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1. Introduction

Three-phase AC motors have been the work-horse of industry
since the earliest days of electrical engineering. They are reliable,
efficient, cost effective, and need little or no maintenance. In
addition, AC motors such as induction and reluctance motors need
no electrical connection to the rotor so can easily be made
flameproof for use in hazardous environments such as in mines.

The main disadvantage of AC motors is that, when supplied
directly from the three-phase AC line, they are essentially a
constant speed drive. This is because the fixed frequency supply
to the stator windings creates a magnetic field rotating at constant
speed. This rotating magnetic field turns the rotor at nearly the
same speed - the difference in speed is known as motor slip.

A STATOR STATOR FIELD = 3000rpm

WINDINGS
Three phase ‘ %?Q%R Slip = M X 100%
Supply L4 ~2910rpm 3000
ROTOR = 3%
B

Figure 1

For efficient operation the motor works with a slip of just a few
percent, i.e. the motor operates at constant speed.

Early attempts to provide an adjustable speed drive on an AC
motor were by reducing the applied AC voltage using variable
resistors or by an autotransformer in the AC line: -

o IYYYYY YL /
o
Three Phase, A Y Y Y Y \ O
A Hne o YV Y Y Y Y
Auto-transformer AC motor
Figure 2
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As the applied voltage is reduced, the motor provides less torque,
so the motor slows down. Provided that the torque required by the
motor is less at lower speeds, such as for a pump or fan, then this
technique provides a variable speed drive. Even so, when the
motor is operating at reduced speed, there is a very large slip
between stator and rotor and the motor will be operating at much
reduced efficiency. In addition, loads that require full torque at
reduced speed cannot use this method of speed control.

For these reasons industrial variable speed drives have been
dominated by DC motor drives. The commutator in the DC motor
acts to provide a rotating field that is matched to the speed of
rotation, so that speed control at full torque can be achieved
merely by adjustment of the applied DC voltage. DC motors,
however, are larger than AC motors, are more expensive, need
much more maintenance, and are difficult to use in hazardous
environments. They do however produce an excellent variable
speed drive.

Variable Speed
A.C.
Power D.C. Drive D.C. Motor
Line -
Variable Voltage\
DC supply.
Figure 3

In order to provide proper speed control of an AC motor, it is
necessary to supply the motor with a three-phase supply of which
both the voltage and the frequency can be varied. Such a supply
will create a variable speed-rotating field in the stator that will
allow the rotor to rotate at the required speed with low slip. This
AC motor drive can efficiently provide full torque from zero speed
to full speed, can over speed if necessary, and can, by changing
phase rotation, easily provide bi-directional operation of the motor.
A drive with these characteristics is known as a PWM (Pulse
Width Modulated) motor drive.
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| Variable Speed

A.C.
Power
Line

A.C. Drive A.C. Motor

Variable Voltage \
and Frequency
A.C. supply.

Figure 4

Although the principles of PWM drives has been understood for
some years, advances in the technology of power semi-
conductors, control electronics, and microprocessors has greatly
stimulated the use of such drives. This has been further
accelerated by the use of vector control methods, which give the
AC drive the capability and flexibility of a full DC motor drive. PWM
motor drives have become the dominant method of variable speed
motor control, and are being used not only in industry, but in
applications as diverse as electric vehicles and domestic air
conditioners.

PWM drives produce complex waveforms, both on their output to
the motor, and also in the electrical supply to the drive. This
Application Note is designed to simplify electrical measurements
on these drives.
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2. Principles of PWM motor drives

A block diagram of the essential elements of a PWM motor drive is
shown in figure 5.

Three
Phase Supply

DC
Bus

Rectifier Inverter Motor

and Filter

+V

o—+4
o
o

F = = |- == = = = —<|="4

Control
Electronics

Figure 5

The three-phase supply is rectified and filtered to produce a dc
bus, which powers the inverter section of the drive. The inverter
consists of three pairs of semiconductor switches (MOSFET,
GTO, power transistors, IGBT etc, with associated diodes. Each
pair of switches provides the power output for one phase of the
motor.

Within each pair of semi-conductor switches, (for example A), the
output is connected either to +V via switch A* and it's anti-parallel
diode, or to -V via A- and its diode. In this way there is always a bi-
directional path for current flow to the motor windings for both
positive and negative output voltages: -

+V +V +V +V
v B2 M -V
+ve voltage +ve voltage -ve voltage -ve voltage
+ve current -ve current -ve current +ve current
Figure 6
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Each pair of semiconductor switches is driven by the control
electronics so as to generate a high frequency square wave
carrier pulse waveform at each of the phase outputs: -

Phase A

Phase B

Phase C

Figure 7

As the carrier is identical on all three phases, the net voltage
appearing across any phase of the motor windings due to the
carrier alone will be zero e.g.: -

Phase A-Phase B

Figure 8

The carrier is said to be un-modulated, and no drive power is
applied to the motor.

In order to drive the motor, the control electronics generates three
low frequency sine waves, 120° apart, which modulate the carrier
pulses to each pair of switches. The width of positive and negative
pulse within each carrier cycle is modulated according to the
amplitude of the low frequency sine waveform of that phase. For
example: -
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Figure 9b

The voltage appearing across one phase of the motor winding is
therefore: -

Average voltage appearing A - B

Figure 10
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It can be seen that the average voltage presented to the motor
winding is approximately sinusoidal. The two other phases of the
motor winding will have similar average voltages spaced 120°
apart.

It is clear that although the pulse-width-modulated voltage
waveform applied to a motor winding contains a component at the
required frequency, it also contains a number of other, higher
frequency components. For example, the phase-to-phase
waveform in figurel0 has a frequency spectrum as follows:

100v
80v
Sidebands
60V of Carrier
Frequency
T 40v A,
Voltage
30v ‘ ‘
Ov Lo v v vy v by by I [ B T B |
0 4 Frequency =
Fundamental Carrier
Component Frequency
Figure 11

Fortunately, to a large extent, the motor appears as an inductor to
the output voltages of the inverter. As an inductor has higher
Impedances to higher frequencies, most of the current drawn by
the motor is due to the lower frequency components in the PWM
output wave-shape. This results in the current drawn by the motor
being approximately sinusoidal in shape.

A
| Ry

Motor JJ
Current

Figure 12
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By controlling the amplitude and frequency of the modulating
waveforms, the PWM drive can output to the motor a three-phase
supply at the necessary voltage and frequency to drive the motor
at any required speed.
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3. Characteristics of PWM motor drive

3.1 Voltage-frequency relationship

The characteristics of a PWM motor drive can best be understood
by considering a simplified equivalent circuit of one motor phase
(figure 13):

Figure 13

In this circuit, R and L represent the resistance and inductance of
the motor as seen by the supply, and E represents the back EMF
produced by motor rotation.

The magnitude of the back EMF, and its frequency, is proportional
to the motor speed. The PWM drive must therefore adjust both the
voltage and the frequency to adjust the speed, with an output
voltage slightly higher than the back EMF to force current through
the impedance of R and L. In fact the drive electronics needs to
produce a voltage/frequency characteristics as shown in figure 14.
The offset in this characteristic is to overcome the voltage drop in
this impedance and allow the drive to deliver the required current
even at low or zero speed.

Fundamental
Component
o
Applied
Voltage

~_--"%— Back emf

Il
Frequency MAX

Figure 14
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3.2 Choice of Carrier frequencies

Most PWM drives operate with a fixed carrier frequency that is
several times higher than the highest output frequency that is to
be used. As industrial drives operate with an output frequency
from a few Hertz up to about 100Hz, they use a carrier frequency
in the range of 2kHz upwards.

As power semiconductors improve, the trend is to increase carrier
frequencies up to ultrasonic frequencies (18kHz+), and beyond,
but this brings both advantages and disadvantages: -

High Carrier Frequencies

Advantages Disadvantages
Lower losses in motor Higher switching losses in
(current more sinusoidal) inverter

No audible noise due to carrier Potential for more radiated radio
frequency noise.

The choice of carrier frequency is therefore a compromise, and
careful measurements must be made on both the input and the
output of the drive to make the optimum choice.

3.3 Effect of harmonic and carrier frequency components
in the PWM output

It was shown eatrlier, that although the PWM output voltage
contains a large number of frequency components other than the
fundamental (or wanted component) that these components are
generally of higher frequency and suppressed by the inductance
of the motor winding.

In practice, as shown by the equivalent circuit of figure 13, the
motor is not a simple inductor, but is dominated by the back EMF.

Unfortunately, as the back EMF generated by the motor is
essentially a sinusoidal voltage at the fundamental frequency, it
provides no opposition to the flow of current at the harmonic and
higher frequencies. For this reason these currents are larger when
compared to the fundamental than would be the case if the motor
were a pure inductor.
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It is important therefore, that the strategy employed in the
modulation of the carrier frequency is such as to produce in the
windings a current that is as sinusoidal as possible. In particular,
care must be taken to minimize the level of low order harmonic
voltages produced, as the impedance of the motor to these
voltages will be very low. In practice then the drive produces in
the motor: -

a). A 'wanted' component of current at the fundamental
frequency.

b). 'Unwanted' components of current at frequencies that are
multiples of the fundamental frequency (these are harmonics) and
also components of current at frequencies related to the carrier
frequency.

The 'unwanted' components in the motor current have two effects
on the motor: -

1. Components of current other than the fundamental represent
additional currents in the motor stator and rotor windings,
creating additional heat and reducing motor efficiency.

2. The 'unwanted' components create magnetic fields in the
stator that may have negative or zero phase sequence,
producing negative or braking torque. This can substantially
reduce the amount of power available from the motor.

The effects of these unwanted components on the operation of the
motor can be expressed by measurements of the fundamental and
total output power of the inverter, by harmonic analysis of the
voltage and current waveforms, and by torque/speed
measurements on the motor.

The only useful power delivered to the motor is at the fundamental
frequency - any power associated with the harmonics or carrier
frequency does not contribute to the useful work done by the
motor. The most efficient PWM drives are those that not only
minimize losses in the converter, but also generate the most pure
current waveforms to minimize power and torque losses in the
motor itself.
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4. Measurements required on PWM motor drives

DC
Bus
Measurements

Drive Input
Measurements

Drive Output
Measurements

Motor Output
Measurements

FEE | aas
R Fi?@;ﬂi%i |

The following are examples of useful measurements to be made
on PWM motor drives: -

Drive Section Parameters App Note
Section
Motor Output Speed, Torque, Shaft Power Section 5
Measurements
Total Output Power & Power Factor Section 6
Fundamental Output Power & P F
Drive Output RMS Output Voltage and Current
Measurements Fundamental Output Voltage and Current

Harmonic voltages, currents & powers.
Output Frequency

Drive DC Bus DC Bus Voltage, Current and Power Section 7
Measurements

Input Voltage and Current
Input Power and Power Factor
Drive Input Input VA and VArs Section 8
Measurements Input Harmonic Currents (including
checking to harmonic specifications such
as IEC61000-2-2)

Efficiency Measurements | Efficiency of each section of PWM drive, Section 9
motor efficiency and overall efficiency

Measurements Under Real time analog outputs representing

Dynamic Load voltage, current, watts and power factor of | Section 10

Conditions drive output.

The following sections 517 10 show measurements and screen

shots from the PM6000 VPAS software (Voltech Part Number: 28-

312). A 30 day trial of the software can be downloaded from

Vol techbés web sit eTonhstalthis sofotware e c h. ¢ o m)
double click onto PM6VPAS.exe (this is a self extracting auto

install file).
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5. Motor Output Measurements

Motor output measurements can be made by installing torque and
speed transducers on the output shaft of the motor: -

Speed Torque
Measurement Measurement
To ﬁ’ i
I D.C. Generator Adjustable
nverter A.C. Motor ( to Provide Load D.C. Load
OUtpUt [ — \ to A.C. Motor —>
Figure 16
5.1 Sensors

Torque and Speed transducers produce an electrical signal that is
proportional to the motor speed and the motor torque. By
measuring these the motor® output power or mechanical power
can be determined.

5.2 Torque
5.2.1 What is Torque?

Torque is a force that tends to rotate or turn things. You generate
a torque any time you apply a force using a spanner or wrench.
Tightening the nuts on the wheels of your car is a good example.

When you use a spanner or wrench, you apply a force to the
handle. This force creates a torque on the nut, which tends to turn
the nut. English units of torque are pound-inches or pound-feet;
the Sl unit is the Newton-meter. Notice that the torque units
contain a distance and a force. To calculate the torque, you just
multiply the force by the distance from the center. In the case of
the nuts, if the spanner or wrench is a foot long, and you put 200
pounds of force on it, you are generating 200 pound-feet of torque.
If you use a 2-foot wrench, you only need to put 100 pounds of
force on it to generate the same torque.
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The torque of a motor is the rotary force produced on its output
shaft, it is a twisting force that rotates or turns an object, like a
wheel. The motor torque is measured in Newton-meters (Nm) or
Foot-Lbs (1 Foot-Lb = 1.3558Nm). Torque ratings vary from less
than one Nm for small motors, to several thousand Nm for large
motors.

5.2.2 Measuring Torque

Torque can be measured by rotating strain gauges as well as by
stationary proximity, magnetostrictive and magnetoelastic sensors.
All are temperature sensitive. Rotary sensors must be mounted on
the shaft, which may not always be possible because of space
limitations.

Bridge Strain

Qutput
STATIONARY PORTION ROTATING PORTION

Figure 17

A strain gauge can be installed directly on a shaft. Since the shaft
IS rotating, the torque sensor can be connected to its power
source and signal conditioning electronics via a slip ring. The
strain gauge can also be connected via a transformer, eliminating
the need for high maintenance slip rings. The excitation voltage for
the strain gauge is inductively coupled, and the strain gauge
output is converted to a modulated pulse frequency (Figure 17).

The maximum speed of such an arrangement is 15,000 rpm.
Strain gauges also can be mounted on stationary support
members or on the housing itself. These "reaction” sensors
measure the torque that is transferred by the shaft to the
restraining elements. The resultant reading is not completely
accurate, as it disregards the inertia of the motor.
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Alternatively torque transducers can be purchased to suit the
motor that they are intended for as they are sold with minimum
and maximum Newton-meters (Nm). Many of these transducers
have two outputs, one for torque and one for speed and are
available as non-rotary (no attachment to motor shaft) and rotary
sensors (attached to motor shaft).

5.2.3 Using the PM6000 VPAS Software to Measure Torque.

Note: See section
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5.5 USB-6009 Connections, for information on making analog
measurements with a PM6000.

Figure 18 shows the USB-6009 set-up via the PM6000 VPAS
software. The sensor used was a DC 0 - 10V output scaling with
0.4V = 1Nm.

= USB-6009 Setup

i R seveConfirstion 5 DesrSelecion D, Activwte USH-400%

AVAJERSsla]  USB-6009 Setup
Mechanical Power cannot be set-up unless 2 analog channels

4 Enable/Disable Analog Inputs have bean enabled. Eficiancy can be set-up and operated

without any analog channels bang 0
To enabie analog input selection bick the checidbax [¥] Enable/Disable ;:a;: a:q M'a:gg"cm hiod menahh‘d ;n.n‘amo?:\

¥ Analog Selection
Two Analog inputs a¥e currently avalabla for Violtage or TTL Pulge measurements. weh a rmnimax dffarential voitage of «/- 20V
Anatog Input CHY Araiog Inpat CH2 Ansiog inpat CH3 Angiog Input CH Mecharecsi Powes Effcseny

AcTiam Tranrei - Thene Acnivste Chanaw Actvate Travre!
[_] Enatle [v] Enatle [} Enable [] Enstie [] Enakie ] Enatie
Apgicaton Tyge Apzhcaton Typs - Tyoe A Trve Churnaty Chaneea
Voltage v
[7] Diforentat
Vaxmom Votage Meaoorears Votage Vasmum Vatage Momun Vetage Cakcviaton Cacuatos
1000 2
Nneun Votage Vinrmrr Votape Nnmun Vitage Wineun Voltage Bcowy Vave Scelng Vaue
000 2
Scang Vae Scefeg Vake Scalng Ve Scanyg Vake Uniea Uriea
0.400 -~
Label Lace Laeel Label Label Latel
Targue
@ Identify Application
om CHY Units C2 Torque CHZ Units Nm
CH1 €1 Units Cme 14 tits

Figure 18
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Figure 19 shows the output of the torque set up.

Figure 19

5.3 Speed
5.3.1 What is Speed?

Motor speed is commonly described as revolutions per minute
(abbreviated rpm, RPM) and is a unit of frequency i.e. the number
of full rotations completed in one minute around a fixed axis.

5.3.2 Measuring Speed

A speed sensors output is sometimes an analog output
proportional to speed, but more commonly the output is TTL pulse
produced by a disc on the motor shaft. The holes are aligned with
a light source and photosensitive diode or transistor (i.e. on, off
producing a positive and negative going TTL pulse or square wave
as the shaft rotates). By measuring the frequency of the TTL
signal from the rotating disc, and applying a scaling factor, the
motor speed, in RPM, can be determined.

For example, if the rotating disc produces n pulses per revolution,
the RPM can be calculated as:
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