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How To Control Brushless
Motors (Part 1)

Understanding the basics is critical to squeezing higher efficiency, smoother motion,
and better torque out of three-phase brushless DC (BLDC) motors.

rushless DC motors, also called brushless motors
or BLDC motors, are popular for high-reliability
and high-performance motion control. They don’t
use mechanical brushes that can generate par-
ticulates and wear out; instead, they’re commutated elec-
tronically. The advantages of BLDC motors are high torque
output, high spin rate, and brushless operation. However,
their main drawback is cost relative to DC brushed or step-
per motors
BLDC motors can be divided into two major motor
groups: rotary BLDC motors and linear BLDC motors.
There are further sub-divisions, specifically in the realm
of rotary motors, which can be differentiated by inner or
outer rotor construction as well as axial-flux or radial-flux
designs. Inner-rotor BLDC motors break down into the in-
terior permanent magnet (IPM) type or the surface-magnet
type. Finally, iron core construction methods distinguish
between slotted BLDC motors and slot-less BLDC motors.
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Most of these variations have little impact on the tech-
niques used for motor control, but they can have a sig-
nificant impact on important performance characteristics,
including the torque-to-weight output, smoothness, maxi-
mum acceleration rate, and top speed.

Where do three-phase brushless motors fit within the
larger range of positioning motor choices? Figure 1 shows
two graphs comparing various motor types in two key per-
formance metrics: the ratio of power output to weight and
the ratio of torque output to weight. For a given applica-
tion, one of these factors is usually more important than the
other. However, they're actually related because power is de-
fined as torque times the spin rate.

The Magnetics Matter in Brushless DC Motors

Determining what happens inside the motor and how
brushless motors generate torque provides a foundation for
understanding how various BLDC control techniques work.
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1. The chart presents torque-to-weight and power-to-weight comparisons for DC brush, stepper, and brushless DC motors.
(Credit: Performance Motion Devices)
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The diagram in Figure 2 shows the mag-

netic fields of the brushless motor’s ro- >
tor and stator looking down the rotation
axis of the motor and projected onto an
XY plane.

Torque is generated by the interac-
tion of the magnetic fields created by
permanent magnets in the rotor and the
windings in the stator. Each of the sta-
tor windings (referred to as windings A,
B, and C in Figure 2) generate their own
magnetic field vector oriented 120 de-
grees apart. These individual vectors are
called winding current space vectors.

Because they all share a common
iron core, the net direction of the sta-
tor’s magnetic field can be thought of
as a single vector consisting of the sum
of the three individual winding vectors.
This summed vector is called the stator
current space vector.

In Figure 2, the central green magnet
is the rotor and can be thought of as a
simple bar magnet with a north and
south pole. Depending on how the indi-
vidual stator windings are driven, they
can create force that’s perpendicular to
the direction of the magnetic rotor field,
or they can create force which is paral- 5
lel to the rotor magnetic field. These two
different kinds of force are known as the
quadrature (Q) and direct (D) forces,
respectively.

How do the three magnetic fields
generated by the stator windings com-

bine to form a single stator current 1,=34A
space vector? The answer is that the net
stator vector has a direction and magni- Ic=44A

tude equal to the sum of the individual
winding current space vectors (Fig. 3).
I, I, and I are the magnetic fields cre-
ated by current I, in the A winding, cur-
rent I, in the B winding, and current I,
in the C winding.

These three magnetic vectors, which
are oriented 120 degrees apart from each other, have a differ-
ent magnitude owing to the different current flowing through
their winding. In the example below, I, comes with a current
of 1.4 A, I, with current of 1.1 A, and I. with 0.6 A. They’re
drawn in an XY plane, and the net vector is created by joining
the individual vectors “head to tail,” resulting in the single net
stator magnetic vector visible in green (Fig. 3, again).
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2. Shown are the rotor and stator magnetic vectors in a three-phase BLDC motor.
(Credit: Performance Motion Devices)
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3. The A, B, and C winding vectors add together to form the stator current space
vector. (Credit: Performance Motion Devices)

When the angle of the rotor’s magnetic field and the sta-
tor’s magnetic field are perpendicular, the Q (rotation gen-
erating) force is at its maximum and the D (non-rotation
generating) force is zero. Conversely, if the rotor magnetic
field and net stator magnetic field are parallel, the Q force is
zero and the D force is at its maximum. Only the perpendic-
ular Q force generates useful rotational torque. The parallel
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D force serves to compress the rotor,
which generates no rotational torque.

To generate maximum torque, the
controller manipulates the stator vec-
tor angle so that it always points per-
pendicular to the rotor magnetic angle.
This process is called commutation —
the controller achieves this by inputting
sensor signals from the motor indicat-
ing the position of the rotor, which al-
lows the controller to adjust the stator
magnetic angle as the rotor rotates.
More on this will come in later articles
focused on commutation.

The Importance of Motor Poles in
BLDC Motors

A key factor in BLDC motor con-
struction is the notion of motor poles.
Brushless motors can be wound in such
a way that a single 360-degree mechani-
cal rotation is driven by a single 360-de-
gree electrical rotation, by two 360-de-
gree electrical rotations, or by many
electrical rotations. Note that a 360-de-
gree electrical rotation here means a
360-degree rotation of the stator’s mag-
netic field angle.

A motor that makes one full mechan-
ical rotation for one full stator angle ro-
tation is a two-pole motor (traversing a
north pole and a south pole). Two-pole
motors are sometimes also labeled as
one-pole-pair motors. When a single
mechanical rotation results from two
electrical rotations, this is a four-pole motor. BLDC motors
can have 2, 4, 6, 12, or other even numbers of poles. In all
cases, the number of pole pairs is half the number of poles.

What are the pros and cons of different numbers of poles
in BLDC motor? Broadly speaking, higher pole counts give
BLDC motors higher torque output but result in lower top-
end rotational speed. Many motor design factors affect both
these metrics, but other details being equal, that’s the pri-
mary functional effect of differences in pole count.

The Differences Between Rotary and Linear
BLDC Motors

So far, we've only talked about rotary motors, but all of
the principles discussed above can also be applied to linear
brushless motors.

How is a linear BLDC motor constructed? Figure 4 shows
how a linear motor compares to a rotary motor. The linear

Rotary Motor

Linear Motor

/— Stator

Windings

Air Gaps

Permanent
Magnets

4. The structural layout of a rotary motor is compared with a linear brushless DC
motor. (Credit: Performance Motion Devices)
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5. In this linear BLDC motor, the stator is fixed and the mover travels along the
track. (Credit: Performance Motion Devices)

version of the brushless DC motor is essentially an un-
wrapped rotary motor. They both have a stator — the part
that houses the coils. And they both have a rotor — the part
that contains the permanent magnets.

Note that rotor is a confusing term for a linear motor
since it doesn't rotate. Nevertheless, we will use this term
because there’s no other standard accepted term for this part
of the linear motor.

Control of the linear motor from the perspective of set-
ting the stator angle is similar to rotary brushless motors.
Linear motors use commutation to drive the stator windings
with a vector angle that results in maximization of the useful
Q force and minimization of the non-useful D force.

With linear BLDC motors, two different configurations of
the stator and rotor are possible, one where the stator (the
part with the coils) is stationary and the rotor (the part with
the magnets) moves, and the opposite configuration where
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the stator moves and the rotor is sta-
tionary (Figs. 5 and 6).

A variation of the “track” layout
scheme for linear BLDC motors uses a
rod. The rod contains alternating north/
south-oriented magnets and therefore
functions as the rotor. Once again, ei-
ther the rotor (the rod) can move with
the stator staying stationary or, more
commonly, the rotor can be stationary
with the stator traveling across it (Fig.
7).

Whatever arrangement is used, the
linear brushless motor is a popular
choice in applications that demand high
reliability and fast response time. While
significantly more expensive than ac-
tuators that convert motor rotation into
linear motion (using mechanisms such
as ball screws or pinion gears), they’re
capable of much higher positioning ac-
curacies. This is because mechanisms
that convert rotary motion into linear motion inevitably
introduce backlash and compliance, lowering final position-
ing accuracy.

One factor pushing the adoption of linear BLDC motors
is the availability of high-resolution encoders at relatively
low prices. New encoder types such as sin/cos encoders and
BiSS-C serial encoder data connections have become avail-
able. When combined with advanced signal processing elec-
tronics, they make it possible for linear stages and XY stages
to provide extraordinary positioning resolution of nanome-
ters or even picometers.

The Building Blocks of BLDC Motor Controllers

With this general introduction to BLDC motors com-
plete, we can dive into the subject at the heart of this series:
How to control brushless motors. BLDC motors are “multi-

6. Here, the linear BLDC motor has a moving stator and a stationary magnet track.
(Credit: Performance Motion Devices)

phase” devices, meaning multiple motor coils in the motor
stator are electrically energized to create rotation. Figure 8
shows the control architecture of a three-phase brushless
motor controller.

Most BLDC motor controllers share several building
blocks. First, there’s a source of profile generation, which
may be internally generated by the controller or come from
outside through a network connection. The choice of mo-
tion profile is application-specific, but it’s an important as-
pect of the overall controller’s operation, offering the pos-
sibility to maximize throughput and minimize vibration of
the driven mechanism.

For position-control applications, a position control loop
generates a current command that minimizes the difference
between the desired (commanded) position and the actual
(measured) motor position. Some applications require only
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7. This rod-style linear BLDC motor has alternating magnetic poles. (Credit: Performance Motion Devices)
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8. The control flow diagram outlines trajectory generation, commutation, current control, and amplification for a BLDC sys-

tem. (Credit: Performance Motion Devices)

velocity control rather than position control, in which case
the controller uses a velocity servo loop instead of a position
loop.

In either instance, the output of this loop is a desired
current command, which can be interpreted as the desired
amount of motor torque generation.

The current command is then commutated, meaning the
total desired current is distributed into separate commands
for each of the three motor windings. Various commutation
schemes exist, depending on the position sensor used and
the desired levels of efficiency and smoothness. Next, a cur-
rent control loop measures the current flowing through each
motor winding and adjusts the applied voltage so that the
actual current closely matches the commanded current.

Finally, an amplifier applies the voltage commands to
each motor winding. Today, most amplifiers use a pulse-
width-modulation (PWM)-based switching bridge design
due to its very high efficiency and ease of control. However,
in electronic systems requiring ultra-low electromagnetic
interference (EMI), linear amplifiers may still be used.

Across BLDC motor controllers, significant variations of
this architecture exist. For example, some controllers don’t
employ active current control of the motor windings, and
in non-positioning applications, some omit position sensors
entirely — a technique known as sensorless control.

The next part of this series will provide a more detailed
look at each of the motion controller sections highlighted
above.
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