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BLDC Motor with Quadrature 
Encoder and Speed Closed Loop, 
Driven by eTPU on MCF523x
Covers MCF523x and all eTPU-equipped Devices
by: Milan Brejl & Michal Princ

System Application Engineers
Roznov Czech System Center
This application note describes the design of a 3-phase 
brushless DC (BLDC) motor drive based on Freescale’s 
ColdFire MCF523x microprocessor. The application 
design takes advantage of the enhanced time processing 
unit (eTPU) module, which is used as a motor control 
co-processor. The eTPU handles the motor control 
processing (excluding commutation processing), 
eliminating the microprocessor overhead for other 
duties.

BLDC motors are very popular in a wide array of 
applications. Compared to a DC motor, the BLDC motor 
uses an electric commutator, replacing the mechanical 
commutator and making it more reliable than the DC 
motor. In BLDC motors, rotor magnets generate the 
rotor’s magnetic flux, allowing BLDC motors to achieve 
higher efficiency. Therefore, BLDC motors may be used 
in high-end white goods (refrigerators, washing 
machines, dishwashers, etc.), high-end pumps, fans, and 
other appliances that require high reliability and 
efficiency.

The concept of the application is to create a speed-closed 
loop BLDC driver using a quadrature encoder. It serves 
as an example of a BLDC motor control system design 
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ColdFire MCF523x and eTPU Advantages and Features
using a Freescale microprocessor with the eTPU. It also illustrates the usage of dedicated motor control 
eTPU functions that are included in the DC motor control eTPU function set. 

This application note also includes basic motor theory, system design concept, hardware implementation, 
and microprocessor and eTPU software design, including the FreeMASTER visualization tool.

Figure 1. Using M523xEVB, 33395 Evaluation Motor Board, and MCG BLDC Motor

1 ColdFire MCF523x and eTPU Advantages and 
Features

1.1 ColdFire MCF523x Microprocessor
The MCF523x is a family of highly-integrated, 32-bit microprocessors based on the V2 ColdFire core. It 
features a 16- or 32-channel eTPU, 64 Kbytes of internal SRAM, a 2-bank SDRAM controller, four 32-bit 
timers with DMA request capability, a 4-channel DMA controller, up to two CAN modules, three UARTs, 
and a queued SPI. The MCF523x family has been designed for general purpose industrial control 
applications. It is also a high-performance upgrade for users of the MC68332.
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ColdFire MCF523x and eTPU Advantages and Features
This 32-bit device is based on the version 2 ColdFire reduced instruction set computer (RISC) core, 
operating at a core frequency of up to 150 MHz and a bus frequency of up to 75 MHz. On-chip modules 
include the following:

• V2 ColdFire core with an enhanced multiply-accumulate unit (EMAC) providing 144 Dhrystone 
2.1MIPS @ 150 MHz

• eTPU with 16 or 32 channels, 6 Kbytes of code memory, and 1.5 Kbytes of data memory with 
eTPU debug support

• 64 Kbytes of internal SRAM
• External bus speed of half the CPU operating frequency (75 MHz bus @ 150 MHz core)
• 10/100 Mbps bus-mastering Ethernet controller
• 8 Kbytes of configurable instruction/data cache
• Three universal asynchronous receiver/transmitters (UARTs) with DMA support
• Controller area network 2.0B (FlexCAN module)

— Optional second FlexCAN module multiplexed with the third UART
• Inter-integrated circuit (I2C) bus controller
• Queued serial peripheral interface (QSPI) module
• Hardware cryptography accelerator (optional)

— Random number generator
— DES/3DES/AES block cipher engine
— MD5/SHA-1/HMAC accelerator

• 4-channel, 32-bit direct memory access (DMA) controller
• 4-channel, 32-bit input capture/output compare timers with optional DMA support
• 4-channel, 16-bit periodic interrupt timers (PITs)
• Programmable software watchdog timer
• Interrupt controller capable of handling up to 126 interrupt sources
• Clock module with phase locked loop (PLL)
• External bus interface module including a 2-bank synchronous DRAM controller
• 32-bit, non-multiplexed bus with up to 8 chip select signals that support page-mode FLASH 

memories

For more information, refer to Reference 1.

1.2 eTPU Module
The eTPU is an intelligent, semi-autonomous co-processor designed for timing control, I/O handling, 
serial communications, motor control, and engine control applications. It operates in parallel with the host 
CPU. The eTPU processes instructions and real-time input events, performs output waveform generation, 
and accesses shared data without the host CPU’s intervention. Consequently, the host CPU setup and 
service times for each timer event are minimized or eliminated.
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Target Motor Theory
The eTPU has up to 32 timer channels, in addition to having 6 Kbytes of code memory and 1.5 Kbytes of 
data memory that store software modules downloaded at boot time, and can be mixed and matched as 
needed for any application.

The eTPU provides more specialized timer processing than the host CPU can achieve. This is partially due 
to the eTPU implementation, which includes specific instructions for handling and processing time events. 
In addition, channel conditions are available for use by the eTPU processor, thus eliminating many 
branches. The eTPU creates no host CPU overhead for servicing timing events.

For more information, refer to Reference 7.

2 Target Motor Theory
A brushless DC (BLDC) motor is a rotating electric machine where the stator is a classic three-phase stator, 
like that of an induction motor, and the rotor has surface-mounted permanent magnets (see Figure 2).

Figure 2. BLDC Motor - Cross Section

In this respect, the BLDC motor is equivalent to a reversed DC commutator motor, in which the magnet 
rotates while the conductors remain stationary. In the DC commutator motor, the current polarity is altered 
by the commutator and brushes. Unlike the brushless DC motor, the polarity reversal is performed by 
power transistors switching in synchronization with the rotor position. Therefore, BLDC motors often 
incorporate either internal or external position sensors to sense the actual rotor position, or the position can 
be detected without sensors.

2.1 Digital Control of a BLDC Motor
The BLDC motor is driven by rectangular voltage strokes coupled with the given rotor position (see 
Figure 3). The generated stator flux interacts with the rotor flux, which is generated by a rotor magnet and 
defines the torque and thus the speed of the motor. The voltage strokes must be properly applied to two 
phases of the three-phase winding system so that the angle between the stator flux and the rotor flux is kept 
as close to 90° as possible, to get the maximum generated torque. Therefore, the motor requires electronic 
control for proper operation.
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Shaft
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Target Motor Theory
Figure 3. Voltage Strokes Applied to the 3-Phase BLDC Motor

For the common 3-phase BLDC motor, a standard 3-phase power stage is used (see Figure 4). The power 
stage utilizes six power transistors that operate in either an independent or complementary mode.

In both modes, the 3-phase power stage energizes two motor phases concurrently. The third phase is 
unpowered (see Figure 3). Thus, we get six possible voltage vectors that are applied to the BLDC motor 
using a pulse width modulation (PWM) technique (see Figure 5). There are two basic types of power 
transistor switching schemes: independent and complementary. Both switching modes are able to work in 
bipolar or unipolar mode. The presented application utilizes the complementary bipolar PWM mode.

For more information about PWM techniques, refer to Reference 15.

Figure 4. 3-Phase BLDC Power Stage
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Target Motor Theory
2.1.1 Commutation
Commutation provides the creation of a rotational field. As mentioned earlier, for proper operation of a 
BLDC motor, it is necessary to keep the angle between the stator and rotor flux as close to 90° as possible. 
We get a total of six possible stator flux vectors with a six-step control. The stator flux vector must be 
changed at specific rotor positions, which are usually sensed by the Hall sensors. The Hall sensors generate 
three signals that also consist of six states. Each of the Hall sensors’ states correspond to a certain stator 
flux vector. All of the Hall sensors states, with corresponding stator flux vectors, are illustrated in Figure 5.

Figure 5. Stator Flux Vectors at Six-Step Control

The next two figures depict the commutation process. The actual rotor position in Figure 6 corresponds to 
the Hall sensors state ABC[110] (see Figure 5). Phase A is connected to the positive DC bus voltage by 
the transistor Q1, phase C is connected to the ground by transistor Q6, and phase B is unpowered.

As soon as the rotor reaches a certain position (see Figure 7), the Hall sensors state changes its value from 
ABC[110] to ABC[100]. A new voltage pattern is selected and applied to the BLDC motor.

As shown below, when using the six-step control technique, it is difficult to keep the angle between the 
rotor flux and the stator flux precisely at 90° in a six-step control technique. The actual angle varies from 
60° to 120°.

The commutation process is repeated per each 60 electrical degrees and is critical to maintain its angular 
(time) accuracy. Any deviation causes torque ripples, resulting in speed variation.
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Target Motor Theory
Figure 6. Situation Right Before Commutation (Counter-Clockwise Motion)

Figure 7. Situation Right After Commutation

2.1.1.1 Quadrature Encoder Versus Hall Sensors
The BLDC motor application uses the quadrature encoder for rotor position sensing. The quadrature 
encoder output consists of three signals. Two phases, A and B, represent the rotor position, and an index 
pulse defines the zero position. All quadrature encoder signals are depicted in Figure 8. Compared with 
Hall sensors, there are some differences, which affect the control algorithm. The main difference is that 
the quadrature encoder does not give commutation moment and absolute position, as do the Hall sensors.
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Target Motor Theory
Figure 8. Quadrature Encoder Output Signals

The differences between the quadrature encoder and Hall sensors are summarized in Table 1.

The two control algorithms are described later on with the quadrature encoder. The first solution is 
commonly used and periodically scans the quadrature encoder. The second solution uses specific 
advantages of the QD eTPU function and translates the quadrature encoder outputs directly into Hall 
sensors signals. These internal signals are used as an input for the commutation algorithm. This algorithm 
is implemented in the presented application.

2.1.1.2 Commutation with Periodical Scanning of Quadrature Encoder
The commutation of the BLDC motor is performed in the six defined moments. Since the quadrature 
encoder gives the precise position, the one electrical revolution is divided into six sectors (see Figure 9). 
To recognize the commutation moment, it is necessary to scan quadrature encoder position very quickly. 
The frequency of scanning depends on the maximal rotor speed, the number of pole pairs and on the 
required precision of commutation moment detection. The same scan frequency as used in the PWM is 
satisfactory for the common applications.

In this case, the rotor position can be scanned in the moment of a PWM reload interrupt. The algorithm 
translates the actual position into the one of the six sectors. If a change of sector is detected, the 
commutation is performed. This algorithm is not implemented in the presented application!

Table 1. Differences Between Quadrature Encoder and Hall Sensors

Quadrature Encoder Hall Sensors

3 outputs 3 outputs

Does not give absolute position Gives absolute position

Gives precise position Gives 6 events per electrical revolution

one revolution

position counter values

Phase A

Phase B

Index

19
98

19
99

0 1 2 19
98

19
99

0 1 2
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Target Motor Theory
Figure 9. Separation of One Electrical Revolution into Six Commutation Sectors

NOTE:
The Figure 9 considers 500 pulses per mechanical revolution, both rising
and falling edges counting, two pole pairs (500 x 4 / 2 = 1000 pulses per
electrical revolution)

2.1.1.3 Direct Conversion of Quadrature Encoder Signals to a 
Commutation Sector

A different method is the direct conversion of encoder output to commutation sectors. The conversion is 
provided by the eTPU. The advantage of this method is that an interrupt rate depends on the actual motor 
speed, while in the previous method, there is a constantly high interrupt rate in order to scan the actual 
motor position. The direct conversion operates in following way:

The electrical revolution is divided into six sectors, as in Figure 9. The rotor position is scanned by the 
shaft encoder, which has its outputs connected to the dedicated eTPU input pins. The quadrature decoder 
(QD) eTPU function uses these pins to decode the quadrature encoder signal and to process position 
counting. After rotor alignment to known position, two compare parameters of the QD eTPU function are 
set to values that correspond to sector borders and the position counter is set to zero, see Figure 10. When 
the motor starts to move, the position counter starts to count the pulses of the quadrature encoder. No 
interrupt is generated until the position counter reaches one of the compare values.
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Target Motor Theory
Figure 10. Alignment Rotor Position 

Figure 11. Situation Prior to First Compare Following Alignment

As soon as the position counter reaches one of the compare values, the position interrupt is called in order 
to start the commutation. The position interrupt sets the new values into the compare parameters of the QD 
eTPU function based on the spin direction. The new values corresponds to the next commutation sector in 
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Target Motor Theory
clockwise or counter-clockwise direction according to actual spin direction. Then the control word, which 
saves the actual commutation sector, is updated and the new voltage pattern is applied to the motor. 
Figure 12 depicts the new situation after commutation.

Figure 12. Situation Following Commutation

We can see that the position interrupt is called six times per electrical revolution. Note that the position 
interrupt is called in the same moment as when we use Hall sensors.

2.1.2 Position Alignment
Since the quadrature encoder doesn’t give the absolute position, we need to know the exact rotor position 
before the motor is started. One possible and very easily implemented method is the rotor alignment to a 
predefined position. The motor is powered by a defined static voltage pattern and the rotor aligns to the 
predefined position. This alignment is done only once, during the initial motor start up. The Figure 10 
shows the position of the aligned rotor. After alignment, the compare parameters of the position counter 
are set to +/- 30 electric degrees from the alignment position, in order to preset the commutation sector. 
The next voltage vector is set to be orthogonal to the alignment position. The resultant direction of the 
voltage vector is given by the polarity of applied voltage.

2.1.3 Speed Control
Commutation ensures the proper rotor rotation of the BLDC motor, while the motor speed only depends 
on the amplitude of the applied voltage. The amplitude of the applied voltage is adjusted using the PWM 
technique. The required speed is controlled by a speed controller, which is implemented as a conventional 
proportional-integral (PI) controller. The difference between the actual and required speeds is input to the 
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System Concept
3 System Concept

3.1 System Outline
The system is designed to drive a 3-phase BLDC motor. The application meets the following performance 
specifications:

• Voltage control of a BLDC motor using quadrature encoder HEDS-5640 A06
• Targeted at ColdFire MCF523x evaluation board (M523xEVB), 33395 evaluation motor board 

(power stage), and MCG BLDC motor (IB23810)
• Control technique incorporates:

— Voltage BLDC motor control with speed-closed loop
— Both directions of rotation
— 4-quadrant operation
— Rotor alignment to the start position
— Minimum speed of 10 RPM
— Maximum speed of 1000 RPM (limited by power supply)

• Manual interface (start/stop switch, up/down push button control, LED indication)
• FreeMASTER control interface (speed set-up, speed loop close/open choice)
• FreeMASTER monitor

— FreeMASTER graphical control page (required speed, actual motor speed, start/stop status, 
fault status)

— FreeMASTER speed control scope (observes required, ramp, and actual speeds, applied 
voltage)

— Detail description of all eTPU functions used in the application (monitoring of channel 
registers and all function parameters in real time)

• DC bus over-current fault protection

3.2 Application Description
A standard system concept is chosen for the motor control function (see Figure 14). The system 
incorporates the following hardware:

• Evaluation board M523xEVB
• 33395 evaluation motor board
• MCG BLDC motor (IB23810)
• Quadrature encoder (HEDS-5640 A06)
• Power supply 9V DC, 2.7Amps
BLDC Motor with Quadrature Encoder and Speed Closed Loop, Driven by eTPU on MCF523x, Rev. 0
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System Concept
The eTPU module runs the main control algorithm. The 3-phase PWM output signals for a 3-phase inverter 
are generated according to feedback signals from quadrature encoder and the input variable values, 
provided by the microprocessor CPU. Commutation of PWM phases is controlled by the CPU.

Figure 14. System Concept

The system processing is distributed between the CPU and the eTPU, which both run in parallel.

The CPU performs the following tasks:
• Periodically scans the user interface (ON/OFF switch, up and down buttons, FreeMASTER). 

Based on the user input, it handles the application state machine and calculates the required 
speeds, which is passed to the eTPU.

• Ensures processing of position interrupts coming from eTPU QD channels and consecutive 
commutation of PWM phases. The interrupts are generated each time the QD position counter 
reaches a value which corresponds to the border between two commutation sectors.

• Periodically reads application data from eTPU DATA RAM in order to monitor application 
variables.

• In the event of an overcurrent fault, the PWM outputs are immediately temporarily disabled by 
the eTPU hardware. Then, after an interrupt latency, the CPU disables the PWM outputs 
permanently and displays the fault state.

The eTPU performs the following tasks:
• Six eTPU channels (PWMC) are used to generate PWM output signals.
• Three eTPU channels (QD) are used to process quadrature encoder signals.
• One eTPU channel (GPIO) is used to generate an interrupt to the CPU when the over-current fault 

signal activates.
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System Concept
• eTPU controls a speed closed loop. The actual motor speed is calculated based on the QD position 
counter and QD last edge time and compared with the required speed, provided by the CPU and 
passed through a ramp. The speed PI control algorithm processes the error between the required 
and actual speed. The PI controller output is passed to the PWM generator as a newly corrected 
value of the applied motor voltage.

Figure 15. The Application and FreeMASTER Screen
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System Concept
3.2.1 User Interface
The application is interfaced by the following:

• ON/OFF switch on M523xEVB.
• Up/down buttons on M523xEVB, or

FreeMASTER running on a PC connected to the M523xEVB via an RS232 serial cable.

The ON/OFF switch affects the application state and enables and disables the PWM phases. When the 
switch is in the off-position, no voltage is applied to the motor windings. When the ON/OFF switch is in 
the on-position, the motor speed can be controlled either by the up and down buttons on the M523xEVB, 
or by the FreeMASTER on the PC. The FreeMASTER also displays a control page, real-time values of 
application variables, and their time behavior using scopes. 

FreeMASTER software was designed to provide an application-debugging, diagnostic, and demonstration 
tool for the development of algorithms and applications. It runs on a PC connected to the M523xEVB via 
an RS232 serial cable. A small program resident in the microprocessor communicates with the 
FreeMASTER software to return status information to the PC and process control information from the 
PC. FreeMASTER software, executing on a PC, uses part of Microsoft Internet Explorer as the user 
interface.

Note, that FreeMASTER version 1.2.31.1 or higher is required. The FreeMASTER application can be 
downloaded from http://www.freescale.com. For more information about FreeMASTER, refer to 
Reference 6.

3.3 Hardware Implementation and Application Setup
As previously stated, the application runs on the MCF523x family of ColdFire microprocessors using the 
following:

• M523xEVB
• 33395 evaluation motor board
• 3-phase MCG BLDC motor (IB23810)
• Power supply, 9-12V DC, minimum 2.7Amps

Figure 16 shows the connection of these parts. All system parts are supplied by Freescale and documented 
according to references.
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Figure 16. Connection of Application Parts

3.3.1 ColdFire MCF523x Evaluation Board (M523xEVB)
The EVB is intended to provide a mechanism for customers to easily evaluate the MCF523x family of 
ColdFire microprocessors. The heart of the evaluation board is the MCF5235; all other M523x family 
members have a subset of the MCF5235 features and can therefore be fully emulated using the MCF5235 
device.

The M523xEVB is fitted with a single 512K x 16 page-mode FLASH memory (U19), giving a total 
memory space of 2 Mbytes. Alternatively, a footprint is available for upgrading flash to a 512K x 32 
page-mode FLASH memory (U35), doubling the memory size to 4 Mbytes.

For more information, refer to Reference 2.

Table 2 lists all M523xEVB jumper settings used in the application.
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