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Choosing the right

CONTROL METHOD

Motors account for at least half of the energy
fOr V F D S consumed in the U.S. Selecting the right
control method for an application lets the
motor run most efficiently while maximizing

or motors controlled
by a variable frequency
drive (VFD), the con-

trol method used in #

large part determines a motor’s
efficiency and performance in
an application. Once engineers
and designers understand the
advantages, disadvantages,
and particular specifications
for each control method,
choosing the right one for any
application becomes simple.

CONTROL METHODS
Many people in the industry
think control methods are the
sequencing methods that con-
trol VEDs, as in 2- and 3-wire
setups. Such 2- and 3-wire
setups determine whether a
VED’s input-control terminals
interface with maintained con-
tacts or momentary push but-

torque and overall performance. Efficiently
run motors also use less energy and have less
downtime for greater overall savings.
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Variable frequency drives
come in all sizes, as demon-
strated by these two VFDs
from Yaskawa America Inc.
Both are in the company’s
A1000 Series of drives and
are powered by three-phase
380 to 480 V. The 0004FAA
(above right) model’s nor-
mal duty current load is
4.1 A, it handles up to 2 hp
motors, and weighs 9 Ib.
The 0208AAA model, on the
other hand, uses up to 208
: A during normal duty cycles,
. S 5 handles 150 hp, and
weighs 218 Ib.
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tons to start and stop the drive. The control
methods focused on in this article are per-
haps more accurately called motor-control
methods. They determine how VFDs control
motors.

There are four primary types of motor con-
trol methods for induction motors connect-
ed to VEDs: volts-per-hertz (V/f), V/f with
encoder, open-loop vector, and closed-loop
vector. These methods all use pulse-width
modulation (PWM), a technique that var-
ies the width of a fixed signal by modulating
pulse durations to create a variable analog
signal.

PWM is applied to VFDs by using the fixed
DC voltage from the VFD’s DC bus capaci-
tors. A set of insulated gate bipolar transistors
(IGBTs) on the output side rapidly open and
close to generate pulses. Varying the output
pulses’ width in the output-voltage waveform
can build a simulated AC sine wave. Even
though the drive’s output-voltage waveform
consists of square waves due to DC pulsing, the
current waveform will be sinusoidal because
the motor is inductive. All motor-control
methods rely on a PWM voltage waveform
to control the motor. The difference between
control methods lies in how they calculate the

Frequency reference

DC bus output

AC motors are commonly controlled using pulse-width modulation. In that
process, the carrier frequency (shown in red) is the rate at which the VFD’s
output transistors are gated or tuned on. The carrier frequency can usually
be from 2 to 15 kHz. The frequency reference (in blue) is the speed signal
being sent to the motor, usually from 0 to 60 Hz. When overlaying the two

waveforms, engineers
can use the intersec-
tion points between
these two curves to
modulate the output
DC pulses (in black)
to provide the desired
speed control.

motor’s voltage needs at any given moment.

V/F CONTROL

Volts-per-hertz, commonly called V/f, is
the simplest motor control method. It is often
used due to its “plug-and-play” simplicity and
how little motor data the drive needs. It does
not require an encoder and tuning the VED to
the motor is not required (but recommended).
This means lower costs and less wiring. V/f
control is often used when there is a demand
for operations which could exceed 1000 Hz,
so it is often employed in machine tool and
spindle applications.

V/t is the only control method that lets sev-
eral motors run from a single VFD. In such
cases, all motors start and stop at the same
time, and follow the same speed reference.

V/f has some limitations. For example, with
V/1, there is no guarantee the motor-shaft is
rotating. Additionally, the motor’s starting
torque is limited to 150% of its output at 3
Hz. The limited starting torque is more than
enough for most variable torque applications.
In fact, just about every variable torque fan
and pump app in the field uses V/f control.

The V/f method’s relative simplicity is partly
due to its “looser” specifications. Speed regu-
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lation is typically 2% to
3 % of maximum fre-
quency. Speed response
is rated at 3 Hz. Speed
response is defined
as how well the VED
responds to a change
in reference frequency.
An increase in speed
response results in 104777

Voltage (V)

Constanttorque V/f pattern
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quicker motor respons- 0 15 30
es when the reference
frequency changes.

Control methods also have speed-control
ranges (expressed as ratios). V/f’s speed con-
trol range is 1:40. Multiplying this ratio by the
maximum frequency determines the VFD’s
minimum running speed at which it can con-
trol the motor. For example, with a 60-Hz
maximum frequency and 1:40 speed control
range, a drive using V/f control can control a
motor down to 1.5 Hz.

A V/f pattern defines a ratio of voltage-to-
frequency for the motor to follow, and a VFD
can have only one V/f pattern programmed
at a time. The V/f pattern, or curve, will ulti-
mately determine what voltage is output to
the motor based on a given speed reference
(frequency).

Operators or technicians can select preset
V/f patterns in the VFD’s programming with
a single parameter. Preset patterns are opti-
mized for specific applications. Users can go
one step further, programming a custom V/f
pattern or profile to tune the VFD to a specitic
application and motor being used.

Applications such as fans and pumps are
variable torque loads. A variable-torque V/f
pattern prevents faults and increases perfor-
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Different V/f patterns let VFDs control several different applications
while maintaining optimal performance for each. The constant
torque pattern is a straight line, which results in a constant V/f ratio
that provides constant motor torque throughout the speed range.
The variable-torque pattern has lower voltages at lower speeds to

prevent motor saturation.

mance and efficiency. It reduces the magne-
tized current at low frequencies by lowering
the motor voltage at lower frequencies.

Similarly, constant-torque applications, such
as conveyors, should use constant-torque V/f
patterns. These apps need full magnetizing
current at all speeds. So a straight slope is con-
structed and followed throughout the entire
speed range.

In general, the VFD will output a voltage
based on whatever speed the motor is set to
while referencing the V/f pattern.

V/FWITH ENCODER

If an application needs more precise speed
regulation, along with the ability to run at a
higher reference frequency, an encoder can
be added to V/f control. The encoder feed-
back tightens speed regulation down to 0.03%
of the maximum frequency. Output voltage
is still determined by the selected V/f pat-



tern programmed into the
VED by a technician. This

Motor rotation

Four quadrants of torque limits
Positive torque

Torque limits are broken down into
four quadrants depending on motor

allows fOI' high—speed con- Torque A direction (forward or reverse) and
. . . whether the motor is motoring or
trol without high dynamic .
regenerating. For example, a bottle
responses because voltage capper would require torque limits
and frequency are prede- Reverse Quadrant | Quadrant Forward set up for Quadrant 1. Alternatively,
. 2 '| . . . .
termlned. motor € > motor an unwinding appllcat|.on would
Th K 1 h d rotation Quadrant Quadrant rotation need forward motor rotation to feed
1s control metho 3 4 the line, but a negative torque limit
is not common because due to regeneration caused by the
it entails the costs Of an U line being pulled to create tension.
So the torque limit would be set in
encoder and feedback Y Quadrant 4.

card, and its advantages
over standard V/f control
are minimal. Starting torque, speed response,
and speed control range are all identical to
the V/f control. In addition, higher operating
frequencies are limited by how many pulse-
per-revolutions are generated by the encoder.

OPEN-LOOP VECTOR CONTROL

Open-loop vector (OLV) control is used
for greater and more dynamic motor control.
It independently controls motor speed and
torque, much like the way DC motors are con-
trolled.

When running OLV, motors can produce
200% of their rated torque at 0.3 Hz. The higher
starting torque at lower speeds opens the door
for a variety of applications. This control meth-
od also allows for four-quadrant torque limits.

Torque limits primarily restrict motor torque
to prevent damage to equipment, machinery,
or products. They are broken into four differ-
ent quadrants, depending on motor direction
(forward or reverse), and whether the motor is
motoring or regenerating. The limits can be set
independently for each quadrant, or users can
program an overall torque limit into the VFD.

A motoring condition is when the motor’s

Negative torque

speed and torque are both in the same direc-
tion. For example, forward speed and forward
torque would motor a conveyor in the forward
direction. Regeneration is when the motor
is being overhauled by the load. On an AC
motor, when the rotor rotates faster than the
magnetic field in the stator, it acts as a gen-
erator. This causes regenerated energy to flow
back into the VFD.

For example, a bottle capper could use a
torque limit in Quadrant 1 (forward rotation
and positive torque) to prevent over-torquing
the bottle caps. It moves forward and uses pos-
itive torque to put the cap on the bottles. An
application involving an elevator with a coun-
terweight heavier than the empty car would
have limits in Quadrant 2 (reverse motor rota-
tion and positive torque). If an empty car is
called to a higher floor, the torque opposes the
direction of the speed to maintain control over
the counterweight and the elevator’s speed
and position as it moves against gravity.

A machine drill backing a screw out of a
block of wood (reverse motor direction and
negative torque) could use limits in Quad-
rant 3. And an unwinding application could
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use Quadrant 4 limits (for-
ward motor rotation and nega-
tive torque). The motor would
spin forward to feed the line,
but would also need a negative
torque limit due to regeneration
caused by pulling the line, creat-
ing tension.

The current feedback loop in
these VFDs lets users set torque
limits and run in all four quad-
rants. As motor current increas-
es, so does motor torque. Output
voltage going to the motor can
be increased if the application
needs more torque or decreased
when reaching a torque limit.
This makes open-loop control
dynamic, unlike V/f control.

In addition to torque limits,
open-loop control has a quicker
speed response of 10 Hz, let-
ting it handle more dynamic
responses to impact loads. For
example, a rock crusher’s load
constantly changes, depending
on the size and quantity of rock
being processed.

Instead of a fixed V/f pattern,
OLV control uses a vector algo-
rithm to find the best output
voltage to run the motor. Vec-
tor control accomplishes this by
using current feedback from the
motor. Current feedback is mea-
sured via current transformers
inside of the VFD. Constant
current readings and rapid cal-
culations performed in the VFD

V/F CONTROL CHECKLIST

ADVANTAGES DISADVANTAGES

V/F WITH ENCODER
CONTROL CHECKLIST

ADVANTAGES | DISADVANTAGES

No guarantee
motor shaft is
responding due to

lack of feedback

Auto tuning not required

Encoder and
(but recommended)

feedback card

required

Auto tuning not
required (but

recommended)

High Frequency Reference
possible (>400 Hz)

Starting torque is

150% at 3Hz High Frequency

ez Starting torque is
Several motors controlled Eo;sll)blrel.biog 150% at 3Hz
from one VFD 2} butimite

by encoder PPR
Simple closed-loop
performance possible Better speed

control than V/f

No encoder required control

Good for motors with
unknown data

SPECS

Speed regulation: 2 to 3% of max. frequency

SPECS

Speed regulation: + 0.03% of max.
frequency

Speed response: 3 Hz

Speed response: 3 Hz

Speed control range: 1:40
Speed control range: 1:40

Output vohuge determined

Output voltage determined by: V/f pattern by: V/f pattern

determine present torque demand and flux. Basic vec-
tor math breaks down the motor’s magnetizing current
and torque-producing current into vectors. OLV control
depends heavily on the motor dynamics, so some type of
motor auto-tuning must be performed to ensure the VFD
has as much motor data as possible.

With the help of reliable motor data/parameters, the
VED can calculate the magnetizing current (I3) and the
torque-producing current (Iy) as vectors. For maximum
efficiency and torque, the VFD must keep these two vec-
tors separated by 90°. That 90° is particularly significant
because sin (90) = 1, and the value 1 represents maximum
motor torque.

Overall OLV control results in tighter control. Speed reg-
ulation is £0.2% of maximum frequency, and the speed-
control range jumps to 1:200, allowing for low-speed oper-
ation without sacrificing torque.

CLOSED-LOOP VECTOR CONTROL
Closed-loop vector control uses a vector algorithm to



determine output voltage, much like
the open-loop control. The key dif-
ference is that closed-loop vector uses
an encoder. Encoder feedback, paired
with the vector control, means 200%
of the motor’s rated torque is avail-
able at 0 rpm. This is a selling point for
apps required to hold a load without
moving, such as elevators, cranes, and
hoists.

Encoder feedback allows for speed respons-
es over 50 Hz and speed control ranges of
1:1500, the highest of all the control meth-
ods. Closed-loop control is also able to run
a motor in torque-control mode. Torque
control enables the VFD to control motor

OPEN-LOOP VECTOR CONTROL CHECKLIST

Vector control

Vector control maximizes torque-per-amp by keeping
torque-producing current (l;) and magnetizing current
(1g) at 90°. I; represents total motor current (I + ly). If ©
> 90°, then sin © > 1; if © < 90°, then sin © > 1; but if © =
90°, then sin © = 1 and torque is at its maximum. VFDs
try to keep © at 90° to mimic a DC motor. In a DC motor,
the brushes are mechanically positioned 90° from the
commutator to constantly produce maximum torque.

torque rather than motor speed. This func-
tionality is required in any application
where torque is a more important factor
than speed. Winders, rewinders, capping, and
web applications are several good examples of
where torque control is employed. @

CLOSED-LOOP VECTOR CONTROL CHECKLIST

ADVANTAGES DISADVANTAGES ADVANTAGES DISADVANTAGES

No encoder required Auto-tuning required for best Can operate in torque-control mode | Auto-tuning required for best
performance performance

Good starting torque: 200% of No guarantee motor shaft is Excellent starting torque: 200% of | Encoder and feedback card

rated toque at 0.3 Hz responding due fo lack of feedback rated torque at O rpm required

Four-quadrant forque limits possible

Good for impact loads

SPECS

Speed regulation: = 0.2% of max. frequency

Speed response: 10 Hz

Speed control range: 1:200

For-quadrant torque limits possible

Best for impact loads

Zero-speed operation possible

SPECS
Speed regulation: + 0.02% of max. frequency

Speed response: >50 Hz

Speed control range: 1:1,500

Output voltage determined by: vector algorithm

Output voltage determined by: vector algorithm
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