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Introduction

Nowadays, BLDC motors are gaining popularity due to
numerous advantages when compared to traditional DC
and AC motors. The technology to drive BLDC motors is
also advancing. These days, Sensorless BLDC motors are
in the limelight due to its lower cost and increased
reliability.

In general, to detect the rotor position in a BLDC motor,
Hall sensors are used. But this increases the cost of the
motor and also the reliability issues. Hence, the trend in
the market is with the Sensorless BLDC motors. The
controller implementation is required to handle the
additional burden of sensing the rotor position without the
hall sensors.

This application note covers

= BLDC motor
o Architecture

m  Detecting the position of rotor in a BLDC miotor using
back EMF

m  Algorithm to implement Sensorless BLDC controller

m PSoC Designer Project

o Hardware Configuration
o Firmware architecture

m  Test Results

m  Appendix: Schematics of design
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BLDC Motors

BLDC motors consists of two mechanically isolated
sections

1. Rotor
2. Stator

The rotor is made using a permanent magnet and the
stator is wound with copper wire and is fitted to the motor
case. In general, the rotor is made using copper coils and
the stator is made using permanent magnet in DC motors.

Figure 1 shows the architecture difference of BLDC
motors and DC motors.

Figure 1. Architecture of BLDC motors and DC motors

BL.DC Motor

permanent coil Rotor
Rotor coil magnet Stator  permanent
magnet

Figure 2 shows the disassembled view of the Sensored
BLDC Motor.

Figure 2. Disassembled view of Sensored BLDC Motor

Permanent magnet rotor

3 Hall elements
Winding
Hall sensors are used to detect the position of rotor which
helps in initiating next commutation. This application note
focuses on implementing BLDC control without the help of
these hall sensors.

3 phase BLDC motors are widely used. These motors
have 3 stator windings per single stator pole case.

Multiple stator pole motors have multiples of 3 phase
stator windings. These windings are connected in parallel
and a single terminal is taken out from each phase.
Hence, for a 3 phase motor, only 3 terminals are taken
out. Drive signals are applied to these terminals.

General Driver Architecture for BLDC
Motors

Figure 3. Typical driver architecture for BLDC motor
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Figure 3 shows the typical driver architecture for BLDC
motor. There are two sets of MOSFETs. One set, TOP
MOSFETSs, connecting the stator coil terminal to +V and
the other set, BOTTOM MOSFETS, connecting the stator
coil to =V. No two MOSFETs for the same end of the
stator coil are turned ON at the same time. For example,
MOSFET 1 and 4 are never turned ON simultaneously.

MOSFETs are turned ON depending on the direction of
current needed through the stator coils.

Operating BLDC Motor

This section provides the operating procedure details of
the motor. There are mainly two states in operating BLDC
motor.

1. Sense the position of rotor
2. Initiate commutation at appropriate time

BLDC motors are available with hall sensors to provide the
position information of the rotor. But the presence of hall
sensors leads to higher motor cost. The position can also
be sensed by deteciing the zero crossing of the back
EMF.
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Figure 4 shows the general operating waveforms of phase
voltages and currents.

Figure 4. General operating waveforms of phase
voltages and currents
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For 3 phase stator windings, there are six sectors or
stages of commutation in a 360° electrical cycle. One
sector corresponds to 60°. At one instance, voliage is
applied across two stator terminals and the third stator
terminal is left open. As shown in previous figure, phase
voltage clamped to some value (high or low), is due to the
voltage applied. The non-zero slope portion of the
waveform is obtained when the terminal is kept open.

As seen in the waveform, the phase voltage crosses zero
exactly in between two commutation periods; that is where
there is 30° phase difference for the next commutation
after the zero crossing. If you could provide a time delay
equivalent to this 30° phase, then the motor can be
commutated in a similar way as it is done with hall
sensors.

This is the basis of implementing sensorless BLDC
controller implementation.

Since the back-EMF is a function of rotation speed of the
rotor it is too less to detect in the beginning. Therefore,
initially, the system is made to run in open loop, in which
commutation is done after fixed time delay. This makes
the motor to get started and generates the back-EMF.
Later on, the main control loop takes care of detecting the
zero crossing of back-EMF and initiates commutation
accordingly.

This kind of control system has major disadvantages as
given below

1. Requires one more state in the firmware in the
beginning to get the motor started and generate back-

2. Requires comparators for detecting the zero crossing

This application note demonstrates the control strategy
without having the state of running the system in open
loop in the beginning and without creating virtual neutral
point.

Detecting Zero Crossing

This section shows the method to detect the zero crossing
of back-EMF.

Figure 5. Detecting Zero Crossing

Vb

The following equations show the voltages observed at the
star connected stator coil terminals.

Gd T
Va=Rxig+L— +Ea+Vn .

dt Equation 1

—RxIb+L—+Eb+Vn .

dt Equation 2
. N + dic _ )
¥ O =& c L— EC+F¥N .

dt Equation 3

Where E is the back-EMF, | is the phase current, L is the
inductance and R is the resistance of the stator coil, which
are assumed to be same for all the phase coils of the
stator.

As explained earlier, at one instance, voltage is applied to
two stator terminals. The third one is left open.

For example, voltage is applied across terminals A and B,
causing current to flow through phase coils A and B.
Moreover these coil currents are the same. If terminal A is
pulled high (VBUS) and B is pulled low (0 V).

of back-EMFs. la=-lb=I
3. Detection of zero crossing of back-EMF requires the fe=0
creation of a virtual neutral point (common terminal of
star connection which is not available outside the
motor).
WWW.Cypress.com Document No. 001-56541 Rev. *B 3
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The equation for terminal voltage at all the three phases
can be calculated as,

Ve=RXI+L—+Ea+Vn=VBUS .
at Equation 4
7l >< -+ I:I_‘IHI_I_ ol e -
Vhb=—-RxI+L— Eb+ = .
it Equation 5
Ve=Ec+V¥Vn Equation 6

Adding Equation 4, 5 and 6 gives,
VBUS+Ve=Ea+Eb+ Ec+3¥Vn

Now, the summation of back-EMFs at any time is zero.
Thatis, Ea+ Eb+Ec=10

This makes the equation as,

VEUS+ Vo= 3Vn

Implementing this finding in equation 6 gives,

VBUS + Ve

I

L=

I

c+

()

Simplifying further gives,

B ve-EE — yoiF Equation 7
The above equation gives the formula for back-EMF for
the phase coil whose terminal is kept open ior the
commutation cycle.

You can easily find the zero crossing by comparing the
terminal voltage Vc¢ and half of the VBUS voltage.

Thus, by detecting the zero crossing using this technique
eliminates the requirement of comparator and the virtual
neutral point. These voltages can be measured using an
ADC which can also be used to read speed command
from you, measure motor current and for many other
functions.

Commutation Control Strategy

This section provides the details of the method used to
determine the commutation rate based on the voltage
difference as given in Equation 7. Before going into the
control strategy, it is necessary to discuss the motor
behavior, when the commutation rate is less or more than
the ideal value. This ideal value depends on the voltage
applied, the load on the motor, and the motor
characteristics.

If the commutation rate is less than the
ideal value

This creates stepper motor sort of behavior, wherein rotor
moves to new position with the speed proportional to the
applied voltage to the stator windings. After arriving at the
new position, rotor gets locked to that particular position.
This causes a decrease in the back-EMF and the stator

starts sinking more current. If the next commutation is not
initiated quickly, this can damage the stator coils due to
excessive current, if protection network is not in place.

If the commutation rate is more than the
ideal value

This causes loss of synchronization between the rotating
magnetic field created by the stator coils and rotor.

It is acceptable that the motor be operated with a lesser
commutation rate, but it is at the expense of a higher
current.

The control scheme used here is to initially run the motor
at a lesser commutation rate (because the ideal value is
not known yet at the given operating voltage and the load)
and then keep updating the commutation rate based on
the voltage difference (VDIF) as given in Equation 7. If the
expected slope of the back-EMF is positive and the
voltage difference is found to be positive, then it means
that the commutation rate is slower than the ideal value
and further steps are taken to increase this commutation
rate. This increase in commutation rate depends on the
VDIF. As the commutation rate starts approaching the
ideal value for the given voltage, VDIF drops to 0 and
comrutation rate is held constant.

On the other hand, if the expected slope of back-EMF is
positive and if the VDIF is found negative, then the
commutation rate is faster than the ideal value. The
commutation rate is then reduced. Again this decrease in
commutation rate depends on the VDIF.

A timer can be used to represent the commutation rate.
The timer period value is updated based on the VDIF
value. The PI control can be introduced here to provide
stabhility in the system.

PSoC Designer Project
The project is based on Cypress PSoC CY8C24533.

Motor used for this applicaion has following
characteristics.

Table 1. Characteristics of Motor

Parameter Value
Power 80 W
Vin 24 VDC
Maximum Speed 3000 rpm
Torque 0.255 N-m

Appendix A: Schematics gives the schematic for the
project.
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Hardware Configuration

Figure 6 shows the snapshot of Device Editor View of
PSoC Designer.

Figure 6. Device Editor View of PSoC Designer
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The design uses the following modules.

Module Purpose

PWM8 To drive the high side and
lower side MOSFETs

CMPPRG (comparator) To detect high motor current

DAC To provide reference to the
comparator
ADC To read speed input from POT,

measure VBUS and stator
terminal voltage (Va/Vb/Vc)

Timer 16 bit To decide the time of
commutation
DigBuf To route the comparator output

to digital section. This clips the
PWM off when comparator
output goes high.

AnalogBus

CompBus ComparatorBus_1

Input AnalogColumn_lnputS elect_1
LowLimit WS

Reffalue 0.562

This equation determines what to set the threshold of
comparator to.

ek — T ST fanq i FEr A T ST dann e N S
Vih = LowLimit + (Vdd — LowLimit) X RefValue

Vth=5x0.562 = 2.51V
When all MOSFETs are turned OFF, the voltage across

this resistance is 2.5 V. Hence, the motor current limit set
here is,

r

Motor Current Limit = (Vth — 2.5¢)/0.10

e 'y . T i
Motor Current Limit =

[

14

SARS8

This is used to measure the stator terminal voltage and
the VBUS voltage for detecting the zero crossing of back-
EMF.

Frettes 8
(Nag@ B

ADClnput PO[6]
Clack. STSCLK/S
Scale 1

Run One-Shat
ADCPower W
R2RPaower WA

The conversion time is set to 2.6 s and the mode of ADC
is set to one-shot.

PWM8

This module generates the PWM signal for driving the
gate of TOP and BOTTOM MOSFETs. PWM frequency is
set to 18 KHz.

S - # X

Module Configurations
This section gives the properties of each module used in Dlock_ :Sh
the prOjECt. Compare0ut Fow_0_Cutput_2

TerminalCountOut Mone
CMPPRG Period 255
This module senses the current flowing through the motor. Pulsehwidth 55
For this, a small value resistance of 0.1 Q is placed in ﬁf;?jp’;;f: #Zf;&gf‘gfu;fqua'
series with the lower MOSFET source terminal. The ClockSyne Sync to SysClk
voltage developed across this resistance is fed to the input InvertE nable Marmal
of comparator.
WWW.Cypress.com Document No. 001-56541 Rev. *B 5
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TIMER
Timer is used to decide the commutation rate of the motor.

Timerl6
Clack YWC3
Capture Low
TerminalCountOut Mane
CompareCut Mone
Period E5535
Comparey/alue 1
CompareT ype Lezz Than Or Equal
Interrupt T upe Terminal Court
ClackSune Sync to SypsClk
TC_Pulze'width Full Clack.
InvertCapture MHaormal
DIGBUF
This module routes the comparator output to the LUT
NOR Gate.
A X
Drefault Load Status Enable
Imputl ComparatorBus_1
Input2 Fow 0_Output_1
Iput2 ClackSune Sunc ba Syellk
Outputl Fow 0_Output_1
Output? Row_0_Output_3
Irverti nputl Mormal

Figure 7. PWM Routing
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Comnedion hetween
TACSFET gate 105 and Py
2lanal 18 mala n firmars

of PSoC device. At one point of time, only two lines
require the PWM. The rest of the MOSFETS are turned off
by grounding the 1/Os which drive their gates. The
connection from the pin to the global output line is set in
firmware. The other input to the NOR gate is the DigBuf
output which reflects the status of the comparator output
(in the analog section). This Comparator output is logic 1
when the motor current exceeds the threshold, thereby
pulling the NOR gate output low. This disables the PWM
and provides protection for the MOSFET against higher

currents.

CPU_Clock.
32K_Select
PLL_Mode
Sleep_Timer
W= SysChk/N
WE2=VETMN
W3 Source
VL3 Divider
SysClk Souce
SysCIk*2 Disable

Global Resource Settings

-~ X

SysCk/1
Intemal
Disable
8_Hz

5

2
SysCk/1
5
Intemal
Mo

In the project, both HIGH side and LOW side MOSFETs
are driven with the PWM generated from a single PWM8
module. This is possible due to the flexible routing scheme

Analog Power SC On/Ref High
Fef Mus [Vdde 2t Piddiz)
AGndBypass Disable

Op-4mp Bias High
A_Bull_Fower High

Trip Voliage [LYD [SMP]] 4,81V (5.00V)
LYDThrottleBack. Disable

‘W alchdog Enable Disable

Firmware Architecture

As mentioned earlier, the rotor position sensing, that is,
the detection of the back-EMF zero crossing and the
commutation are the two main tasks of the controller. The
back-EMF zero crossing is detected by measuring the
difference of VBUS/2 and open terminal voltage using
ADC. VBUS is scaled down by 2 in firmware after analog
to digital conversion (VBUS>>2).

To decide the commutation rate, a 16 bit timer is used in
the application. The timer period value is updated based
on the VDIF value. The commutation rate is kept as half of
the timer overflow rate. For one interrupt of the timer, a
commutation is carried out and for the next interrupt of
timer, VDIF is measured. This automatically creates 30°
delay that was required for commutation after the
detection of zero crossing of back-EMF.

WWWw.Cypress.com
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Figure 8 shows the execution of commutation and VDIF
measurement on timer interrupts.

Figure 8. Execution of commutation and VDIF
measurement on timer interrupts

o
L

Timer interrupts t
tyvaviYevy vy

Ea

.-\i

1 Electrical cycle

VDIF measurement times

Commutation times

Commutation

The commutation involves connecting and disconnecting
PWM lines and pulling some of the MOSFET gates low.

This is done with the help of PRTXGS (port global select)
registers and PRTXDR (port data) register, where X defines
the port number. Each port has one 8 bit wide PRTXGS and

PRTXDR register. Each bit in these registers corresponds to
one I/O pin for that port. Setting the bit in the PRTXGS
register connects the pin to a particular global output bus.
The status of the I/O pin then depends on the status of the
bus. The data in PRTXDR reflects at the 1/O port, given that
the 1/0O pin is disconnected from the global output bus.

For example, if a pin requires a PWM, the bit in PRTXGS
corresponding to that pin, is set to 1. This connects the pin to
the global output lines to which the PWM output is already
connected. Data in the PRTXDR corresponding to this pin
does not matter now as it is connected to a global output
line.

If the pin requires logic O, the pin is disconnected from the
global output bus by setting the corresponding bit in
PRTXGS and PRTXDR bhit to 0.

Firmware Flowchart

The entire control code, that is, the commutation logic and
the zero crossing detection, is written in Timer ISR.

VDIF
measurement
stage?

Yes No

WWwWWw.Cypress.com
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Commutation Stage VDIF Measurement Stage
A
Turn Off all PWMs Trigger ADC and get the
value of open terminal
i voltage
Move to next l
Commutation state Set the ADC Channel to
VBUS, Trigger ADC and
l get the value of VBUS
Apply commutation ¢

Calculate the difference
in counts of (VBUS/2)
Set the ADC Channel and open terminal

to open terminal voltage

v Format the difference
counts using PI constants
to get new timer period

value

END Set the ADC channel to
speed input
potentiometer, trigger
ADC and store the ADC
resultin PWM duty

register
'

Set the next stage to
commutation

Set the next stage to
VDIF measurement

END

WWW.Cypress.com Document No. 001-56541 Rev. *B 8
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Tuning the Control System

This section guide you in one level deep to understand
how the timer input frequency is set based on the motor
speed limits and how the timer period value is derived
based on the difference between error counts.

The timer input frequency needs to be determined from
the motor maximum speed parameter and the timer
resolution.

Consider a 16 bit timer with the motor and your
specifications as follows.

Maximum Speed — Smax rps
Number of Poles — P

Commutation frequency at maximum speed is given by,

E

Commutation Frequency = 5

6 denotes the commutation stages in an electrical cycle.

As explained earlier, the timer interrupt frequency is twice
the commutation rate.

So,

Timer interrupt rate ot max speed = Commutation Freguenc

For a motor of 10 poles and maximum speed of 3,000
rpm, the timer interrupt rate can be found to be 3,000 Hz.

The timer period is derived based on the difference in
error counts. Initially the timer period is set to the
maximum timer count. In this project, 16 bit timer is used

Figure 9. Actions taken on timer period

OxFFFF
@
@ .
If present commutation
rate is higher than ideal
value
Timer
Period
l If present commutation
rate is lower than ideal
Q@ value
@
0x0000

Now, you know what is done to the timer period when the
difference count is found to be positive or negative. But,
what you do not know is, by how much the Timer period is
to be changed from the present value. This value is a
function of the number of difference counts.

Ty e yyd — E T E g
Timer Count = f(Dif ference Counts)

This function comprises of passing the difference counts
to P! controller logic and final scaling and offset correction
to get timer period. This is shown in the Figure 10.

Figure 10. Getting timer period

and hence the timer period is initially set to OXFFFF. As rtb./g \\__.. Kp 4

the difference count grows on the positive side and if the ‘-T/

expected slope is positive, the timer period is made lower F X .

than the present value. Following table shows actions [ L,T/c ¥

taken on timer period under conditions of expected slope f@)

of back-EMF and the measured difference count. ~ _

Pl contraller Timer
Difference count Expected slope of Timer period | Period
Back EMF ADC Trigaer
Positive Positive Decreased T "
Positive Negative Increased vBENF, vBUsE2 Slale el Timer g
Machine
Negative Positive Decreased
. : M otor Timer Interrupis

Negative Negative Increased « Commutste
The three unknown parameters here are Kp, Ki and the
function /(*J . Proportional constant Kp and integral
constant Ki needs to be determined based on the
requirements of maximum overshoot tolerance, settling
time, and steady state error. The function /7 involves
scaling and offset correction. This is done to keep the
generated timer period value within the limits for all values
of motor speed.

WWW.Cypress.com Document No. 001-56541 Rev. *B 9
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(KSpeed ¥ Prescalar)

Timer Period = fix) = —
The terms KSpeed and Prescalar bring the value x from
the PI controller output to map within the limits of timer
period.

In the project, KSpeed is set to OxFFFF and Prescalar is
set to 32. Also the PI constants are defined in such a way
that the ratio x/Prescalar always lie between 2 to 250 for
complete range of motor speed. In the project, x/Prescalar
is named as SpeedCount.

Timer input frequency can now be calculated from this
assumed value of SpeedCount and timer interrupt rate at
maximum speed of motor. You can refer the excel sheet
provided with this application note, for calculating timer
input frequency for different motor speed ratings.

Test Results

Commutation Times

Figure 11 shows the zero crossing detected by the
firmware. As it is shown in the figure, the timer provides
the interrupts when terminal voltage is around VBUS/2
thatis, 12 V.

Figure 11. Zero crossing detected by the firmware

Phase 1

Phase 2
Phase 3

Timer
Interrupts

Summary

This application note demonstrates the unique way to
implement Sensorless BLDC Controller. The solution has
lesser external components, thus improving the reliability
and decrease in cost of the whole solution.
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Appendix A: Schematics
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