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The evolution of motion control technology has seen a significant shift from traditional brushed DC motors to
Brushless DC (BLDC) motors. This transition is driven by the need for higher efficiency, reduced maintenance,
and improved power-to-weight ratios. However, the complexity of driving a BLDC motor—specifically the
requirement for precise commutation—presents a unique set of engineering challenges. Traditionally, this was
solved using Hall-effect sensors to detect rotor position. The AVR444 application note by Microchip (formerly
Atmel) revolutionized this space by detailing a robust method for sensorless control using low-cost
microcontrollers like the ATmega48.

Understanding the Fundamentals of BLDC Motors

Before diving into the sensorless algorithms, it is essential to understand the physical architecture of a 3-phase
BLDC motor. Unlike brushed motors, where mechanical brushes handle commutation, BLDC motors require
electronic commutation. The stator consists of three sets of windings (Phase A, B, and C) arranged in a star or
delta configuration, while the rotor contains permanent magnets.

To keep the rotor spinning, the stator windings must be energized in a specific sequence. This sequence creates a
rotating magnetic field that the rotor follows. The primary challenge in any BLDC drive system is synchronization:
the controller must know exactly when to switch the current from one winding to the next to maintain maximum
torque and efficiency.

Sensored vs. Sensorless Commutation

In a sensored system, three Hall-effect sensors are placed 120 degrees apart within the motor. These sensors
detect the magnetic field of the rotor and provide digital signals to the microcontroller. While reliable, Hall sensors
introduce several drawbacks:

 Increased Cost: Sensors and additional wiring add to the Bill of Materials (BOM).
* Reliability Issues: Sensors are sensitive to high temperatures and mechanical vibrations.
e Space Constraints: In many miniature motors, there is simply no room for additional sensor hardware.

Sensorless control, as described in the AVR444 framework, eliminates these sensors by using the motor itself as
a sensor. By measuring the Back Electromotive Force (Back-EMF)generated in the unpowered winding, the
controller can calculate the rotor's position with high precision.

The Theoretical Framework of Sensorless Control

The core principle of sensorless BLDC control is the detection of Zero-Crossing Points (ZCP). In a typical
trapezoidal commutation scheme, only two of the three phases are energized at any given time. The third phase
remains floating. As the rotor's permanent magnets pass by this floating winding, they induce a voltage—the Back-
EMFE.

The Physics of Back-EMF

The Back-EMF voltage is proportional to the speed of the motor. Mathematically, it can be expressed as:



E=k-<rA&
Where:E is the Back-EMF voltage.k is the motor constant.<4s the angular velocity.<$ the magnetic flux.

The Zero-Crossing Point occurs when the Back-EMF voltage of the floating phase crosses the neutral point (half of
the DC bus voltage). This ZCP happens exactly halfway between two commutation events. By detecting this point,
the microcontroller can determine when to trigger the next commutation step after a specific delay (usually 30
electrical degrees).

Technical Analysis of the AVR444 Implementation

The AVR444 application note provides a reference design using the ATmega48/88/168series. These
microcontrollers are chosen for their integrated peripherals, including high-speed Analog-to-Digital Converters
(ADC) and Analog Comparators, which are crucial for BEMF detection.

The Hardware Interface

The hardware requires a 3-phase inverter bridge, typically consisting of six MOSFETSs (three high-side and three
low-side). The ATmega48controls these MOSFETs using Pulse Width Modulation (PWM) to regulate speed and
torque. To sense the BEMF, a voltage divider network is connected to each phase to scale the high motor voltages
down to levels safe for the MCU's input pins.
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The Commutation Sequence

Function in AVR444 Design

Switches power to motor phases A, B,
and C.

Scales BEMF voltage for MCU inputs.

Detects the Zero-Crossing Point in
real-time.

Generates PWM signals for speed
control.

Measures time between ZCPs for
commutation.

Importance

High - Handles power delivery.

Critical - Ensures signal integrity.

High - Foundation of sensorless logic.

Essential - Controls power output.

Critical - Ensures timing accuracy.

BLDC motors operate in a six-step sequence. Each step corresponds to 60 electrical degrees. In each step, one
phase is pulled high (connected to VCC), one phase is pulled low (connected to GND), and one phase is floating
(high impedance). The table below illustrates the standard sequence:



Step Phase A Phase B Phase C Floating Phase

(Sensing)
1 High Low Floating Phase C
2 High Floating Low Phase B
3 Floating High Low Phase A
4 Low High Floating Phase C
5 Low Floating High Phase B
6 Floating Low High Phase A

Algorithmic Execution: From Startup to High Speed

One of the primary challenges of sensorless control is that Back-EMF is zero at a standstill. Because there is no
motion, there is no signal to detect. The AVR444 addresses this through a three-stage startup process.

Stage 1: Rotor Alignment

To ensure a predictable start, the controller must move the rotor to a known position. This is done by energizing two
phases (e.g., A-High, B-Low) for a short duration. The rotor aligns itself with the resulting magnetic field.

Stage 2: Open-Loop Ramp-up

Since ZCP cannot be detected yet, the controller enters an "open-loop" mode. It blindly commutates the motor at
an increasing frequency, much like a stepper motor. This stage continues until the motor reaches a sufficient speed
(the cut-in speed) where the BEMF voltage is high enough to be reliably detected by the ADC or comparator.

Stage 3: Closed-Loop Operation

Once ZCP is detected consistently, the system switches to "closed-loop." The timing of the next commutation is
now calculated based on the interval between the previous ZCPs. This ensures the motor runs at maximum
efficiency and can respond to load changes.

Advanced Logic: Zero-Crossing Detection Techniques

In the AVR444 implementation, the Analog Comparator is typically used for ZCP detection because of its speed.
However, the PWM signal introduces significant noise. To overcome this, the software implements PWM Masking.

During the "ON" time of the PWM cycle, the BEMF signal is valid. During the "OFF" time, the signal drops or rings
due to inductive flyback. The firmware is designed to sample the comparator only during the PWM ON-time and
after a short blanking period to allow for noise to settle. This requires precise synchronization between the PWM
timer and the sensing interrupt.

The 30-Degree Phase Shift

A critical technical detail often overlooked is that the Zero-Crossing Point is not the commutation point. The ZCP
occurs at the 30-degree mark of the 60-degree commutation window. Therefore, after detecting a ZCP, the firmware
must wait for a time period equivalent to 30 electrical degrees before switching the MOSFETs. This time is



calculated as half the time measured between the two previous ZCP events.

Practical Implementation: A Field Guide for Engineers

Implementing the AVR444 methodology requires careful attention to both software and hardware layout. Here are
the steps to a successful integration:

1. Hardware Selection: Choose MOSFETs with low RDS(on) to minimize heat. Use a dedicated gate driver IC
(like the IR2101) to ensure the high-side MOSFETSs are fully switched on.

2. Noise Suppression: BLDC motors generate significant EMI. Use decoupling capacitors (0.1uF and 10uF)
near the MCU power pins. The BEMF sensing lines should have small RC filters (e.g., 10k:’ &&B b’ Fo -CFW" +WB
high-frequency PWM noise.

3. Firmware Optimization: The commutation interrupt is time-sensitive. Use optimized C code or assembly for
the interrupt service routine (ISR) to minimize latency. Any delay in the 30-degree timer will lead to inefficient motor
operation or stalling.

4. Scaling: Ensure the voltage dividers for the BEMF sensing are calibrated. If the voltage is too low, the
comparator won't trigger; if too high, it may damage the ATmega48.

Case Studies and Troubleshooting

Even with a perfect implementation of AVR444, real-world variables can cause issues. Below are common failure
modes and their solutions.

Loss of Synchronization

If the load on the motor increases suddenly, the rotor may lag behind the magnetic field, causing the BEMF signals
to become erratic. This results in a "sync loss" where the motor screeches or stops. Solution:Implement a  stall-
detection algorithm that reverts the system to open-loop ramp-up if a ZCP is not detected within a certain timeout
period.

Overheating at Low Speeds

At very low speeds, the BEMF is weak and the PWM duty cycle is low. If the motor is forced to run in open-loop for
too long, it will consume excessive current without producing much torque. Solution:Adjust the ramp-up
acceleration curve to reach closed-loop operation as quickly as possible.

High-Speed Jitter

At high RPMs, the time between ZCPs becomes very small. If the MCU clock speed is too low (e.g., using the
internal 1MHz oscillator), the timing resolution for the 30-degree delay becomes insufficient. Solution:Use an
external crystal oscillator (16MHz or 20MHz) to provide the necessary timing resolution for high-speed
commutation.

Technical Comparison: AVR444 vs. Modern FOC

While the AVR444 (Trapezoidal control) is highly effective and simple, modern high-end applications sometimes
use Field Oriented Control (FOC). The table below highlights the differences:



Feature AVR444 (Trapezoidal) FOC (Sinusoidal)

MCU Requirement Low (8-bit AVR) High (32-bit ARM/DSP)
Torque Ripple Moderate (Commutation dips) Very Low (Smooth)
Acoustic Noise Audible (Switching noise) Near Silent

Efficiency High (~85-90%) Very High (>95%)
Complexity Low/Moderate Very High

Despite the rise of FOC, the trapezoidal sensorless method remains the industry standard for power tools, fans,
pumps, and low-cost drones due to its balance of performance and extreme cost-efficiency.

The Future of Sensorless Motor Control

The principles outlined in the AVR444 application note continue to influence modern motor drive design. As
microcontrollers become even cheaper and more integrated, we are seeing the rise of "SoC" (System on Chip)
solutions that bake the BEMF sensing networks and gate drivers directly into the silicon. However, the underlying
math—the detection of the Back-EMF zero-crossing and the calculated phase shift—remains constant.

For engineers working with the tinyAVR or megaAVR platforms, mastering the AVR444 framework is more than just
a lesson in motor control; it is an exercise in maximizing hardware capability through clever software timing. By
eliminating physical sensors, designers can create more durable, compact, and affordable products, whether they
are developing a high-speed cooling fan or a propulsion system for a sub-micro UAV.

The longevity of the AVR444 documentation in the engineering community serves as a testament to its
effectiveness. By providing a clear path from theoretical BEMF physics to practical C code, it has democratized
high-performance motor control, moving it from the realm of specialized industrial drives into the hands of everyday
embedded systems developers.
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