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BLDC motor control using the LPC15xx SCTimer/PWM

1. Introduction

The LPC15xx are ARM Cortex-M3 based microcontrollers that operate at CPU
frequencies of up to 72 MHz. The LPC15xx devices include up to 256 kB of flash
memory, 32 kB of ROM, a 4 kB EEPROM and up to 36 kB of SRAM.

The LPC15xx peripherals include one full-speed USB 2.0 device, two SPI interfaces,
three USARTS, one Fast-mode Plus I°C-bus interface, one C_CAN module, a PWM/timer
subsystem with four configurable, multi-purpose State Configurable Timers
(SCTimer/PWM) with input pre-processing unit, a Real-time clock module with
independent power supply and dedicated oscillator, two 12-channel/12-bit,

2 Msamples/sec ADCs, one 12-bit, 500 kSamples/sec DAC, four voltage comparators
with internal voltage reference, and a temperature sensor. A DMA engine can service
most peripherals.

This application note demonstrates how to implement six-step commutation or brushless
DC motor control on the LPC15xx family of microcontrollers. The LPC15xx devices are
equipped with a SCTimer/PWM unit which reduces CPU utilization during motor control
while also reducing development time. The SCTimer/PWM is highly integrated among
the analog peripherals. The switch matrix supports flexible assignment of the
SCTimer/PWM functions to the pins.

This application note also intends to be a reference and starting point for motor control
system developers using LPC15xx family of microcontrollers.

2. Brushless DC motor principle

Brushless DC motors consist of a permanent magnet rotor with a three-phase stator
winding. As the name implies, BLDC motors do not use brushes for commutation;
instead, they are electronically commutated. Typically, three Hall sensors are used to
detect the rotor position and commutation is based on these sensor inputs.

In a brushless DC motor, the electromagnets do not move; instead, the permanent
magnets rotate and the three-phase stator windings remain static. This solves the
problem of transferring current to a moving rotor. In order to do this, the brush-
commutator assembly is replaced by an intelligent electronic “controller”. The controller
performs the same power distribution as found in a brushed DC motor, but it uses a
solid-state circuit rather than a commutator/brush system.

The torque generated by the motor depends on the applied current, which is the result of
the applied voltage. The achieved speed will be linked to the acceleration of the motor up
to the condition at which the delivered torque equals the load torque. The effective
current (and thus the torque) will drop at increasing speed, due to the BEMF generated
by the motor, and this effect will be reflected in a voltage dependent speed.
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Fig 1. BLDC motor

2.1 Electrical commutation

A BLDC motor is driven by voltage strokes coupled with the given rotor position. These
voltage strokes must be properly applied to the active phases of the three-phase winding
system so that the angle between the stator flux and the rotor flux is kept close to 90° to
maximize torque. Therefore, the controller needs some means of determining the rotor’'s
orientation/position (relative to the stator coils).
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Fig 2. Principle of activation for BLDC motor windings

Fig 2 depicts a systematic implementation on how to drive the motor coils for a motor
rotation. The current direction through the coils determines the orientation of the stator
flux. By sequentially driving or pulling the current through the coils the rotor will be either
pulled or pushed. A BLDC motor is wound in such a way that the current direction in the
stator coils will cause an electrical revolution by applying it in six steps. As shown in Fig 2
each phase driver is pushing or pulling current through its phase in two consecutive
steps. These steps are shown in Fig 3 and Fig 4.

Sequence | Switching Phase current Switch

number interval A B c closed
0 0° - 60° + - OFF 1,4
1 60° — 120° + OFF - 1,6
2 120° - 180° OFF + - 3,6
3 180° — 240° - + OFF 3,2
4 240° — 300° = OFF + 5,2
5 300° - 360° OFF - + 5,4

Fig 3. Example of commutation steps
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Fig 4. Six-step/trapezoidal commutation

The above switching sequence is called trapezoidal commutation. Fig 5 shows the
relation between the different naming definitions for the same type of motor control (six-
step commutation over Hall A/Hall B/Hall C sensor edges, block commutationia/ib /ic
and trapezoidal commutation Ea/ Eb/ Ec.
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Fig 5. Example of switching sequence with sensors and phases

2.2 Revolution speed control

Varying the voltage across the motor can simply control the rotor speed. This can be

achieved by Pulse Width Modulation (PWM) of the phase voltage. By increasing or
decreasing the duty-cycle, more or less current per commutation step will flow through
the stator coils. This affects the stator flux and flux density, which changes the force
between the rotor and stator.
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This means that the rotation speed is determined by the load of the rotor, the current
during each phase and the voltage applied.

Position feedback

The rotor feedback position can be accomplished through a couple of techniques. The
most commonly used technique is the digital Hall sensor feedback, but other techniques
include using an encoder or even eliminating sensors entirely. This application note will
only focus on the Hall sensor feedback and will not explore sensorless operation.

2.3.1 Hall sensor feedback

The Hall sensors are placed such that they generate an edge at each switching interval.
This makes it feasible to determine the current rotor orientation, in order to activate each
phase in the right sequence.

3. SCTimer/PWM

AN11523

Application note

The SCTimer/PWM combines the features of a timer and a state machine making
possible to develop sophisticated solutions in the digital control field.

In its full-featured implementation, the block provides up to 16 independent
programmable hardware resources (named “events”), which can be configured to be
active (to perform actions) when programmable conditions based on timed matches, or
I/O signals, or a combination of them, are verified. This gets defined in the control
register for the each hardware event resource.

Each of the hardware events can be configured to drive an output signal, trigger an IRQ,
a DMA transfer, or influence the timer behavior itself (by stopping, starting, resetting or
halting the timer).

For defining a time-based event, or the time-based part of a combined time-based and
I/O based event, the SCTimer/PWM provides dedicated registers which will hold the
counter match value. These registers are associated to “shadow registers” which can be
changed by the application at runtime, to modify the match point; the new value will be
loaded from the shadow register into the match register when the associated timer gets
limited (when its counter is reset to zero if in up-counting mode, or reverses direction if in
up-down counting mode).

The SCTimer/PWM is also able to provide more complex sequencing, by introducing the
concept of “states”. Each event is capable of letting a state machine (associated to each
timer via a state register) jump from one state to another during operation. Each of these
user-defined states can be configured to “filter” a specific subset of all possible events
which have been defined for the SCTimer/PWM. In this way it is possible to configure
events to be active only in specific states.

As a consequence, it is possible to associate the behavior of the SCTimer/PWM with a
state machine diagram, and the system will be able to react differently to certain events
depending on the specific state the SCTimer/PWM is currently into.

For example, in comparison with a classic timer or PWM generation block, it is possible
to define a more complex sequence of events, having the SCTimer/PWM evolve
autonomously through the state machine over time, in response to the time-based or I/O
defined events. This typically implies that less CPU interventions are needed, since the
SCTimer/PWM is able to handle most of the control sequence in hardware. At constant
speed, when PID is not used there is no CPU intervention. The CPU could be used for
any other function during this period.
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Additionally, the SCTimer/PWM can define events which evaluate either the level or the
edges of an input signal. In some scenarios this task would be too expensive in terms of
CPU resources to be performed in software, by periodically polling the input line with the
CPU in order to detect changes.

Even defining an interrupt to detect the signal change on the input might introduce an
excessive latency at the system level, for performing the required response to the event.
The SCTimer/PWM efficiently solves this issue, by guaranteeing jitter free response to an
input signal, within one SCTimer/PWM clock.

Notice that the SCTimer/PWM can be clocked at the CPU speed, which implies (at

72 MHz) a resolution up to 13.8 ns. Higher average resolution is achieved on the match
registers by using a dithering mechanism. At the start of each new SCTimer/PWM
counter cycle, the dither engine determines which matches are to be delayed by one
clock during the coming counter cycle. This results in a unique dither pattern for each
match register.

For more details, please refer to the device user manual.

4. Application requirements

For this application note the following high level features are provided:

1. One dedicated time-based activation (deactivation) point for each of the power line
pairs (bridge phases). In any sector, the circuit needs to drive a specific pair of PWM
phases at any time.

2. The ability to detect crossing of sectors during the motor rotation, in order to change
the pair of PWM phases which needs to be active. This can be done by observing
the Hall sensor inputs, so a total of three inputs for the Hall sensors are required.

3. Provide six digital output lines, one per each PWM phase which needs to be
generated.
4.1 BLDC motor unidirectional

Fig 6 shows the SCTimer/PWM state machine configuration for controlling the brushless
DC motor in one direction:
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SW1=5WE=1
EV1

SW3=5SW6=1
EVS

EV3
SW1=5Wd =1

Application note

H2 &end
EVE
EV10
= SW5 = SW2 =1
SW5 =5W4 =1
| ABORT
pwm_end EV13
EV0 SW1 =SW2 =8SW3 = SW4 = SW5 =SW6 =0
AUTOLIMIT =1
SW1 =SW2 =8W3 = SW4 = SW5 =8W6 =0
Fig 6. State diagram for one direction
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PHASE HALL

Fig 7.
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In the state diagram (Fig 6), the SCTimer/PWM input/output signals are shown in green,
the SCTimer/PWM events are represented by arrows and the event names are shown in
orange, the effects of the output and signals are shown in pink. When an event is active,
some actions on the defined signals are performed. Fig 7 shows the state assignments
and event assignments for each Hall sensor signal. Fig 8 shows the various events,
states and actions during each event.

Event

10
11
12
13

13
15

Fig 8.

Condition State
pwm_end match 0 ALL
pwm_duty match 1 4
pwm_duty match 1 1
pwm_duty match 1 5
pwm_duty match 1 2
pwm_duty match 1 €
pwm_duty match 1 3
H1l && pwm_end SCTO_INO && match 0 1
IH1 && pwm_end ISCTO_INO && match O €
H2 && pwm_end SCTO_IN1 && match 0 4
!H2 && pwm_end ISCTO_IN1 && match O 3
H3 && pwm_end SCTO_IN2 && match 0 2
IH3 && pwm_end ISCTO_IN2 && match 0 5
ABORT ISCTO_IN3 ALL

Events, state transitions and switching actions

Action

SW1/6=0
AUTOLIMIT

SW1=5We=1

SW5=5W4a=1

SWl=5w4=1

SW3=5Ww2=1

SW3=5We=1

SwW5=s5w2=1

sSwife=0
HALT=1

New state

No change

1 (no change)

2 (no change)

3 (no change)

4 (no change)

5 (no change)

6 (no change)

State+4
State-4
State +2
State-2
State+1

State-1

0 (error state)

The states of the associated state machine are represented by bubbles and the state
assignment is included in the circle. The ALL state is the default entry state of the 32-bit

All information provided in this document is subject to legal disclaimers.

Rev. 1.1 — 26 February 2014

© NXP B.V. 2014. All rights reserved.

10 of 20



NXP Semiconductors AN11523

4.2

AN11523

Application note

BLDC motor control using the LPC15xx SCTimer/PWM

SCTimer/PWM. The state machine is responsible for managing the generation of the
PWM signals and to monitor the Hall sensor inputs to detect sector crossings.

The Hall sensors are physically connected on the motor in such a way that there is

always just one sensor level changing, when moving from one sector to the next. The
motor speed regulation can be done by the application by changing the match register
values as appropriate, in order to modify the timing of each event (thus its duty cycle).

The SCTimer/PWM starts counting. When the time based event ‘EVO’ is triggered in
state ALL, all the switches SW1 to SW6 are open (logic 0). The matchl register is loaded
with the duty cycle value and is used to manage the generation of the PWM signal. When
the event EV1 is triggered based on the matchl register value, the switches SW1 and
SW6 are closed. The SCTimer/PWM moves to state 1 and remains in the same state.
When event EV2 is triggered, SW5 and SW4 are driven high with the SCTimer/PWM
making a transition to state 2 and stays there. Likewise, all the events are defined with a
particular action taking place accompanied with state transitions. The counter continues
to count till pwm_end (end of PWM period) limit.

Each event can modify its counter STATE value. If more than one event associated with
the same counter occurs in a given clock cycle, only the state change specified for the
highest-numbered event among them takes place.

At the end of PWM period (pwm_end), the event H1&&pwm_end is triggered and makes
the SCTimer/PWM jump to the next state. Within this new state EV3 will be active, and
SW1 and SW4 will be driven high. Following the same approach the SCTimer/PWM wiill
transition to the next state (state 4) at the end of PWM period.

In this fashion, the system will autonomously switch between the states and keep the
motor rotating, without any software intervention. The speed of rotation will be
proportional to the duty cycle resulting from the match values being programmed by the
application at runtime.

Note: at the beginning the application will have to detect the level of the Hall sensors
while the motor is stopped and preset the SCTimer/PWM state machine to the
associated state (sector). Having done this, when started the SCTimer/PWM will begin to
drive the appropriate PWM signals in order to make the motor rotate.

BLDC motor bidirectional

Fig 9 shows the SCTimer/PWM state machine configuration for controlling the brushless
DC motor for bidirectional motion.

All information provided in this document is subject to legal disclaimers. © NXP B.V. 2014. All rights reserved.
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SW1=SW6=1

SW3=SW6=1

EV3
SW1=SW4=1

Ev2 SW5 =SW2=1
SW5=5W4 =1
SLUE0 S SW5 = SW2= 1

SW3=5SWe =1

SW1=5W4=1

SW1=5Wé=1

Fig 9. State diagram for bidirection

AN11523 All information provided in this document is subject to legal disclaimers. © NXP B.V. 2014. All rights reserved.

Application note Rev. 1.1 — 26 February 2014 12 of 20




NXP Semiconductors AN11523

BLDC motor control using the LPC15xx SCTimer/PWM

PHASE HALL STATE EVENT DRIVE
1 101 5&11 3 Q1 Q4
2 100 4 &10 1 Q1 Q6
3 110 b&12 5 Q3 Q6
4 010 288 4 Q3 Q2
5 011 3&9 6 Qs Q2
6 001 1&7 2 Qs Qa

Fig 10. State and event assignments

For the bidirectional motion, six new states are introduced but no new events are
defined. The operation is similar to the unidirectional motion except that an event is
triggered in two states. These new states are defined for operating the motor in reverse
direction. See Fig 11 for the state transitions and actions taking place for different events.

Event Condition State Action New state

[} pwm_end match 0 ALL sSWi/e=0 No change
AUTOLIMIT

1 pwm_duty match 1 487 SW1=5We6=1 1 (no change)

2 pwm_duty match 1 1&8 SW5=5W4=1 2 [no change)

3 pwm_duty match 1 5&9 SWl=s5w4=1 3 (no change)

4 pwm_duty match 1 2810 SW3=s5wz2=1 4 (no change)

5 pwm_duty match 1 6&11 SW3=5We=1 5 (no change)

6 pwm_duty match 1 3&12 SW5=5w2=1 6 [no change)

7 H1l && pwm_end  SCTO_INO && match 0 1&8 - State+ 4

8 IH1 && pwm_end  ISCTO_INO && match 0 6&11 - State-4

9 H2 && pwm_end  SCTO_IN1 && match 0 487 - State+2

10 IH2 && pwm_end  ISCTO_IN1 && match 0 3&12 - State- 2

11 H3 && pwm_end SCTO_IN2 && match 0 28&10 - State+1

12 IH3 && pwm_end  ISCTO_IN2 && match 0 589 - State-1

13 ABORT ISCTO_IN3 ALL SwWife=0 0 (error state)
HALT=1

14

15

Fig 11. Events, state transitions and switching actions

When the counter reaches the end of PWM period (pwm_end) the event ‘H1 &&
pwm_end’ is evaluated and a transition is made to state 5 if it is in state 1 or the
transition is made to state 12 if the current state is 8. In this way the new 6 states help in
making the motor rotate in both the directions.
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5. Application setup

5.1 Hardware configuration
The block diagram for the test application is shown in Fig 12.

FET drivers / level shifters

[~
SCTO_OUTE {>
SCTO_OUT3 >
24VDC
SCTO_OUT1 e e | g‘m 4 ngz H ngs
BLDC Motor

LPC1549 ' {m)

JOY_RIGHT SCT0_OUTo > {qe A HQ‘* L IEIQG HALL Sensors
JOY_LEFT —{ePiO
JOY_CENTER SCTO_OUT2 > - g% :
I~
] )

SCTO_OUT4
SCTO_INO
SCTO_IN1

SCTO_IN2

SCTO_IN3 |- jOY_DOWN

Fig 12. BLDC block diagram for the test application
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For the test, the LPC1549 Motor Control Kit (OM13067) has been used:
http://www.nxp.com/demoboard/OM13067.html

The kit also includes a BLDC motor with a Hall sensor mounted.

The board generating the digital control signals for the application is an LPCXpresso
board equipped with an LPC1549 device (OM13056).

http://www.nxp.com/demoboard/OM13056.html

LPC1549
Motor control kit

LPC1549 T
LPCXpresso Board > e
' . L
1 r >y \ Y‘\
i : g
JOYSTICK
4
LEFT €= =3 RIGHT
DOWN
Fig 13. LPC1549 motor control kit with LPCXpresso Board
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Fig 14. LPC1549 LPCXpresso board

Fig 15 lists the required signals from the LPC1549 device.

Function Pin Name Signal Purpose
SCTO_OUTO PO _6 Q2 Motor phase Alow side FET drive
SCTO_OUT1 PO_29 Q1 Motor phase A high side FET drive
SCTO_OuUT2 PO_26 Q4 Motor phase B low side FET drive
SCTO_OUT3 PO 0 Q3 Motor phase B high side FET drive
SCTO OUT4 PO 1 Q6 Motor phase C low side FET drive
SCTO_OUT6H PO_24 Qs Motor phase C high side FET drive
SCT_INO PO _2 HA Hall sensor A input
SCT_IN1 PO_30 HB Hall sensor B input
SCT IN2 PO 17 HC Hall sensor C input
JOYSTICK RIGHT P18 JOY_R Increase motor speed
JOYSTICK LEFT P17 JOy L Decrease motor speed
JOYSTICK P15 JOy_C Stop the motor
CENTER

Fig 15. List of signals used in LPC microcontroller

On building and downloading the code onto the device, a startup message appears on
the OLED. The joystick on the motor control kit is used to control the speed and direction
of the motor. When the motor is at rest, a status message “Motor status: Stop” is
displayed on the OLED. On pressing the joystick in the up direction, the motor starts to
run in the forward direction and the message on the OLED changes to “Motor status:

AN11523 All information provided in this document is subject to legal disclaimers. © NXP B.V. 2014. All rights reserved.
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Running”. To increase the speed of the motor, press the joystick in the up direction and
to decrease the speed, press the joystick in the down direction. On pressing the joystick
at the center, the motor comes to a halt and the display message on the OLED changes.
Further, on pressing the joystick in the down direction, the motor begins to run in the
reverse direction. To increase the speed, press the joystick in the down direction and to
decrease the speed, press the joystick in the up direction. On pressing the left side of the
joystick control, the motor operation is aborted.

6. Conclusion

AN11523

Application note

This application note provides an example implementation for the BLDC motor control in
the LPC15xx family using the SCTimer/PWM.

The SCTimer/PWM is highly flexible as it is based on states and events. It provides all
the required hardware resources needed to accommodate the application requirements.
The SCTimer/PWM ensures deterministic performance as the switching of states takes
place in the hardware.
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