SENSORLESS VERSIONS OF THESE

HIGHLY EFFICIENT MOTORS REDUCE

COST AND PARTS COUNT, BUT THE
MOTORS STILL REQUIRE COMPLEX

CONTROL ALGORITHMS. MATCH THE
RIGHT MOTOR TYPE AND CONTROL-
LER TO YOUR APPLICATION FOR THE

BEST PERFORMANCE AND COST.

PERMANENT-MAIGNET MOTORS
oost efficiency

and power density

BY MARGERY CONNER « TECHNICAL EDITOR

he global price of energy is at an all-time high,
with few signs of relief in sight, making consum-
ers and businesses alike interested in energy con-
servation. Currently, the most common motor
type in use is the single-phase ACIM (ac-induc-
tion motor), which is efficient only while run-
ning at a constant speed, though most applica-
tions—whether in the home or in industry—run
at variable speeds. Worse, applications with a re-

verse speed, such as washing machines, require gearboxes, which
reduce power density as well as efficiency. For high-power applica-
tions, using ACIMs is still the rule, but, at 2 kW and less, perma-
nent-magnet motors are taking over in new designs. (As a refer-

ence, a washing-machine motor uses about 1 kW or less.)

Permanent-magnet motors have been
commercially available since the ’90s
but didn’t initially see widespread use
because of the high cost that they owe
to the expensive permanent magnets on
their rotor. In addition, their complex
control algorithms require specialized
engineering expertise as well as the ad-
ditional expense of an embedded proces-
sor (see sidebar “How permanent-mag-
net motors work” at the Web version of
this article at www.edn.com/070913df).

Recently, however, the price of cop-
per, which both the stator and the ro-
tor windings of ACIMs use, has risen.
These prices have had less impact on
permanent-magnet motors, which lack
rotor windings. At the same time, per-
manent-magnet prices have dropped.

At their most basic, permanent-mag-
net motors require some kind of sen-
sor—usually, a Hall-effect type—to de-
termine the position of the rotor with
respect to the windings on the stator.
The motor’s control-drive electronics
use the rotor-position feedback to adjust
the pulse-width-modulated drive signals
to the windings. However, using sen-
sors is not the only way for the control
electronics to monitor position: Motor-
control processors have become more
powerful and can now calculate rotor
position from the motor’s back EMF
(electromotive force), eliminating the
need for position sensors for some ap-
plications (Figure 1). For example, new
designs for hermetically sealed refrigera-
tion compressors are moving to perma-
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nent-magnet motors for higher power
efficiency. Formerly, they relied on sin-
gle-phase ACIMs, which required just
two electrical connections through the
hermetic seal. It’s not a big leap for the
designs to bring out one more line for a
three-phase permanent-magnet motor
drive, but bringing out three additional
position-sensor lines through the her-
metic seal would be too expensive and
decrease reliability. Sensorless perma-
nent-magnet motors are better options.
However, sensorless permanent-mag-
net motors are not the answers for all ap-
plications. The rotor must be moving at
some minimum speed to generate a back
EME which sensing requires. These de-
vices are good only for motors in applica-
tions whose operating speed ranges from
5 to 100% of the top speed. In addition,
applications requiring precise position-
ing usually require sensored motors. But,
for applications such as consumer appli-
ances and many industrial-control sys-
tems, sensorless permanent-magnet mo-
tors are making significant inroads.
There are two kinds of permanent-
magnet motors: brushless-dc motors and
PMSMs (permanent-magnet synchro-
nous motors). Brushless-dc-motor wind-
ings give a trapezoidal back EMF and re-
spond to a trapezoidal-drive signal (Fig-
ure 2a); PMSMs produce a sinusoidal
back EMF and require a sinusoidal-drive
signal (Figure 2b). Their different drive
signals and, thus, their torque make for

AT A GLANCE

Bl Permanent-magnet motors

are more efficient than ac-induc-
tion motors, but they require more
sophisticated control circuitry.

B Sensorless permanent-magnet
motors are less expensive and more
reliable than those with sensors,
but some applications that require
less-than-5%:-of-maximum speed or
frequent stops and starts require
Sensors.

Bl Microcontroller, DSC (digital-sig-
nal-controller), and semiconductor
vendors are offering development
platforms with control algorithms to
ease the task of designing for these
motors.

a key difference in the drive characteris-
tics of the two motors: The brushless-dc
motor is subject to torque ripple of ap-
proximately 13%, and the PMSM theo-
retically has 0% torque ripple.

A six-step commutation process drives
brushless-dc motors. As the process ap-
plies the drive voltage between two
phases of the windings, the third phase
senses the back EME The sequence to
drive the rotor takes six steps; hence,
manufacturers often call this sequence a
six-step process. This algorithm is rela-
tively straightforward, and you can im-
plement it with an 8-bit processor or
with an 8-bit processor and a hardware-

based coprocessor. Freescale, Infineon,
Microchip, STMicroelectronics, and
Texas Instruments have developed the
software for the six-step commutation
algorithms for their microcontrollers
and DSCs (digital-signal controllers),
which are, in general, 8-bit devices.

FOC HELPS PMSMs

However, brushless-dc motors have
drawbacks that make them unsuitable
for some applications. For example, the
dynamic response of trapezoidal control
isn’t optimal for washing machines, be-
cause the load changes both dynamical-
ly within a wash cycle and varies from
load to load and selected wash cycle.
Further, in a front-loading machine,
the gravitational power works against
the motor load when the load is on the
top side of the drum. The sinusoidally
driven PMSM with FOC (field-orient-
ed control) can better handle dynam-
ic-load changes, but it requires a more
powerful processor to handle the vector
computations (Reference 1).

FOC relies on two algorithms: The
Clarke algorithm converts the stator-
winding-phase currents from a three-
axis vector to a two-axis vector, refer-
enced to the stator. The Park transform
then converts the two-axis currents into
a rotating system, still relative to the ro-
tor. Clearly, the computational power
these transformations require is both
complex and computationally inten-
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Figure 1 A three-phase permanent-magnet motor requires a processor to create the control algorithms for the inverter to drive the
motor’s windings. The six high and low PWM signals come from the motor-control processor. A sensorless permanent-magnet motor
relies on the motor's back EMF to sense the rotor position and control the motor direction and speed. The processor uses currents |,

and | to calculate back EMF.
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sive. Several microcontroller and DSC
vendors offer development platforms for
their chips that they tailor to run these
algorithms. Microchip offers the 16-bit
dsPIC33F]12MC201/203 DSC, which
includes a PWM with two independent
clock sources for advanced motor-control
algorithms and active power-factor cor-
rection, as well as a user-selectable 1.1M-
sample/sec, 10-bit ADC or 500k-sample/
sec, 12-bit ADC. The DSC can operate
at 40 MIPS, and the Clarke and Park al-
gorithms require 11-MIPS performance,
leaving 72% of the DSC’s overhead for
performing other tasks, such as comput-
ing power-factor control. The chips sell
for $1.99 (volume quantities).

You can perform FOC-vector calcu-
lations with Infineon’s 8-bit XC886/88
processor, which includes a CORDIC
(coordinate-rotational-digital comput-
er) to perform hard-coded trigonometric
functions necessary for the Clarke and
Park routines before transferring the re-
sult to the chip’s general-purpose con-
troller, which interfaces with the drive
circuitry. The company offers FOC-soft-
ware algorithms for the 8-bit processor
that take up 58% of the CPU’s perfor-
mance. So, depending on what other
chores your processor has, this amount
of processing power could be enough.
The 8-bit version sells for $2 to $3, de-
pending on volume. Infineon plans to
introduce a 16-bit version in October.

AT EDN.COM >

For a PowerSource blog post on
algorithms and motor efficiency, see
“As motors go green, free code helps
to further reduce price,” www.edn.
com/070913df2.

For more on motor control, see
“Inverters rev up small-motor drives”
at www.edn.com/article/CA46852.

Go to www.edn.com/070913df
and click on Feedback Loop to post
a comment on this article.

These motor-controller engines all
come from companies that are in the
microcontroller business. These com-
panies offer the algorithms in software
that you can modify for performance in
an application. International Rectifier’s
approach differs from these companies
in that its iMotion platform implements
the control algorithms in hardware, re-
sulting in the usual hardware-versus-
software-algorithm trade-off: The hard-
ware algorithms run fast—with a typical
FOC calculation taking just 11 psec in
the iMotion digital-control engine—but
you can’t modify them.

Freescale has teamed with Fairchild
and Nidec Shibaura to make a pack-
age of Freescale’s 56F800/E DSC fami-
ly, Fairchild’s switching-power semicon-
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ductors, and Nidec Shibaura’s flat, round
“pancake” PMSM; the initial products
target washing machines. Freescale pro-
vides the sinusoidal-control algorithms
for the motor controller, and Fairchild
provides the high-power-semiconductor
switches for the inverter-drive electron-
ics. Nidec Shibaura’s pancake motor
tunes the DSC, inverter, and motor all
to work with each other for the wash-
ing-machine application.

WATCH YOUR HEAD ROOM

Cliff Ortmeyer, market-development
manager in the appliance sector for ST-
Microelectronics, says that the 8-bit
STTMCI1/2 processor dedicates a motor
control to peripherals and works well for
brushless-dec-motor control and the six-
step control process. But he says that
you need a more powerful 32-bit proces-
sor for the FOC of PMSMs. He agrees
that it’s vital to have adequate process-
ing power in the controller to handle
not only the vector computations, but
also other system-control functions.
“Our [PMSM-control] designs use less
than 50% of the CPU to perform the
main motor control. So, with the 32-bit
ARMYT7/9 processor, that leaves a huge
amount of power for the other applica-
tion functions.”

The price decreases and new tech-
nology for PMSMs make them invit-
ing devices to employ, but they may not
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Figure 2 A trapezoidal-drive current in a six-step process drives a brushless-dc motor, possibly resulting in a torque ripple of as much
as 13% (a). The motor-drive current to a PMSM is sinusoidal, giving an ideal torque ripple of zero, but the trade-off is that the control

algorithm is more complex (b).
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be the best devices for your application.
Even though STMicro makes control-
lers for both motor types, Ortmeyer sug-
gests that you not dismiss a brushless-dc
motor for your application just because
PMSMs are getting all the attention
now. Brushless-dc motors can use a sim-
pler controller, and simple is always a
good idea. So, how do you decide on the
best motor type?! Ortmeyer says that you

should consider whether your applica-
tion needs to use the motor for regen-
erative braking and whether it needs to
reverse direction. For example, a wash-
ing machine needs to reverse, but it
doesn’t need to use the motor for brak-
ing. If you need both capabilities, you
should choose a PMSM and sinusoidal
control. If you need to do only reverse
speed or braking, then you may well be
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able to get by with a brushless-dc motor
and its simpler controller.

When you’re determining the process-
ing power you need, you should consider
the overall system needs of your applica-
tion—not just the algorithm-crunching
part of motor control. Arefeen Moham-
med, systems application engineer for
Texas Instruments’ C2000 DSC line, says
that, five years ago, no one would con-
sider using a 32-bit processor for an ap-
pliance-motor-control application, such
as a washing machine. However, front-
loading washing machines have a com-
plex performance profile: The horizontal
position makes them more efficiently use
water but comes with a correspondingly
more complex motor controller. “Now,
you'll use the processor not just for mo-
tor control, but also to sense water level
and temperature.” He suggests you look
at the overall system efficiency and not
just the motor.

“Five years ago, a representative mi-
crocontroller for motor control had a 10-
bit ADC with a total conversion time
of about 5 psec. Now, we offer a 12-bit
ADC with a total conversion time of
about 80 nsec, and we are receiving the
requests to improve further. So, right
now, 12 bits is a kind of standard. For ad-
vanced high-performance motor drives,
we are already seeing the need for 16-bit
ADCs,” says Mohammed.Ebn
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HOW PERMANENT-MAGNET MOTORS WORK

Permanent-magnet motors rotate because of the torque
that the interaction of two magnetic fields causes: the
field that the permanent magnets mounted on the rotat-
ing rotor create and the magnetic field that the station-
ary windings of the stator induce. The torque is great-
est when the magnetic vector of the rotor is at 90° to the
magnetic vector of the stator, because it forces the poles
of the rotor to rotate in the direction of the stator field. In
a trapezoidally driven brushless-dc motor, a current flow
alternating sequentiallly through two of the three coils
generates the stator field. The remaining third coil moni-
tors the back EMF (electromotive force) of the two active
coils (Figure A).

Back EMF occurs when a permanent-magnet motor ro-
tates, and each winding generates a voltage that opposes
the main voltage to the windings. Back EMF depends on
the angular velocity of the rotor, the magnetic field that
the rotor magnets generate, and the number of turns in
the stator windings. The motor’s back EMF provides the
feedback of the rotor’s position with respect to the sta-

Figure A In a six-step commutation algorithm, the control elec-
tronics apply current to just two of the three stator coils at

a time and monitor the back EMF through the third coil. The
purple and red arrows represent the magnetic field that the sta-
tor coils cause, and the white arrow is the resulting stator field.
The magnetic dipole represents the rotor's permanent magnets’
field, and the light red and green arrows at the poles represent
the rotor torque.

tor windings; permanent-magnet motors with sensors-
usually, Hall-effect sensors-provide a similar position
feedback. The stator magnetic vector is almost always
misaligned with the rotor, causing a ripple in the torque.
Torque ripple can cause increased mechanical wear, vi-
bration, and noise, and it generally degrades motor per-
formance.

With sinusoidal commutation, which PMSMs (perma-
nent-magnet synchronous motors) use, the drive-control
circuitry simultaneously powers the three coils. Figure B
illustrates the vectors at sinusoidal commutation. The si-
nusoidal-drive currents in the three coils are phase-shift-
ed by 120° and the force smoothly rotates, with the stator
vector remaining at a 90° angle from the rotor vector. An
ideal motor with a sinusoidal drive shows torque ripple
(Reference A).
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Figure B With sinusoidal commutation, the motor-control elec-
tronics apply sinusoidal currents phase-shifted by 120° to the
three coils simultaneously. As a result, the force that the electro-
magnetic-space vector creates is smoothly rotated along, so that
the stator vector remains at a 90° angle from the rotor vector.






