on a majority detection function to sense the
back-EMF signals generated by a rotating BLDC motor.

Digital filtering makes it possible to more accurately
detect the zero-cross events in the back-EMF signal.
When detected by the dsPIC DSC device, zero-cross
events provide the information needed by the algorithm
to commutate the motor windings.

Accurately detecting the zero-cross events in a
back-EMF signal is the key to sensorless control of a
BLDC motor that is driven using six-step, or trapezoi-
dal, commutation. The use of digital filtering, as
opposed to hardware filters or external comparators,
requires less hardware, which equates to less cost and
a smaller PCB. 
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APPENDIX A: REVISION HISTORY

Revision A (1/2008):

Original version of this document by D. Torres.

Revision B (9/2012):

Revision by A. Lita and M. Cheles to create a solution
that only uses one ADC S/H circuitry, extending the
algorithm compatibility to all 16-bit devices comprising
a motor control PWM peripheral. The use of BEMF as
a control modality and majority detect filtering is
unchanged.
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