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dsPIC® Digital Signal 
Controllers (DSCs) Motor 
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Class Objectives

After this class you should…
– Know the Operation of the dsPIC® DSC Motor 

Control Peripherals
– Know the Fundamentals of a Brushless DC 

Motor
– Know the Different Methods to Control a 

Brushless DC Motor
– Know How to Use the real-time Data Monitor 

and Capture Interface
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Agenda In-depth

BLDC Motor Algorithms:
– Forced Commutation Operation

What is Commutation?
Commutating a BLDC with no position feedback

– Six Step Control (120° Conduction)
BLDC Position Sensing
Synchronizing Commutation with Position

– Six Step Sensored Algorithm
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Agenda In-depth

BLDC Motor Algorithms
– Variable Speed BLDC Motor Control

Using MCPWM for Variable Speeds
Commutation using Override Control

– Closed Loop Speed Control of a BLDC
PID Implementation with dsPIC® DSC
Measuring Speed of a BLDC Motor
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Agenda In-depth

BLDC Motor Algorithms
– Phase Advance Commutation

Scheduling BLDC Motor Commutation 
– Sensorless BLDC Motor Control
– Field Oriented Control overview
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Agenda In-depth

LAB Sessions:
– Lab 1 – Running BLDC Motor with Forced 

Commutation
– Lab 2 – Running BLDC Motor Open Loop
– Lab 3 – Running Closed-loop BLDC Motor
– Lab 4 – BLDC Operation with Phase Advance
– Lab 5 – Running Sensorless BLDC Motor
– Lab 6 – FOC of a BLDC Motor Demo
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dsPIC® DSC 
Overview
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dsPIC® DSC Architecture

Main Features
– Tightly Integrated Core

Operable as an MCU & a DSP
Modified Harvard Architecture
16 x 16-bit working register array

– Data Memory
16 bits wide
Linearly addressable up to 64 KB

– Program Memory
24-bit wide Instructions
Linearly addressable up to 12 MB
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dsPIC® DSC Architecture

Main Features (continued)
– Many integrated peripherals
– Software stack
– Efficient Operation

Fast, deterministic interrupt response
Three operand instructions: C = A + B
Extensive addressing modes

– DMA controller w/ dual port SRAM 
- 8 channels for peripherals
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dsPIC® DSC 
Peripherals Overview
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30 MIPS 16-bit Core

16b ALU 16 x 16b W 
Register Array

17b x 17b 
Multiply

Dual AGU 
X & Y

Barrel
Shifter

DSP Engine
Dual 40b 

Accumulators

0.5 - 8 KB
Data Memory

Memory Bus

12 - 144 KB
Flash Memory

1 - 4 KB
EEPROM

Peripheral B
us

WDT & Pwr Mgmt.

18 - 80-pin Packages

(1-2) UART w/LIN & IrDA®

(1-2) SPI

MC QEI

Codec I/F

(2-5) 16b/32b Timers

-or- 200 Ksps 12b ADC

MC PWM

INTRC w/PLL

(0-2) CAN

Interrupt
C

ontrol

(1-2) I2C™

1 Msps 10b ADC

dsPIC30F Family

Output Compare/PWM

Input Capture
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40 MIPS 16-bit Core

16b ALU 16 x 16b W 
Register Array

17b x 17b 
Multiply

Dual AGU 
X & Y

Barrel
Shifter

JTAG 
Interface

DSP Engine
Dual 40b 

Accumulators

1 – 30 KB
Data Memory

Memory Bus

12 – 256 KB
Flash Memory

8-channel
DMA

Interrupt
C

ontrol

Peripheral B
us

WDT & Pwr Mgmt.

18 - 100-pin Packages

(1-2) UART w/LIN & IrDA®

(1-2) SPI

MC QEI

Codec I/F

(3-9) 16b/32b Timers

(4-8) MC PWM

INTRC w/PLL

(0-2) ECAN™

(1-2) I2C™

(1-2) 1.1Msps 10b ADC

(1-2) 500Ksps 12b ADC

dsPIC33F Family

Output Compare/PWM
Input Capture
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A/D Converter

10-bit High Speed A/D
– 10 bit resolution with ± 1 LSB accuracy
– 1 Msps conversion rate
– Up to 16 input channels, 4 S/H Amplifiers
– Synchronization to the MCPWM time base

12-bit A/D
– 12 bit resolution with ± 1 LSB accuracy
– 200 ksps conversion rate
– Up to 16 input channels, single S/H amplifier
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CH3 *CH3 *
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Quadrature Encoder Interface
QEI Module senses motor speed 
and position
Three Input Quadrature Encoder 

– Phase A
– Phase B
– INDEX signals

16-bit position counter

3-ph
Inverter

VBUS

AN6
AN0
QEA
QEB

INDEX

AN7

PWM3H
PWM3L
PWM2H
PWM2L
PWM1H
PWM1L

FLTA Fault

IBUSAN1

120 - 240
VAC

BLDC Motor

Incremental
Encoder

Rectifier &
PFC

ds
P

IC
ds

P
IC

®®
D

S
C

D
S

C

PWM2H1
PWM2L1or

Available on some families
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+1 +1+1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1COUNT

PHASE A

PHASE B

State machine determines relative phase 
at each edge

Quadrature Timing Diagram
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QEI Block Diagram
Clock

Divider

INDEX

1

0

TQCS

TcyTcy

Digital Filter
Logic

Digital Filter
Logic

Digital Filter
Logic

QEB

QEA

Prescaler and
Sync. Logic

TcyTcy

UP/DOWN

16-Bit Up/Down
Counter

DIRDIR

Quadrature
Decoder

Logic

ClockClock

ResetReset

Max. Count
Register

Timer modeTimer mode

Timer modeTimer mode

Comparator
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Motor Control PWM Module

PWM Module drives motor
Up to Four PWM generators
Several options allow PWM to 
drive many circuit types

– AC Motors
– DC motors
– Power supplies

High frequency @ more bits = 
better control of motor 
operation
Fault detection for safe 
operation

3-ph
Inverter

VBUS

AN6
AN0
QEA
QEB

INDEX

AN7

PWM1H3
PWM1L3
PWM1H2
PWM1L2
PWM1H1
PWM1L1

FLTA Fault

IBUSAN1

BLDC Motor

Incremental
Encoder

ds
P

IC
ds

P
IC

®®
D

S
C

D
S

C

120 - 240
VAC

Rectifier &
PFC

PWM2H1
PWM2L1or

IPHASE_A

IPHASE_B

Available on some families
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Pulse Width Modulation

Allows fixed DC Input, AC 
output
Output voltage is PWM
Motor integrates PWM 
voltage and produces 
sinusoidal current with small 
ripple at carrier frequency
Minimal power loss in power 
transistors

2% 50% 98%

50%



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      21

High Frequency Carrier
Duty Cycle Varied Over Time to Generate a 
Lower Frequency Signal

+V

PWM1H

PWM1L

3 Phase
BLDC

PWM2H

PWM2L

PWM3H

PWM3L

PWM with Inverter
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Motor Control PWM Block 
Diagram

Four PWM output Four PWM output 
pairs with output pairs with output 
polarity controlpolarity control

Duty CycleDuty Cycle

Generator #3Generator #3

Duty CycleDuty Cycle

Generator #2Generator #2

Duty CycleDuty Cycle

Generator #1Generator #1

Duty CycleDuty Cycle

Generator #4Generator #4

PWM Override PWM Override 
LogicLogic

Dead Time UnitDead Time Unit

Dead Time UnitDead Time Unit

Dead Time UnitDead Time Unit

Dead Time UnitDead Time Unit

Fault AFault A

Fault BFault B

PWM4HPWM4H

PWM1LPWM1L

PWM1HPWM1H

PWM2LPWM2L

PWM2HPWM2H

PWM3LPWM3L

PWM3HPWM3H

PWM4LPWM4L

Two fault pins w/ Two fault pins w/ 
programmable fault programmable fault 

statesstates

1616--bit Timebit Time--basebase

A/D Conversion A/D Conversion 
TriggerTrigger

Dead Time ADead Time A

Dead Time BDead Time B
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Motor Control PWM

Dead Time Insertion Example
– Shoot Through is Prevented Automatically

PWM1HPWM1H

PWM1LPWM1L

Dead Time

PWM1HPWM1H

PWM1LPWM1L
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MCPWM A/D Synchronization

SEVTCMP register sets A/D conversion 
start time in PWM cycle
Ensure A/D properly captures shunt 
current
Can also use to minimize control loop 
update delay

To A/D
PWM1LPWM1L

PWM1HPWM1H

PWM1HPWM1H

PWM1LPWM1L

Trigger conversion at end of bottom transistor onTrigger conversion at end of bottom transistor on--timetime

TT
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MCPWM Fault Inputs
– Automatic or latched fault protection
– Fault condition overrides all other pin control

Current
Limit

PWM1LPWM1L

PWM1HPWM1H

FLTAFLTA

Current
Limit

Motor
Current

PWM

LATCHED

Current
Limit

Motor
Current

PWM

AUTOMATIC
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MCPWM Override Control

OVDCON (override control) register
– Used for motor commutation
– I/O pin can be PWM, active, or inactive
– POVD =0, I/O pin is controlled manually
– POUT bits set pin state for manual control
– If Program is halted, PWM pins are turned OFF

POUT1L
R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0

bit7 6 5 4 3 2 1 bit0
POUT1HPOUT2LPOUT2HPOUT3LPOUT3HPOUT4LPOUT4H

POVD1L
R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1

bit15 14 13 12 11 10 9 bit8
POVD1HPOVD2LPOVD2HPOVD3LPOVD3HPOVD4LPOVD4H
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MCPWM Override Control

POUT1L
R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0 R/W-0

bit7 6 5 4 3 2 1 bit0
POUT1HPOUT2LPOUT2HPOUT3LPOUT3HPOUT4LPOUT4H

POVD1L
R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1 R/W-1

bit15 14 13 12 11 10 9 bit8
POVD1HPOVD2LPOVD2HPOVD3LPOVD3HPOVD4LPOVD4H

x1

00

10

Active 
Output

Inactive 
Output

PWM 
Output

POUTxPOVDx

PWMxx

0
1

0
0

1
x

POVDxx
POUTxx

0
1
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Forced Commutation
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Forced Commutation

Consider sector 5
Blue Winding = 24V
Green Winding = 0V
Red Winding = OFF
Delay for a short time
Repeat process for all 6 
sectors
Revolving Electrical field will 
cause rotor to rotate

60o

Sector
5 0 1 2 3 4 5 0 1

Blue Winding

Green Winding

Red Winding
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Six-Step Commutation with 
Inverter

+V

PWM1H

PWM1L

3 Phase
BLDC

PWM2H

PWM2L

PWM3H

PWM3L

Sector 5 0 1 2 3 4 5 0 1
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+V

PWM1H

PWM1L

3 Phase
BLDC

PWM2H

PWM2L

PWM3H

PWM3L

Sector 5 0 1 2 3 4 5 0 1

Six-Step Commutation with 
Inverter
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+V

PWM1H

PWM1L

3 Phase
BLDC

PWM2H

PWM2L

PWM3H

PWM3L

Sector 5 0 1 2 3 4 5 0 1

Six-Step Commutation with 
Inverter
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+V

PWM1H

PWM1L

3 Phase
BLDC

PWM2H

PWM2L

PWM3H

PWM3L

Sector 5 0 1 2 3 4 5 0 1

Six-Step Commutation with 
Inverter
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1 Electrical Revolution

Motor Control PWM

Using OVDCON for 6-Step Commutation

POVD<7:0> POUT<7:0>

0 00000000 00100001

1 00000000 00100100

2 00000000 00000110

3 00000000 00010010

4 00000000 00011000

5 00000000 00001001

OVDCON Value
Sector

3 4 5 0 12

PWM1H

PWM1L

PWM2H

PWM2L

PWM3H

PWM3L

Sector

LOOK UP TABLE IN SOFTWARE
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Lab 1
Running a BLDC motor 

with Forced 
Commutation
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3-Phase
Inverter BLDCMain State 

Machine

Start /
Stop

3-Phase 
Voltages

Periodic
ISR

6-Step 
Generation

dsPIC® DSC

G
PI

O

G
PI

O

Peripheral Block

Software Block

Running a BLDC Motor with 
Forced Commutation
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Six Step Commutation Algorithm

SixStepTable[] =
{0x0021, /* PWM3H PWM1L    Sector 0 */
0x0024, /* PWM3H PWM2L   Sector 1 */
0x0006, /* PWM1H PWM2L   Sector 2 */
0x0012, /* PWM1H PWM3L   Sector 3 */
0x0018, /* PWM2H PWM3L   Sector 4 */
0x0009};/* PWM2H PWM1L  Sector 5 */

}These are our six step 
table values from the 
OVDCON values



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      38

Lab 1 – Running BLDC Motor 
with Forced Commutation

Open your handout to Lab 1
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We looked at the six steps to drive the motor around
We used a timer to force the motor to rotate at a 
predetermined speed

What were the results?
– Did the Motor vibrate? 

Why?
– What about audible noise?
– What about heat?

Where did it come from?

Lab 1 – Results
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4 Amps Peak

Fixed Speed
1000 RPM

Lab 1 – Running a BLDC Motor 
with Forced Commutation
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Sensing Rotor 
Position
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Resolver
Higher Resolution. (i.e. 
1024 Different States per 
Rev)
A/D Module + 
Processing Power
Resolver Externally 
Mounted (More 
Expensive)
Provides Absolute 
position feedback

Cosine

Sine

Resolver Output

Rotor Angular Position

0º

180º

360º

Sensing Rotor Position
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Optical Encoder
High Resolution. (i.e. 
500 Interrupts per Rev)
Special QEI Module + 
Some Math
Optical Encoder 
Externally Mounted 
(Expensive)
Useful for servo 
applications due to 
resolution

INDEX

QEB

QEA

0º

180º

360º

Optical Encoder Output

Rotor Angular Position

Sensing Rotor Position
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Hall Effect
Low Resolution (i.e. 
30 Interrupts per 
Rev)
Simple External 
Interrupt I/Os
1 to 3 Hall effect 
sensors (Less 
Expensive)
Standard position 
sensing for low-cost 
applications

Hall A

0º

180º

360º

Hall B

Hall C

Hall Effect Sensors

Rotor Angular Position

Sensing Rotor Position
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BLDC Motor Construction

Hall sensors

Stator winding
Rotor magnets
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Six Step BLDC Control

+TORQUE FIRING

BR G

Q1 Q3Q2

Q4 Q6Q5
Green Winding

Q1,Q5 Q1,Q6 Q2,Q6 Q2,Q4 Q3,Q4 Q3,Q5

60o

HALL A

HALL B

HALL C

Q1,Q5 Q1,Q6Q3,Q5

Sector 5

Hall States
0 1 2

5 4 6 2

3

3
4

1

5
5

0
4

1
6

Blue Winding

Red Winding
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Typical Manufacturer’s Table
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Change Notification (CN)

dsPIC® DSC has Change Notification 
inputs:
– Detect digital changes on a specific input pin 

and generates an interrupt
– Hall sensors A, B and C are connected to RB3, 

4 and 5 or CN4, 5 and 6 respectively
– When CNxInterrupt occurs, all 3 Hall inputs 

are read and a lookup table is used to control 
the BLDC motor 
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CN or IC

Hall C

Hall B

Hall A
CN or IC

CN or IC

Hall Sensors Connection

100

N

S

R

B

r

r

g
g

b

b
G

com

com

com

110

010

011

101

001

N

S
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1 Electrical Revolution

Motor Control PWM

Using OVDCON for PWM 6-Step commutation

3 4 5 0 12

PWM1H

PWM1L

PWM2H

PWM2L

PWM3H

PWM3L

POVD<7:0> POUT<7:0>

00000000

00010000

00001000

00010000

00001000

00100000

00000001

00000100

OVDCON ValueHalls
C|B|A

Sector

000 00000000

001 00000001

010

011

100

101

110

111

00000010

00100000 00000100

00000010

0000000000000000

110 010 011 001 101100
Halls 
C|B|A
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Lab 2 
Sensored BLDC Motor 
Running Open Loop
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3-Phase
Inverter BLDC6-Step 

Generation

Main State 
Machine

Start /
Stop

3-Phase 
Voltages

Hall 
Sensors

Angular 
Position

dsPIC® DSC
+5V

Voltage

Duty
Cycles

G
PI

O
10

-b
it 

A
D

C
 

C
N

M
C

PW
M

Running BLDC Motor Open 
Loop

Periodic
ISR
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Details of Program

Use MPLAB® IDE to go through sections of the code
StateLoTable[] = {0x0000,  /* all PWM OFF */

0x2001,  /* PWM1L -> 1, PWM3H -> PWM*/
0x0810,  /* PWM3L -> 1, PWM2H -> PWM*/
0x0801,  /* PWM1L -> 1, PWM2H -> PWM*/
0x0204,  /* PWM2L -> 1, PWM1H -> PWM*/
0x2004,  /* PWM2L -> 1, PWM3H -> PWM*/
0x0210,  /* PWM3L -> 1, PWM1H -> PWM*/
0x0000}; /* all PWM OFF */

void __attribute__((__interrupt__,auto_psv)) _CNInterrupt (void)
{

IFS0bits.CNIF = 0; // clear flag
HallValue = PORTB & 0x0038; // mask RB3,4 & 5
HallValue = HallValue >> 3; // shift right 3 times
OVDCON = StateLoTable[HallValue]; // Energize Transistors from Table
return;

}
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Hall Change ISR

Duty Cycle = ADC Value

Read new Hall values

New Commutation

Return

Running BLDC Motor Open 
Loop

void __attribute__((__interrupt__,auto_psv)) _CNInterrupt (void)
{

IFS0bits.CNIF = 0; // clear flag
HallValue = PORTB & 0x0038; // mask RB3,4 & 5
HallValue = HallValue >> 3; // shift right 3 times
OVDCON = StateLoTable[HallValue]; // Energize Transistors from Table
return;

}

void __attribute__((__interrupt__,auto_psv)) _ADCInterrupt (void)
{
IFS0bits.ADIF = 0;      // Clear Interrupt Flag
PDC1 = ADCBUF0;    // get value ...
PDC2 = PDC1;           // and load all three PWMs ..
DC3 = PDC1; // duty cycles
}

}
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Lab 2 – Running BLDC Motor 
Open Loop

Open your handout to Lab 2
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Results
Does the motor get warm?
– No, we are using the motor efficiently

What about vibration and noise?
– Again, by commutating with position information 

everything works more smoothly
What happens when you change the load?
– The motor has trouble responding

What happens to torque at low RPM?
– It’s almost gone because we only have control of the 

speed of the motor right now using voltage

Lab 2 – Running BLDC Motor 
Open Loop
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PWM1H

Hall Effect
Sensors

PWM1L

Lab 2 – Running BLDC Motor 
Open Loop
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Lab 2 - Running BLDC Motor 
Open Loop

200 mA Peak

Maximum Speed
3800 RPM
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Closing the Loop
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PI(D) Loop

Proportional-Integral-Differential

Set Point - Process Variable = Error

Control Variable = Output

CV = Pe + I ∫e dt + D de/dt
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Closed Loop

PID Motor+ -
Desired Speed

Measured 
Speed

Speed Error Voltage

Speed
Calculation

Hall Sensor
Period
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Digital PID

+      -
Desired Speed

Measured Speed

Error Voltage

Kp * Error

+

Up

Ui

Kd *
dError

dt

+

Ud

Ki * ∫Error dt +
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Digital PID

Up(T) = Kp * Error(T)

Ui(T) = Ki * Error(T) + Ui(T-1)

Ud(T) = Kd * (Error(T) – Error(T-1))

Voltage(T) = Up(T) + Ui(T) + Ud(T)

Kp * Error

Ki * ∫Error dt

Kd *
dError

dt
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Optional Digital PID

Kp * Error

Kd 
dError

dt

Kp * Error

Kd * (1 – Z ) * Error
-1

Ki

1 - Z
-1 * Error + 

+

+Ki * ∫Error dt
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Optional Digital PID

Kp * Error

Kd * (1 – Z ) * Error
-1

Ki

1 - Z
-1 * Error + 

+

+
Error * Kp +

Ki

1 - Z
-1 + Kd (1 – Z )

-1
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Optional Digital PID

Error *Error * Kp +Kp + KiKi

1 1 -- ZZ-
-11 + Kd (1 + Kd (1 –– Z )Z )

--11
= Controller Output= Controller Output

Error *Error *
1 1 -- ZZ-

-11 = Controller Output= Controller Output
Kp (1 Kp (1 –– Z )Z )--11 + Ki ++ Ki + Kd (1 Kd (1 –– Z )Z )--11 22

Error *Error *
1 1 -- ZZ-

-11 = Controller Output= Controller Output
(Kp + Ki + Kd) + ((Kp + Ki + Kd) + (--Kp Kp -- 2*Kd) Z + Kd*Z2*Kd) Z + Kd*Z

--11 --22
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Optional Digital PID

Error *
1 - Z-1

= Controller Output
(Kp + Ki + Kd) + (-Kp - 2*Kd) Z + Kd*Z

-1 -2

Error = Error (T)

Error * Z = Error (T-1)

Error * Z = Error (T-2)
-2

-1

Most Recent Error

Least Recent Error



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      68

Controller Output (T) = Controller Output (T – 1)
+ Error (T) * K1 
+ Error (T-1) * K2 
+ Error (T-2) * K3

Where:
K1 = Kp + Ki + Kd
K2 = -Kp -2Kd
K3 = Kd

Error *
1 - Z-1

= Controller Output
(Kp + Ki + Kd) + (-Kp - 2*Kd) Z + Kd*Z

-1 -2

MAC Operation 
can be used!!!

Optional Digital PID
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Sample Instruction
MAC    W4*W5, A, [W8]+=2, W4, [W10]-=6, W5, W13

Source 
operand 
registers

X X 
prefetch prefetch 
sourcesource

Y Y 
prefetch prefetch 
sourcesource

X X 
prefetch prefetch 

destinationdestination

Y Y 
prefetch prefetch 

destinationdestinationDestination 
accumulator

Optional Arguments

Other Acc.
Write-back
destination

Basic Syntax

MAC Class of DSP Instructions
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40-bit Accumulator A

40-bit Accumulator B

Adder

Saturate

Negate

Sign Extend

17-bit 
Multiplier/Scaler

Operand Pre-Processing
Ze

ro
- b

a c
k f

ill

R
ou

n d
 L

og
i c

Sa
tu

ra
te

Ba
rr

e l
Sh

ift
e r

From W Array

X  
D

a t
a  

B
u s

Enable

16

40

16

16

32
33

40

40

40

To W Array

16 16

DSP Engine Block Diagram
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ADC Does Directly Support 
Fractional Data Format

Scaling everything to -1….0…+1 makes
the control-loop much easier to handle

Word
Value

Integer
Value

Fractional
Value

0x8000 -32768 -1.0
0xA000 -24576 -0.75
0xC000 -16384 -0.5
0xE000 -8192 -0.25
0x0000 0 0.0
0x2000 8192 +0.25
0x4000 16384 +0.5
0x6000 24576 +0.75
0x7FFF 32767 +0.999969
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dsPIC® DSC has Input Capture inputs:
– The period from the IC Channel is used to measure 

the actual motor angular speed
– Detect digital changes on a specific input pin (Hall 

Sensor) and generates an interrupt
– One of the Hall effect sensors is connected to an IC 

Channel
– When ICxInterrupt occurs, the period between IC 

input transitions is buffered

Measuring Motor Speed with 
Input Capture (IC)
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Measured 
Speed Speed

Calculation

Hall Sensor
Period

Measured 
Speed = (Fractional Divide)

Minimum Period

IC Period

Fast Speed Calculation using dsPIC® DSC 
Engine
Small code size

Speed Calculation w/
dsPIC® DSC Engine
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Lab 3  
Closed Loop Control
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Running Closed-Loop BLDC 
Motor

3-Phase
Inverter BLDC6-Step 

Generation

Main State 
Machine

Start /
Stop

3-Phase 
Voltages

Hall 
Sensors

Angular 
Position

dsPIC® DSC
+5V

Required
Speed

Duty
Cycles

+ - PID
Error Voltage

Speed
Calculation

Measured
Speed

IC Period

10
-b

it 
A

D
C

 
G

PI
O

M
C

PW
M

C
N

IC
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Lab 3 – Running Closed-Loop 
Control Technique

Hall Change ISR

Read new Hall values

Duty Cycle = PID Output

New Commutation

Return

Periodic ISR

Desired Speed = ADC

Return

Process PID

Calculate Speed
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Hall Change ISR

Read new Hall values

Duty Cycle = PID Output

New Commutation

Return

Lab 3 – Running Closed-Loop 
Control Technique

void __attribute__((__interrupt__,auto_psv)) _IC7Interrupt (void)
PastCapture = ActualCapture;
ActualCapture = IC7BUF;
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Periodic ISR

Desired Speed = ADC

Return

Process PID

Lab 3 – Running Closed-Loop 
Control Technique

void __attribute__((__interrupt__,auto_psv)) _ADCInterrupt (void)
{

IFS0bits.ADIF = 0;
RefSpeed = (int)(((unsigned int)ADCBUF0) / 2);
return;

}

void __attribute__((__interrupt__, auto_psv)) _T1Interrupt (void)
{
IFS0bits.T1IF = 0;
Period = ActualCapture - PastCapture; // This is an UNsigned substraction
// This subroutine in assembly calculates the Speed using fractional division
// MINPERIOD
// Speed = (Fractional divide) ---------------
//                         Period
SpeedCalculation();
// Speed PID controller is called here. It will use Speed, RefSpeed, Some buffers
// and will generate the new voltage for the SVM.
SpeedControl();

Calculate Speed
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Lab 3 Closed Loop Control

Open your handout to Lab 3
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Results
We now have feedback for the motor speed
What has happened to Torque vs. Speed?

– We now have independent control of torque regardless of motor 
speed

Can we maintain RPM at low speed?
– Yes!

What happens if you change the load?
– The PID loop compensates based on the 3 process constants setup 

in the loop

Lab 3 – Closed-Loop Control
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Phase Advance
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Consists of commutating the motor before the 
next hall effect sensor transition has occurred
Knowing the motor speed, we can schedule a 
commutation with a timer, before the next hall 
effect sensor interrupt occurs
Phase advance technique substantially 
increases speed range
It also helps to compensate misalignments on 
the hall effect sensor

Phase Advance
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Drive voltages are shifted (Phase advanced) compared 
to Hall sensor data
Phase advance will produce an increase in the stator 
field, which increases the speed of the motor
Phase shift will produce a negative field on the rotor, 
which will reduce the overall torque available in the 
motor
For light loads, the speed is significantly increased 
using phase advance, sacrificing full load torque, 
efficiency and audible noise

Phase Advance
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NO ADVANCENO ADVANCE

1515°° ADVANCEADVANCE

5 0 1 2SECTOR

0

0

Plots Showing the Effect of 
Phase Advance at High Speed
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Lab 4 
BLDC Operation with 

Phase Advance
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3-Phase
Inverter BLDC6-Step 

Generation

Main State 
Machine

Start /
Stop

3-Phase 
Voltages

Hall 
Sensors

Angular 
Position

dsPIC® DSC
+5V Duty

Cycles

Phase 
Advance

Required 
Voltage

10
-b

it 
A

D
C

 
G

PI
O

M
C

PW
M

C
N

Lab 4 – BLDC Operation with 
Phase Advance



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      87

Control 
Technique:

Hall Change ISR

Calculate Speed

Schedule ISR Based on
Actual Speed

Return

Duty Cycle = ADC

Save Hall values

Scheduled ISR

New Commutation, 
Actual Sector + 1

Return

Load saved Hall values

Predict new Hall values

Lab 4 – BLDC Operation with 
Phase Advance
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Lab 4 Phase Advance

Open your handout to Lab 4



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      89

Results
Does the Speed range change?
– Yes

What happens to the torque?
– Much reduced due to rotor angle change

What do you think happened to the 
current draw?

Lab 4 – BLDC Operation with 
Phase Advance
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1 A Peak

Extended Speed:
6500 RPM

Lab 4 – BLDC Operation with 
Phase Advance



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      91

Details of Program

Use MPLAB® IDE to go through sections 
of the code
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Sensorless BLDC 
Motor
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Sensorless Control

Why Sensorless operation?

Back-EMF zero-crossing sensing method

Digital Filter: The Majority Function
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Why Sensorless?

Reliability – especially aerospace, military
Physical space restrictions – axial length
Issues surrounding sealing of connections
Applications where rotor runs “flooded”
Manufacturability – alignment and duty cycle tolerance
Cost – especially on low power systems
– Even at high volumes, position sensing can add $3 to 

system cost
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What is Back-EMF?

When a DC motor spins, the 
PM rotor, moving past the 
stator coils induces an 
electrical potential in the coils 
called Back-EMF
Back-EMF is directly 
proportional to speed
Back-EMF = RPM/Kv
In order to sense back-EMF we 
have to spin the motor

BEMF

Motor

R L
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The Back-EMF “zero crossing”
Method in Detail

In every electrical cycle, there are periods when 
each phase is not being driven
During these regions one end of the inactive phase 
is referenced to the Motor Neutral point, and the 
other is monitored
The monitored voltage will cross the Motor Neutral 
point at 30 electrical degrees (half way through the 
sector)
Knowing the last “zero crossing” time we know the 
60 electrical degree time (T60)
T60 divided by 2 = T30 is loaded in TMR2
The ISR of TMR2 then commutes the next pair of 
windings at T30 seconds later
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BLDC Motor Back EMF 

A

C B

DC+

DC-

Back-EMF

Phase A and C are 
energized
Inactive Phase B has 
induced Back EMF
Normally the phase 
which is not 
energized is 
monitored for Back-
EMF
Important: Motor has 
to be spinning
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T30

T60

5 0 1 2 3 4 5 0 1SECTOR

0

0

0

Back-EMF Crossing Diagram
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Back-EMF v/s Hall Sensors

Back EMF

Hall sensor
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Back-EMF zero-crossing 
Sensing Methods

Comparing the BEMF Voltage to Half the DC 
Bus Voltage (AN901)
Comparing the BEMF Voltage to the Motor 
Neutral Point (AN1160)
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BLDC Sensorless Techniques

AN1160  “Back-EMF Filtering with a Majority 
Function”
– Reliable
– Varies linearly with speed 
– Works over a wide range of BLDC Motors
– Easy to implement
– Works well for applications like Fan or pump speed 

control
Method used is called Back-EMF “zero 
crossing” method
– Consists of monitoring the voltage of the inactive 

winding for “zero crossing”
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Comparing the BEMF Voltage 
to Half the DC Bus Voltage
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Comparing the BEMF Voltage 
to the Motor Neutral Point
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Sampling the BEMF signals

Sampling Point

Sampling Point
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Phase PWM 
Voltage

BEMF Zero
Crossing

Running Sensorless BLDC 
Motor
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Agenda

Brief description of BLDC motor control

Back-EMF sensing method

Digital Filter: The Majority Function
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The Majority Function
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Filtering the BEMF Signals Using 
the Majority Function

0016

1005

0104

0013

1002

0101

AND_AAND_BAND_CSECTOR

1116

0005

1114

0003

1112

0001

XOR_AXOR_BXOR_CSECTOR

special IF 
condition

Digitalization of 
the BEMF 
signals

3 consecutives 
zeros occurred

masking 
BEMF
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The Majority Filter Array

11110060

11101058

11100157

11100056

11010052

11001050

11000149

11000048

10110044

10101042

10100141

10100040

01110028

01101026

01100125

01100024

6-bit binary representationNumber

2010

189

168

147

126

105

84

63

42

21

00

Array ValueArray Index [N]

2042

1841

1640

1439

1238

1037

836

635

434

233

032

Array ValueArray Index [N]
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The Majority Filter Array 
cont’d

0111002820001117

10110044111011054

01100024300101111

0110002430000113

6-bit binary 
representation 
of the unique 
number

Unique number to 
be pointed

Number of times to 
be left-shifted

6-bit binary 
representation

Number

534,4,8,16,3201000117

38,16,3210010036

518,36,8,16,320010019

5 2,4,8,16,320000011

Number of times to be left-
shifted

Numbers pointed before 
being zero

6-bit binary representationNumber

Numbers that are multiple of a unique number

Numbers that never point to a unique value
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The Majority Filter Array 
cont’d

323216

303015

282814

262613

242412

222211

202010

18189

16168

14147

12126

10105

884

663

442

221

000

Array with the unique numbersArray ValueArray Index [N]

0032

626231

606030

585829

15628

545427

15226

15025

14824

464623

444422

424221

404020

383819

363618

343417

Array with the unique numbersArray ValueArray Index [N]
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T30

T6
0

5 0 1 2 3 4 5 0 1SECTOR

0

0

0

Majority Filter example

Digitally Filtered BEMF data
0010101000000010101110111111111110111111111011111111111101101001111111000100001000000010000000100000000100000000001000000100001000000000

00001010111011111111
Valid zero crossing
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T30

T6
0

5 0 1 2 3 4 5 0 1SECTOR

0

0

0

Majority Filter Example

Digitally Filtered BEMF data
0010101000000010101110111111111110111111111011111111111101101001111111000100001000000010000000100000000100000000001000000100001000000000

0011111110001000010000
Valid zero crossing
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Lab 5 
Running Sensorless 

BLDC Motor
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3-Phase
Inverter BLDC6-Step 

Generation

Main State 
Machine

Start /
Stop

3-Phase 
Voltages

3-Phase 
Voltage Feedback

Angular 
Position

dsPIC® DSC
+5V

Required
Speed

Duty
Cycles

+ - PID
Error Voltage

Speed
Calculation

Measured
Speed

ZX
Period ZX

Detect/
Majority 

filter

VBUS
Feedback

10
-b

it 
A

D
C

 

10
-b

it 
A

D
C

 

G
PI

O

M
C

PW
M

Running Sensorless BLDC 
Motor

C
N

IC

IC Period
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Lab 5. Running Sensorless BLDC 
Motor

Open your handouts to Lab 5
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Lab 5 – Running Sensorless BLDC 
Motor using dsPIC® DSC

Results
Using BEMF we can run the motor as efficiently 
as with sensors
How does the motor continue to run at low 
speed?
– If BEMF is lost we drop back to forced commutation

What tradeoffs have to be made to use BEMF?
– No fast changing loads, minimum speed, direction at 

start up not guaranteed
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Field Oriented Control 
(FOC)



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      119

PMSM Characteristics

Brushless Motor with Sinusoidal BEMF
Synchronous AC Motor
BLAC
PMSM (Permanent Magnet Synchronous Motor)

ea eb ec

ωt

Back EMF shape of PMSM

v
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Stator Field

Rotor Field

S

N

S

N

N

S

N

S

�

PMSM Operation
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PMSM Operation

S

N

S

N

N

S

N                   S

�
S

N

S

N

N

S

N                   S

90°

BEMF (V)

Current (I)

BEMF (V)

Current (I)

Without FOC With FOC
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PMSM FOC
Keep load axis 90° ahead 
of rotor position
Knowledge of rotor 
position required at all 
times
Better torque production
No torque ripple

S

N

S

N

N

S

N                   S

90°
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Field Oriented Control (FOC)
This involves outputting a 3-phase voltage as a vector to 
control the 3-phase stator current as a vector
By transforming the 3-phase time and speed dependent 
system into a 2-dimensional rotating coordinate system 
the torque and flux components become time invariant
allowing control with conventional techniques as in a DC 
motor
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Vector-Coordinate Systems

c

3-Axis Stator Reference 2-Axis Stator Reference 2-Axis Rotating Reference

a

b

α

β

d

q
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3-Phase Coordinate System

a

c

b

ia

ic

ib
is
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Projected onto 2-Phase 
System
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Projected onto a Rotating 
System
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Vectors in the Rotating 
Reference Frame



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      129

Vectors in the Rotating 
Reference Frame

d

q

isiq

id

Torque α Iqq Flux α Id
They are time invariant and can be treated as DC parameters which 
allows them to be controlled independently
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Position Estimation

es

ωt

-π/2

π/2

Rotor position is calculated with BEMF 
information
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Position Estimation

( )ssss ev
L

i
L
Ri

dt
d

−+−=
1

e

Motor

R L

v

i

PMSM Electric Model

PMSM Motor has the same electric model 
as BDC and BLDC Motors

ssss ei
dt
dLRiv ++=
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Current Observer

-K

+K

( )zev
L

i
L
Ri

dt
d

ssss −−+−= *** 1

Vs PMSM
Is

I*s

* Estimated variable

+

-

Sign (I*s – Is)

Slide-Mode

Controller

z

Hardware
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Current Observer

Vs PMSM
Is

I*s

* Estimated variable

+

- -1

+1Sign (I*s – Is)

Slide Mode 
Controller

z

Hardware

( )zev
L

i
L
Ri

dt
d

ssss −−+−= *** 1

LPF

e*
s

z
LPF

efiltered
*
s

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

β

α

e
earctan

θ*

( ) ( )( ) speedK⋅⎟
⎠

⎞
⎜
⎝

⎛
= ∑

=

7

0i
1-n-n θθω

+

+
θ*comp

ω*
LPF

ω*filtered
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Practical Results

Encoder 
Rotor 
Position

Estimated 
Rotor Position



© 2008 Microchip Technology Incorporated. All Rights Reserved. 1256 MCW Slide      135

Lab 6
Field Oriented Control 

Demo
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Lab 6 Field Oriented Control 

Open your handout to Lab 6
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Lab 6 Field Oriented Control

Results
PMSM motors can be effectively controlled 
using FOC techniques
For further information on FOC control sign up 
for MASTERs class 1258_FOC
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Blindly spin a BLDC motor
Improve efficiency by using Hall sensors 
Controlling BLDC Speed with Digital PID
Extending speed range with Phase 
Advance control
Techniques for sensorless control
Applied AN1160 Majority algorithm to spin 
a sensorless BLDC motor
Overview of FOC control

Summary
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• For resources and information for motor-control applications, 
visit Microchip’s Motor Control Design Center at: 
www.microchip.com/motor
• Microchip Application Notes for Motor Control Applications:

Using the dsPIC30F for Sensorless BLDC Control AN901
Using the dsPIC30F for Vector Control of an ACIM AN908
Sensored BLDC Motor Control Using dsPIC30F2010 AN957
An Introduction to ACIM Control Using the dsPIC30F AN984
Using the dsPIC30F2010 for Sensorless BLDC Control AN992
Sinusoidal Control of PMSM Motors with dsPIC30F AN1017
Sensorless FOC for PMSM using dsPIC® DSC AN1078
Sensorless BLDC using BEMF IIR Filtering AN1083
Sensorless BLDC Control with Back-EMF Filtering AN1160
Using a Majority Function
Getting Started with the BLDC Motors and dsPIC30F GS001
Measuring Speed and Position with the QEI Module GS002
Driving ACIM with the dsPIC® DSC MCPWM Module GS004
Using the dsPIC30F Sensorless Motor Tuning Interface GS005

Resources
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Thank You for Attending!
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