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Foreword

Small electric motors are installed as drive elements in many types of
consumer equipment and also in the industrial sector, and increasingly find
application in almost all branches of industry for manufacture. Their purpose
is to reduce manual labour and increase comfort, as well as enabling
rationalisation in industry. Their maximum output power is regarded in most
instances as being around 1kW. In this power range the small motor
manufacturer offers a wide variety of special motors to meet the requirements
of many different driven devices. Technical knowledge of small motors is
extensive. It has led to high quality small drives and also to a large number of
different kinds of motor.

This makes it impossible in my view to produce in one volume an account
that has any claim of being complete. If the material is reduced to its essential
minimum, however, a selection should be possible such that the widest
possible area of interest may be addressed. The number of small motor
specifiers is large, and it is principally for these people that the book has been
written. For those specialists whose concern is the development, manufacture
or marketing of small motors, a comprehensive overview is provided here,
stretching beyond the confines of their individual specialisations.

Through numerous well attended series of lectures on small electrical
machines at the Technical Academy Esslingen a lively interest was established,
not least because the lectures were aimed at a large number of motor
specifiers and users. The experience and stimulation derived from those
lectures contributed significantly to the production of this book.

It is well recognised that much effort is being put into the development of
new types of drive elements which may be listed under the general heading
of ‘actuators’. Actuators operate in accordance with various physical or
chemical principles but are still very much in the development phase.
Therefore, this book is restricted to a study of small electrical machines that



xiv  Foreword

work on electro-dynamic principles and are generally mass-produced. The
various function principles of small motors, summarised in Fig. 1.9, form the
basis for the division of material for study: Chapters 2-5 discuss rotating field
machines, and 6 and 7 commutator machines. Present developments, in
particular the increasing involvement of electronics, are treated in the
Chapters on electronic components, brushless DC motors and stepper
motors.

In this book the relationship between the motor and its driven load is kept
constantly in view. The final two Chapters are concerned with measurements
and noise problems. The depth of treatment, which is limited by space
restrictions, has been gauged to suit the requirements of the specifier user.
Sufficient information is given about physical principles with mathematical
support to enable the selection of the appropriate motor for the application,
taking into account the demands of the driven devices, reliability, safety and
at the same time the cost-effectiveness of the choice. The individual Chapters
of the book have been written independently by specialists. Although
indispensible standards were laid down, the differing styles of the authors are
quite clearly recognised. The resultant nonuniformity seems to me to be a
small price to pay for the advantage of having up to date material from the
best informed sources.

This book is the second edition. Although the original is only five years old,
rapid technical change has made necessary the revision, extension and
sometimes complete replacement of many of the sections.

Finally, I should like to thank my co-authors for their constructive co-
operation. In spite of the demands of their professional employment they
were always prepared to contribute to the lectures at the Technical Academy
Esslingen, to keep their subjects up to date and to produce their sections for
the book.

Helmut Moczala
Meschede
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Chapter 1
Drives with small motors

Helmut Moczala

Small electric motors are devices used in drives in the power range up to
about 103 W. In this book the distinction found elsewhere between small and
miniature motors is not made. Even the 103 W value given above does not
represent an absolute limit. For example, brushless direct current (DC)
motors are now manufactured with power ratings up to 2 x 105 W.

There is a wide variety of small motors, each design being tailored to meet
the special demands made by the driven device. In this way these motors are
in contrast with high powered motors, particularly 3-phase induction motors,
which are largely built to standard specifications.

Small motors work according to various function principles, and motors
which work according to a given principle have many application-orientated
forms of construction. For example, single-phase capacitor start and run
(csar) motors are used for driving, amongst many other things, oil burners
and central heating pumps. Because of the quite different needs of the
devices being driven, the motor constructions are distinctly different, even
for motors which have the same power rating and which run at the same
speed.

The oil-burner motor (Figure 1.1) is characterised by its short length that
makes for a compact burner unit. After the blower wheel has been mounted
on the motor shaft, it can be mounted directly onto the burner housing via
the large flange. The bearing housing at the nondrive end is formed to
enable the mounting of the oil pressure pump. Ball bearings ensure long
running, low maintenance service.

Central heating circulating pumps have weak points owing to the necessary
pump seals. These weak points can be avoided by a special design of pump
motor (Figure 1.2). As can be seen in the cross-sectional drawing of Figure
1.3, motor rotor 1 is totally surrounded by the circulating water. Stator 3,
however, is reliably isolated from the water by split casing 3, which extends
from the motor flange through to the nondrive end. In this way the need for
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Figure 1.1  Oil-burner motor (35 W, 2800 rev/min) with the start and run
capacitor mounted on the flange

Figure 1.2 Motor for central heating water pump (50 W, 2400 rev/min) with start
and run capacitor in attached compartment
(Courtesy: AEG)
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Figure 1.3 Longitudinal section through a central heating water pump motor.
1 motor rotor 3 stator
2 split casing 4 self aligning bearings
(Courtesy: AEG)

failure-prone, sliding contact seals is avoided and all seals are between
nonmoving parts. The rotor must, of course, be corrosion-resistant to the hot
water. The ceramic self-aligning bearings 4.1 and 4.2 are lubricated by the hot
water.

As the above example indicates, the optimum solution to a drive problem
calls for consideration of the driving motor and the driven device, i.e. the
complete drive, as a single unit.

1.1 Economic significance of small motors

The development and construction of special small motors for various
applications is in most cases viable only when these special motors can be sold
in large quantities. There is in fact a huge market for these motors because
small motors are found in all branches of industry and in many households.
It is not difficult to identify 20 to 30 small motor applications in the average
household, ranging from electric toothbrushes to washing machines to
central heating pumps.

The production value of all electric motors — and accessories — in the year
1990 in the former West Germany amounted to 6.77 x 10° DM. The
proportion of small motors (polyphase AC motors < 375 W, single-phase AC
motors, universal motors and DC motors < 375 W) accounted for 2.58 x 10°
DM or 38%. As the production value chart (Figure 1.4) shows, small motors
in 1975 accounted for 0.97 x 10° DM or 25% of the total of all rotating
machines — motors and generators - being manufactured. In particular, the
development of DC motors has taken the market by storm in the intervening
time.
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(Source: ZVEI, Fachverband Elektrische Antriebe)

In 1990 there were 74.4 million small motors manufactured, compared
with 41 million in 1975 (Figure 1.5). The average price per unit in 1990 was
about 34.7 DM.

1.2 Small motors and driven devices

Small motors are conceived as converters that change the electrical energy
delivered to the terminals into mechanical energy to be transferred to the
driven device via the motor shaft. Because the efficiency of these processes
involving small motors is usually much less than 100%, the motor delivers, in
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Figure 1.6  Energy flow between source, motor, driven devices and surroundings
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addition to the mechanical power P,, energy in the form of heat, sound and
mechanical vibrations, and electrical and magnetic alternating fields.

For a small drive (Figure 1.6) all forms of energy output from the motor
must be taken into account. For the motor:

P=P,+P,+ P+ Py (1L.1)
in which
P, = input power to the motor

P,, = shaft output mechanical power
P, = heat loss

P, =sound and vibration loss

P, = output interference electric and magnetic field power.

The motor efficiency is derived from the mechanical shaft output power

n=—= (1.2)

The mechanical output power is related to speed #,, and torque M,

P, =2nn,M, = w,M, (1.3)
where the quantity ®,, is called the angular velocity, and

®, = 2nn,, (1.4)

The mechanical power from the motor, after the end of the start and run-up
process, is equal to the power absorbed by the driven device Py

P, = w,M, =P,= oM, (1.5)

When the interconnection between motor and load is such that there is no
speed transformation, then:

0% = o (1.6)
M, = M (1.7)

Every driven device (load) has a torque requirement M, which is dependent
on the angular velocity @, In Figure 1.7 the M, (w,) characteristic of a fan is
shown as a broken line. In this case the torque requirement M increases with
the square of the angular velocity @, The motor also has a characteristic
torque M, as a function of angular velocity ®,, as is shown in Figure 1.7 for
the M,,(w,,) characteristic of a shaded-pole motor by the continuous curve.

The fan previously mentioned is to be coupled to the output shaft of
this motor. At the instant of switching on the power the run-up starts with
®,, = W, = 0. Because at first the motor torque M,, is greater than the load’s
requirement M, the angular velocity @,, (= @,) increases in accordance with
the basic mechanical law
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Figure 1.7  Characteristic M, (w,) of a fan (broken line) and characteristic M, (®,,)
of a shaded-pole motor (continuous line)

dw,,
dt

J =M, -M, (1.8)

where [is the total moment of inertia of the rotating system with reference to
the motor shaft.

The starting phase is over when dw,, /dt becomes zero, and the steady-state
condition of eqn. 1.7 is satisfied.

In Figure 1.7 the steady state shown is the stable working point A, which is
at the intersection of the drive and load characteristic curves.

Figure 1.8 shows the interaction of the shaded-pole motor already
discussed and a fan with a greater torque input requirement. Here we see
three intersections of the motor and fan characteristics: B, C and D.
Following the previous considerations, a run-up from standstill can only
reach point B. If the motor torque is increased afterwards by, say, increasing
the input voltage, the motor speed is increased and point D can be reached
and held after the removal of the overvoltage. A drive with characteristics as
in Figure 1.8 is unsatisfactory because two working points B and D are
possible. Working point C cannot be achieved and held because it is unstable.
The slightest change in load torque causes the speed to rise to point D or to
fall to point B.

The M,, (w,) characteristics depict the average torques of time-varying
cyclic functions. Figure 1.8b shows, for example, the instantaneous torque
(over ~13 ms at 50 Hz) transferred from the stator to the rotor of a shaded-
pole motor running at working point E (see Figure 1.84). In addition to the
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Figure 1.8 (a) Characteristic M,(@,) of a fan (broken line) and the characteristic
M, (w,) of a shaded-pole motor (continuous line); (b) instantaneous
value m,,(t) of the torque of a shaded-pole motor at operating point E

average torque M, there are also strong vibration torques at double the
mains frequency that can be large enough to produce short duration braking
torques (shaded area). Because of the drive moments of inertia, these torque
vibrations have only a small effect on the speed of rotation.

In the power balance of the motor (see eqn. 1.1) the second term after the
mechanical power P, is the heat loss P,. P, and P, may be considered to be
negligible in the power balance equation because

P,>»> P + P, (1.9)
Therefore the equation for heat loss simplifies to:
Py=F,=Pp=F(1-1) (1.10)

That part of the input power which is not converted into mechanical power
is considered to be lost as heat.

The heat loss in the motor leads to additional heating of the driven device,
particularly so when the drive is totally enclosed. Also, as a safety measure, it
must be ensured that a temperature rise does not cause damage to the motor
or the driven device.

Although the powers involved in the mechanical and acoustic vibration
and in the electric and magnetic fields are numerically negligible, their
effects on the driven load can be a severe nuisance.

Mechanical vibrations in the motor originating from alternating magnetic
forces, rotor dynamic imbalance, vibrating bearing housings, etc. contribute
only minimally to the acoustic power radiated from the motor surface. Far
more serious is the disturbance caused in the driven load owing to vibrations
in sympathy with those generated in the motor, giving rise to increased noise.
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Magnetic and electric AC fields generated in the motor, although of low
intensity, can cause severe interferences in sensitive pick-up devices (e.g.
gramophone or magnetic heads) that, together with pre-amplifiers, form a
part of the driven system.

1.3 Demands on small motors

From the above considerations the demands that must be made of small
motors may be listed. The following is 2 summary of the more important
considerations:

1.3.1 Compatibility with the energy source

The following energy sources are available for small motors:

o AC mains
o DC mains, particularly in vehicles
e batteries and accumulators for mains-independent drives.

AC mains delivers voltages from 110V to 240 V at 50 Hz or 60 Hz. In most
cases only single-phase connection is possible; only in special cases is a 3-
phase supply available. Small motors must be formed so that they work
acceptably given input voltages which range from -15% to +6% relative to
their rated voltages.

DC motors are powered conveniently from voltages between 5V and 24 V.
In mains-independent drives it should be noted that the use of dry batteries
is only economic if the batteries can be discharged down to 60% of their
initial voltage.

1.3.2 Torque

A small motor must not only develop the necessary starting torque, but it
must also provide torque during the run-up in excess of the load torque
requirement in order to enable a rapid run-up. If there is a saddle in the
motor torque speed curve, the lowest point of the saddle must be greater
than the load torque at that speed. Otherwise the system will be ‘left hanging’
at a speed lower than that intended. Load friction is much greater at low
temperatures owing to the viscosity/temperature characteristic of the
lubricant. This fact must be taken into account when the starting
performance is being calculated.

1.3.3 Speed

In rotating field motors the speed n,, is related to the AC supply frequency f
and the number of pole pairs p in the motor. The equation for the
synchronous speed =,
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ng = L (1.11)
p
is applicable.

Consequently only certain specific synchronous speeds are attainable. For
the higher power motors p=1 or 2, i.e. 2- or 4-pole designs are preferred,
whilst for lower power applications higher numbers of pole pairs attract
greater interest.

Rotating field motors are not judged by their speed only, but by their
dependence on supply voltage and load torque. When the demand for
constant speed is high, synchronous motors are used, whose rotors turn in
synchronism with the rotating field.

Commutator motors can be constructed for rotating at any reasonable
speed. They are also of interest when AC supplies are used and high
power can be achieved through high speed. Demands for constant speed
can be met by incorporating mechanical or electronic control systems.

1.3.4 Efficiency

High efficiencies are not normally demanded from AC motors on account
of the relatively low cost of the energy supplied. On account of
dwindling energy resources, however, this view is being reconsidered.
Nevertheless, when the driven load can withstand only a limited amount of
heat flow from the AC motor, the motor efficiency may not be allowed to
fall below a minimum value. The requirements from DC motors are
quite different, when they are supplied from batteries. On account of the
very high cost of battery energy, high efficiency is expected from these
motors.

1.3.5 Maintenance

In general small motors should not require maintenance. Therefore they
must have the same life expectancy as the driven load. The lifetime of a
rotating field motor is that of its bearings. An expectancy of 10*h from
motors fitted with plain bearings is quite normal. Brushes and commutators
determine the lifetime of commutator motors. When the requirements are
high the mechanical commutation may be replaced by systems using
electronic components.

1.3.6 Motor construction

The motor should be as small and light as possible for its task. The materials
used must withstand the temperature stresses adequately. Climatic influences
~ humidity, in particular — must not be allowed to have corrosive effects that
detract from the performance of the motor.
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1.3.7 Mechanical vibrations

A very low noise level is demanded from many kinds of drive. It is not
absolutely necessary to provide a low vibration expensive motor. It is often
more appropriate to fit an economically priced motor whose disturbing
mechanical vibrations can be ‘isolated’ from the driven load.

1.3.8 Interference fields

The effects of electromagnetic interference fields emanating from the motor
on sensitive pick-ups and amplifying devices in the vicinity of the driven load
may be reduced in certain ways:

® Dby placing the motor and the pick-up devices as far away from each other
as possible

® by adjusting the motor aspect so that the field component is a minimum
in the direction of the pick-up device

e by putting adequate screening between the motor and the pick-up
device.

Disturbances caused by motor current variations over the power supply lines
must be blocked appropriately with the help of electrical filters.

1.3.9 Price

Whilst the first requirement from a small electric motor used in an industrial
situation is reliability, in domestic appliances there is the absolute necessity of
keeping the price to a minimum. This condition can only be met when the
motor is built in as an integral irreplaceable part of the whole appliance.

1.4 Function principles of small motors

The various demands on small motors can only be met by there being a
variety of motor structures.

Whilst AC motors may take the form of rotating field motors with no
electrical contact with the rotor, the commutation arrangements cannot be
dispensed with in DC motors. By variations on the two basic principles of
‘rotating field motor’ and ‘commutator motor’, a broad spectrum of small
motors adaptable to the particular demands of the driven devices may be
derived.

In all the motor variants, the common feature is the torque resulting from
the magnetic fields in an airgap. In practice, however, it is advantageous to
look at rotating field motors and commutator motors from other vantage
points:

o In the rotating field motor, the starting point is a spatially rotating
magnetic field that takes the rotor along with it.
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e In commutator motors, the forces acting on current-carrying conductors
in magnetic fields are considered.

Figure 1.9 gives an overview of the more important types of small motor. For

rotating field motors that produce a more or less complete rotating field

there are five winding variants shown:

e 3-phase motor with a three-coil winding connected in star

® single-phase motor with a three-coil winding connected in delta and a
phase-shifting capacitor (Steinmetz circuit)

e single-phase motor with a two-coil winding, comprising a main phase and
a capacitor auxiliary phase

® single-phase motor with a two-coil winding, comprising a main phase and
a resistive auxiliary phase

e shaded pole motor.

Whilst a near perfect circular rotating field is achieved in the 3-phase motor,
only a very poor rotating field can be attained in a shaded pole motor.
Because there is seldom a 3-phase supply available for energising small motor
drives, it is necessary to make do with a highly elliptic rotating field.

Depending upon the demands made on the motor, one of several rotor
types may be called into service:

e squirrel cage rotor (induction motor)

& permanent magnet rotor (synchronous motor)
o hysteresis rotor (synchronous motor)
® reluctance rotor (synchronous motor).
Rotating Fleld Motor Commutator Motor
Supply 3- 1~ 1= 1~ 1- 1~4- - -
siaer Us] @ ti i:D 60 i N
3-phase t single phase motor | ghaded pole
MOOr | sz crast ’r:mo:‘....,,m Piimpind motor
Squirrel cage & {induction) % 54, 5
Permanent g Wound rotor with Permanent
magnet rotor {synchronous) commutator and brushes magnet rotor
Rotor with position
Sensors
Hysteresis rotor § {synchronous)
Reluctance rotor ﬁ {synchronous)
Universal oc Brushless DC
motor motor motor

Figure 1.9 Function principles of the more important types of small motor
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Induction motor rotors comprise mostly a high conductivity cage embedded
in a set of iron stampings. Induced currents build up in the cage when it is
rotating more slowly than the synchronous rotating field. These currents and
the rotating field acting together develop the motor torque. Consequently,
synchronous running of the rotor and the field is not possible because then
no rotor currents would be induced.

The permanent magnet rotor, which has the same number of poles as the
stator, locks into synchronism with the stator’s rotating field and trails this
field by an angle that depends on the load torque. This angle increases with
load torque up to a limiting value. If this limiting value is exceeded, then
the rotor falls out of step and then produces only vibrating alternating
torques.

These vibrating torques arise when the motor is first energised, i.e. when
the rotor is at a standstill and the field is rotating. A start is only possible if the
rotor can be accelerated up to synchronous speed quickly enough. In
general, this is possible only in slow running, i.e. multipole, motors.

The reluctance rotor performs similarly. This one has airgap variations or
soft magnetic poles between which the airgap, which is bounded by the stator
and rotor contours, is widened appreciably. The rotor is therefore
characterised by varying airgaps or varying magnetic resistances
(reluctances). As with the permanent magnet rotor, the reluctance rotor
seeks to align itself with the magnetic axis of the rotating field, and to turn
with it. The starting problems are similar to those of the permanent magnet
rotor. In high speed reluctance motors, the starting torque is provided by an
induction motor type squirrel cage rotor which by virtue of its reluctance
properties ‘springs into synchronism’.

In contrast, no such starting problems are experienced with the hysteresis
rotor. This is made of permanent magnet material whose coercive force is so
small that the material is magnetised cyclically by the rotating field. At
synchronous speed there is no magnetic cycling, so the motor then behaves
as a synchronous motor. During run-up the rotor is magnetised cyclically in
such a way that its magnetic axis rotates in synchronism with the magnetising
field. In this way a torque is developed in the motor during the run-up until
synchronism is achieved. Hysteresis motors can be built for any synchronous
speed and they need no auxiliary starting means.

Commutator motors are driven principally from direct voltage, from which
no rotating field can be generated. The torque comes from the interaction of
current-carrying loops and a constant magnetic field. The loops are
continuously changing position relative to the field. The supply of current
through the loops must be arranged so that the torques developed always
have the same algebraic sign.

In the classical DC motor, the loops in combination with the commutator
form the rotor, and the constant field is fixed spatially. The source voltage is
applied to the commutator via brushes. In small DC motors, these days, the
constant field is developed by a permanent magnet.
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In universal motors, the stator winding develops the spatially fixed
magnetic field. In accordance with its name, the universal motor may be
driven from an AC or a DC supply when it is ensured that the directions of
stator and rotor currents reverse simultaneously, for example in a series
connected motor.

These days universal motors are driven almost exclusively from the AC
mains supply. Because, in contrast to rotating field motors, they can be
designed to run at any required speed, they have gained importance where
high power motors with a low demand on material are needed. In such
situations very high speeds of rotation are selected so that the torque may be
relatively low and the motor dimensions are small compared with rotating
field motors of comparable power rating. Portable household appliances that
demand high power, e.g. vacuum cleaners, coffee grinders, kitchen machin-
ery, etc., are normally fitted with universal motors as the drive components.

The disadvantage of the classical commutator motor is the mechanical
sliding contact, which limits the life and gives rise to noise and electrical
interference. This disadvantage can be overcome through the inclusion of
electronic switches in place of the mechanical commutator. The method is to
switch currents in stator coils by means of transistors and to provide a
permanent magnet rotor. Because the transistor control is related to the rotor
position, just as armature current is controlled by commutation in the
classical commutator motor, the basic properties of the ‘brushless’ DC motor
are no different from those of the mechanically commutated DC motor.

Figure 1.9, which shows just the more important principles of small motor
function, is not complete, of course. It omits, for example, stepper motors,
which resemble in their construction multipole multiwinding rotating field
motors with permanent magnet or reluctance rotors. In contrast to rotating
field motors, these are not energised from the a.c mains but from current
pulses through electronic circuits. Because these motors make one angular
step per impulse they are used for converting impulse sequences into
proportional angular movements.

As well as small motors which work according to the principles discussed
above, a new range of drive types is appearing which exploit other physical
phenomena such as magnetostrictive or inverse piezoelectric effects. There
are also motors using thermo-bimetallic strips, memory alloying or extensible
materials, and finally there are electrochemical linear motors. These motors
are frequently named actuators.

Also, rotating travelling wave motors with piezoceramic elements are under
development.

1.5 Overview of small motors

Looking at Figure 1.9 should not lead one to the conclusion that every small
motor has a cylindrical rotor that turns inside the stator. In fact, there are
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many modes of construction that are not to be found amongst the larger
machines. As well as motors with internal rotors (Figure 1.104) there are cup-
rotors (&), disc rotors (¢) and external rotors (d) to be found. In linear
motors, which have recently entered into the low power business, there is the
division between long stator (¢) and short stator (f) designs. Which of these
various forms is used depends on, amongst other things, the desired moment
of inertia of the rotor. Manufacturing considerations can also be a deciding
factor.

As well as the forms shown in Figure 1.10, there are other special designs
which make particularly simple small motors possible. Only unsymmetrical
stator stampings or multiclaw constructions with a single stator coil which are
components of fully effective motors are mentioned here.

Some idea of the possible number of motor variants can be derived by
‘multiplying’ the types of Figure 1.9 by the forms of Figure 1.10. Of course,
not all the hundreds of possible variants are of particular technical interest.
On the other hand, parameters not discussed so far, such as pole-pair
number, output power and input voltage, increase the number of motor types
manufactured.

There has in the past been no shortage of effort towards arranging the
small motors available on the market in tabular form. These tables rapidly
lose any value in the face of turbulent development, so an up-to-date listing is
not attempted here. Nevertheless, a few general guidelines seem to be in
order:

(‘v ssrrssoress)
o [ ]
(rrvwssowsrossr]
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D Moving member

[7/] Stator

Figure 1.10  Construction forms of the more important small motors
a internal rotor motor; 4 cup rotor motor; ¢ disc rotor motor; d external
rotor motor; ¢ linear motor with long stator; flinear motor with short
stator
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In general, rated power and speed go in step. For example, multipole
synchronous motors have low power output, whereas fast rotating
commutator motors serve the high power end of the range.

The nominal power ranges for single-phase csar motors and for
commutator motors are comparable. Csar motors offer long life and
higher reliability, whilst high speed commutator motors are small and
light.

The preferred speed range for commutator motors lies between 3000
and 20,000 rev/min.

Shaded-pole motors with concentrated mains energised windings are
made with power ratings up to about 100 W,

Of course, there are specific applications for the various types of small
motors; e.g. induction motors with resistive auxiliary phases are used only for
freezer compressors. An overview of present-day applications is deliberately
avoided here because such an overview could have only temporary validity.
The relentless force towards producing ever better and ever cheaper drives
makes it necessary to be reconsidering continuously the drive concepts and
their relationship to the motor function principles to be applied.



Chapter 2
Operation of the
multiphase induction motor

Jurgen Draeger

2.1 Introduction

A notable feature of induction motors, including polyphase motors, is their
very simple construction, as can be seen from Figure 2.1, which illustrates two
dismantled 3-phase induction motors. Their being relatively inexpensive and
needing little maintenance as well as their being operable directly from the
3-phase mains supply without needing intermediate circuitry has led to the
widespread use of induction motors.

In this chapter, the operation, performance and applications of 3-phase
and single-phase mains-energised induction motors are discussed. In
addition, a fundamental consideration is given to the rules concerning
rotating and alternating fields, to their generation in polyphase windings and
to their function in induction motors.

Figure 2.1 Components of polyphase induction motors with short-circuit (cage) and
stip-ring (wound) rotors
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2.2 Operation of the induction machine

2.2.1 Rotating and alternating fields

In a polyphase induction motor the stator windings are laid in slots which are
uniformly distributed around the periphery. The essentials of a 3-phase, 2-
pole machine are shown in cross-section in Figure 2.2. At first, the
magnetomotive force (MMF) distribution resulting from a current i flowing
through a stator coil is considered in detail. Figure 2.3 shows the spatial MMF
distribution b over a linearly developed stator as a function of the spatial
parameter x when i=const. The resultant stepped waveform is not easily
expressed mathematically because of the discontinuities. However, any
periodic function such as the function &(x) shown here may be expressed as
a sinusoidal function with the same period and with a number of harmonics,
and hence as a continuous function. Owing to the odd and even symmetry in
the function b(x), only the odd harmonic, m=1, 3, 5, ..., exist. The number
of pole-pairs in each component field corresponds to the harmonic number
p = m. To describe the basic action it is admissible to limit the consideration
to the fundamental, m=1, component of the MMF function & (x).
Consequently, in the examination of the effect of the field, its spatial
distribution may always be described as sinusoidal. The time-dependent
sinusoidal variation of the supply voltage at angular frequency wresults in the
winding current i being similarly periodic in time. Consequently the positions
of the null points in the function &, (x) are fixed. A periodically varying field,
whose spatial distribution of zeros and maxima is fixed, is called an
alternating field.

The space- and time-dependent MMF distribution & (x, t) of the
fundamental component with peak field amplitude B, and pole span 1 is
given as

Stator (laminated)

Stator winding

7. .NI.

&

-—e= Ao

Rotor winding

Rotor (laminated)

Figure 2.2 Cross-section of a 3-phase 2-pole induction machine
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bx t)=B, sin(ztf-Jcos ot (2.1)

To describe a sinusoidally distributed field in space, it is sufficient to know its
peak magnitude B,, and the direction of the axis of the field. Both are
represented in an Argand diagram vector B,, which lies in the direction of
the field’s axis and whose length is B, (see Figure 2.2).

If the angle between the field’s axis and the Argand-diagram real axis is ¥,
then B, is expressed as

B,,= B, exp ¥ (2.2)
The instantaneous value of field magnitude and its vector direction is
expressed as:

b,,=B,, cos wt= B, exp jycos wt (2.3)

We now consider rotating the stator counter-clockwise mechanically at an
angular velocity w,. The vector B, is rotated at this same w,. A field whose
maxima and zeros move as time passes is called a rotating field. Because, in
this case, the rotating field vector B,, changes its direction relative to the
reference direction by the angle @, ¢in time ¢, the expression for the rotating
field vector is

B,, =B, exp jot (2.4)
If, in particular, i = const., and hence w= 0 and cos w¢= 1, the expression for
the instantaneous value of the rotating field is

b,, = B, exp jyexp jwt (2.5)

The field amplitude has constant magnitude B,, and b,, is described as a
uniform (circular) rotating field. The space- and time-dependent
instantaneous value of b, , is expressed by

Figure 2.3 Spatial MMF distribution of the airgap field and its resolution into
Jundamental and harmonic components.
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by, (x.t)= B, sin(—’i—x—wlt-—}/) (2.6)

When two circular rotating fields B,,, and B,,, with different amplitudes B,
and B,,, but with the same angular velocity , are working together, the result
in accordance with Figure 2.4a is the vector sum of the component fields B,
and it is also a uniform rotating field.

If the circular rotating fields B,,, and B,,, rotate in opposite senses but at
equal speeds of rotation, i.e. @, and —w,, then the end point of B, , describes
an ellipse with major axis B,,,+ B,,, and minor axis B;;— B,,, This is an
elliptic (nonuniform) rotating field in the rotation sense of the stronger of
the two components. In the special case B, = B,,,, the end point of the
resulting B,,,=2B,,, exp jycos wt= b, describes a straight line. It is an
alternating field with amplitude double that of the uniform rotating field.

Because the sum of an arbitrary number of uniform rotating fields having
the same angular velocity and rotating in the same sense is itself a uniform
rotating field in that sense, the following general statements may be made.
When an arbitrary number of uniform rotating fields with arbitrary
magnitudes and senses of rotation but with the same angular speed @, are
added, the result is an elliptic rotating field. Special cases are: a uniform
rotating field when the sum of the fields rotating in one of the senses is zero;
and an alternating field when the sums of the counter-rotating fields are
equal.

Conversely, any elliptic field may be substituted by two uniform rotating
fields, counter-rotating with equal angular speeds but with different
amplitudes. An alternating field may be substituted by two counterrotating
equal magnitude circular rotating fields, each having half the magnitude of
the alternating field.

Figure 2.4 Resulting rotating field B,,, from the addition of:
(a) two uniform fields rotating in the same sense; (b) two different
counter-rotating uniform fields; (c) two equal counter-rotating uniform

Sields
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2.2.2 Derivation of a rotating field from a polyphase winding

When several windings are arranged so that their field axes have different
directions, and the windings are energised with currents which have different
phases but the same frequency, the result is a rotating field. The form of the
resultant field is easily determined when the alternating field in each winding
is substituted by a pair of counter-rotating uniform fields, each having one-
half of the magnitude of the alternating field, as discussed in Section 2.2.1.
For coil 1 in Figure 2.5 the instantaneous magnetic field, in accordance with
eqns. 2.2 and 2.4 is

by, = % €XP jY, €Xp jiit + %" EXP jY) €Xp— joyt (2.7)

The alternating fields of all # stator coils may be expressed in this manner.
Terms containing exp jo,tadding up to the direct uniform rotating field, and
similarly terms containing exp —jw,? for the counterrotating field, may be
gathered. Phase angles of the currents in the = coils, relative to coil 1 current,
may be expressed by ¢, to ¢, respectively, and then

B, = ‘;’CXP Jjotexp le[Bxl + Bjgexp j(72 - Yl)exp— J9e
+...% B,exp (¥, = 71)exp— jo, | (2.8)
+%exp(—jwlt) exp f?’l[Bll + Bjgexp 1(72 - Yl)eXP(‘j¢2)

+...+ By exp j(7, - Vl)eXPj‘P"]

Note that, throughout the two main terms in eqn. 2.8, the coil axis
direction vectors exp jy, etc. are identical in both, whereas the current
derived vectors exp —jw, !, exp —j¢,, etc. have opposite algebraic signs every
time.

In general, when the contents of the two square bracketings are unequal,
B,,,is an elliptic rotating field, which becomes the sought-after uniform

im

Lr Ul Re

Figure 2.5  Arrangement of n stator coils
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rotating field when the contents of one of them adds up to zero. In particular,
when B, = Bj,=... B, = B,, the magnitudes of the alternating fields are
equal. The contents within a set of square brackets becomes zero when its
elements form a symmetrical star. This condition is satisfied in general when,
for the kth coil, 1 < k< n,,

- 2n Ye=Y1 - @ 2r
-7 Fo, =t"—(k-1]> F =+ =const. (2.9)
Ye=Yit9¢; . ( ) -1  E—1 n

Given a two-winding stator, n=2 and k=2, a uniform rotating field is
generated when:

Yo=Y F@y=%m (2.10)

An important special case is %~ ¥ =90° and ¢, =90°. The second square
bracket contents in eqn. 2.8 become

B,[1 + exp /90° exp 90°] = 0

and the first square bracket contents become
B,[1 + exp 90° exp 90°] =2B,.

This corresponds to there being 90° spatial displacement between the two
stator coils, and 90° phase displacement between their currents.
In this case,

B, = B, exp jy, exp ja¢ (2.11)

Other combinations of %, - ¥;, and ¢,, adding up to 180°, produce a uniform
rotating field, but it is weaker.

Similarly, for a three-winding stator, n=3 and k = 2 or 3, a circular rotating
field is generated when

- 2
72—71+¢2=i—3— (2.12)
and
- 4r
Ys=Y1T@s =i? (2.13)

An important special case is
% =7, =60° @, =60° (2.14)
%= % = 120° @, =120°

The appearance of 60° in the discussion may cause concern. However, when
practical stator windings and electrical connections to them are considered,
it can be seen that eqn. 2.14 is in accordance with the normal 3-phase motor
stator.
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Substitution of the angles in eqn. 8.14 into eqn. 2.8, when n = 3, produces
3 . .
B]l‘d = E Bl exp ]}/1 exp ]wlt (2.15)

Here again, other combinations of winding layouts and current phase angles
give rise to weaker uniform rotating fields.

Avisual impression of the generation of the rotating field is obtained if, for
a chosen instant, e.g. when the current in coil 1 peaks, the instantaneous
fields of the three coils are indicated each by a pair of counter-rotating field
vectors, as shown in Figure 2.6. The clockwise rotating vectors cancel and the
counter-clockwise rotating vectors coincide and add up to a field strength of
1.5 B,.

Sirrllilarly, Figure 2.7 shows the resultant field of a 2-phase winding in which
the spatial displacement of the field axes and the phase displacement of the
energising currents do not correspond. The result is an elliptic rotating field.

In both cases, the direction of rotation of the field is reversed by means of
interchanging the voltages supplied to two coils.

2.2.3 Torque generation

Polyphase motor windings generally generate elliptic rotating fields. Because
every elliptic rotating field can be substituted by two counterrotating
uniform fields, whose effects may be linearly superimposed in unsaturated
machines, that which follows pays attention to the effects of uniform rotating
fields.

2.2.3.1 Uniform rotating field

The cause of the rotating field, and its magnitude in accordance with the law
of induction, is the voltage system connected to the stator winding. The
rotating field must turn at a speed such that the induced electromotive force

1

Figure 2.6  Uniform rotating field generation in a symmetrically constructed 3-coil
machine, when connected to a symmetrical 3-phase mains supply
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Figure 2.7  Rotating field generation in a two-coil machine.

(EMF) in each stator coil equals the supply voltage minus the internal voltage
drop.

Thus, its speed of rotation is derived from the mains frequency f;. When
there are p pole-pairs, the synchronous speed of the rotating field is n), where:

ny = 4 (2.16)
p
Higher order fields - resulting from harmonics in the MMF waveform - have
correspondingly lower synchronous speeds on account of their greater
numbers of pole-pairs.

The rotating field passes through the rotor iron stampings whose
uniformly distributed slots hold the polyphase rotor winding. When the
rotating field links the conductors of a stationary rotor, a voltage U ,, at
frequency f; is induced in the rotor winding, its magnitude depending on
the stator/rotor winding turns ratio. The machine acts as a transformer.
In order to minimise the magnetising current, the airgap is designed to be
8 =0.1-0.5 mm. When the rotor turns with speed = in the direction of the
rotating field or with speed -» in the counter direction, the induced rotor
voltage has frequency

fo=(mFnlp=fiFnp=nyp (2.17)
where n, is the relative angular speed between that of the rotating field and
that of the rotor. In this manner the induction machine acts as a frequency
changer. The induction machine is also a phase changer if the number of
rotor winding coils m, differs from the number of stator winding coils m, in
which case an m,-phase set of voltages is induced in the rotor winding.

If the rotor windings are closed, via slip-rings, in the case of the wound
rotor motor or by short-circuit rings at the ends of massive rotor bars in the
case of the squirrel cage motor, a rotor current I, flows whose phase relative
to the induced rotor voltage U, depends on the rotor winding resistance R,
and the leakage reactance X, = 27 f,L_, per coil. The rotor polyphase currents
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develop a rotating field at speed n, + n = n, so that, together with the stator
rotating field, it develops a constant torque M in the rotor equal to the
reaction torque in the fixed stator. The motor torque M thus developed
provides the load torque M, so that, in accordance with the laws of dynamics,
and given that the moment of inertia of the rotor plus load, referred to the
motor shaft, is J,

M—ML=]@=27r]d—n (2.18)
dt dt

during the run-up.

As speed n increases, f,, U, and consequently I, decrease. On reaching
n=n,, I, =0 and therefore M = 0. In the motor mode, no further acceleration
is possible. In practice the machine, running as a motor, always turns at a
speed less than n, because even on no-load the friction loss torque remains to
be developed. The rotor runs at less than synchronous speed by a load-
dependent fraction called the slip s,
mor_ g r ™k (2.19)

m momo f
The induction motor runs asynchronously. The torque is easily calculated
from a consideration of the power budget in conjunction with Figure 2.8,

The stator rotating field power Py, which is the mains input power P,
minus the stator copper and iron losses P, is split into the mechanical power
P, and the rotor electrical power Pp,. P, is then reduced by an amount Py,
the friction power loss. P, comprises secondary mains power drawn out of
the slip-rings, P,, and the rotor (heat) power loss P,,.

The gross torque M is derived from the stator rotating field power P, and
the synchronous speed n;:

By, =2 M (2.20)

primary mains input power

stator power loss
mechanical power

stator rotating field power
useful

. = B
mechanical power P,

rotor rotating field power
secondary mains power

friction power loss

rotor power loss

Figure 2.8 Division of power
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The mechanical power P, is:

B, =2mnM == By, =(1-5)By, (2.21)
3
and the rotor electrical power is
PDZ_PDI m _[I—EJPDl =SPDl (222)
7

Thus, the key to the proportions of power transferred to the rotor is the slip.
The induction motor rotor is either completely shortcircuited or loaded
with resistors via slip-rings. In both cases, the power in the rotor circuit is
converted entirely into heat, so that Py, = P,. It follows that

PVQ = SPDl = Q”nlMS (223)
from which
P,
M= (2.24)
S27rn1

Given low-loss rotor stampings, the rotor power loss may be considered to be
entirely within the rotor winding and any present external rotor circuit
resistors. Given a resistance R, per rotor winding circuit carrying current I,
and m, windings

2
PV2 = 77121«2R2 (2.25)
I, is derived from the rotor winding induced voltage U, the rotor circuit
resistance R, and the rotor leakage inductance L, as

U U
I, = 2 = 2 (2.26)

\/ R} + (co‘zL(,Q)2 \/ R} + 52(w1L02)2

w, Ly, =X, is the rotor leakage reactance at standstill when f=f. U, is
proportional to the slip and the rotor open-circuit induced voltage at
standstill U, i.e. U, =sU,, so that I, becomes:

sU U,
= 2 (2.27)

RZ+5°X2, R 2
\/ ° [_gj +X§2

N

From eqns. 8.24, 8.25 and 8.27 it follows that

2
M(s)= =2 I Ry (2.28)

27n, 2
[5‘2‘) + X2y
s
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In motors not affected by skin-effects and deep rotor bars (e.g. slip-ring
motors) all the quantities in eqn. 2.28 except s are machine constants.
When eqn. 2.28 is rearranged,

M(s)

Inspecting this equation and the M-curve of Figure 2.9 shows that:

2
_ mU 90 Ry s

2y R2 4 (sX,,)"

(2.28a)

e For small s, positive (motoring) or negative (generating), M(s) is
approximately proportional to s
® M(s) has a peak value M, for a particular slip s,

At higher values of s, M(s) decreases in spite of increasing rotor current. The
reason is the increasing phase displacement between I, and U, as the rotor
frequency increases, with a consequent reduction in the rotor power P,, (see
also eqn. 2.20). An important working parameter is the starting torque M, at
standstill (s=1).

The machine can only run as a generator when the necessary reactive
current for stator magnetisation is available, i.e. when the stator is connected
to a live mains supply.

Figure 2.9 also shows the torque components resulting mainly from the 5th
and 7th MMF components of the symmetrical 3-phase stator winding. In
some circumstances, a saddle occurs in the total M(s) characteristic. 3rd-
harmonic MMF components cancel in a 3-phase machine but may occur in 2-
phase motors.
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lz - J—'<\. Mk A /
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| Mg -, My x-A. ™. -
0 _——--—L_" \ _-/-—'J ’i \ ——
\“/4\—’-\,—;./,/ — >k
—————_ Braking Motor \\ Generator
NeA
1 0 ——— 5
'%1 0 M —=n

Figure 2.9  Torque-speed characteristic M(s) and corresponding stator and rotor
currents I,(s) and L(s).
Harmonic torques of order 5 and 7
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By differentiating eqn. 2.28a with respect to s, it follows that the slip s, at
which peak torque M, is developed, is

R,
5= —2 (2.29)
Xo'2
and the peak torque, derived from eqn. 2.28, is
mo Ul
M, =t—2 12 (2.30)
27[”1 2X0‘2

M, is independent of R,, and dependent on X, only, whereas s, is adjustable
via R, or X,. Dividing eqn. 2.28 by eqn. 2.30 and substituting from eqn. 2.29
gives the simple and elegant Kloss formula,
M|s
M) -2 (2.31)
My s 5
Sp s

which enables the complete M(s) characteristic to be derived from s, and M,.

2.2.3.2 Elliptic rotating fields

If the rotating field is elliptic, resulting from, for example, an unsymmetrical
supply, the supply may be resolved into counter-rotating components U, and
U,, where U,> U, When the components are connected to the stator
windings of two identical machines, mechanically coupled as in Figure 2.10,
torques M, and M, are developed in the rotors, which turn in the sense of the
stronger torque M,

The output torque from the machine set is M= M, + M, the positive sign
takes account of the vector directions and hence the algebraic signs of the
two torques. Calculation of M, and M, is as in Section 2.2.3.1.

Motor I with torque M, runs as a motor with slip s, and motor II with torque
M, runs as a brake with slip 2~s5. The component - and composite —
torque/slip characteristics are shown in Figure 2.11. The backwards-rotating
uniform field reduces the output torque from the machine set and prevents
it from running at synchronous speed #, at no load. The attainment of a
satisfactory overall motoring torque is dependent on the braking torque
being small.

Mp(w) n .y
I i ﬁ
%77"'77

Figure 2.10  Twin machines that are equivalent to a machine with an elliptic
rotating field
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Figure 2.11  Torque produced from an elliptic rotating field

Separating the elliptic rotating field into circular rotating components is
useful for considering and deriving M, and M, but it obscures a serious
nuisance effect in the true single-rotor machine. Counter-rotating fields in
the stator induce rotor currents I, and I,, which are also counter-rotating,
and these currents produce their own counter-rotating rotor fields. As already
discussed in Section 2.2.3.1, interactions between fields derived from U, and
L, (similarly U, and 1,)) produce constant torques. However, interactions
between fields derived from counter rotating U, and I, (similarly U,and I,,,)
produce alternating torques at twice the mains supply frequency, and they do
not normally cancel. These alternating torques can have the same order of
magnitude as the constant torques, and generate structural noise via the
motor frame mountings.

2.2.4 Current characteristics

The input current I, to the stator includes the field magnetising current I,
lagging the input voltage by 90° and the small in-phase current I, for the
stator iron losses. Both currents are components of the measurable no-load
current I,,.

When the rotor is mechanically loaded, the rotor currentis I, and a current
I,*, in addition to I,,, flows in the stator winding. The law of induction
requires that the stator MMF 6, and the rotor MMF 6, must cancel because
the airgap rotating field depends only on the supply voltage U, and not on
the loading on the machine.

Therefore, when the machine is mechanically loaded,

IL=I,+I* (2.32)
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I,* is proportional to I,, and I, depends on the slip in accordance with eqn.
2.27. As the slip increases, R,/s becomes small compared with X, so that I,
tends to the limit U/ X, when s is large. A simple overview of the current
characteristics of the induction motor is obtained by considering the single-
phase equivalent circuit of Figure 2.12, which resembles that of a transformer,
whose secondary winding is loaded with a variable resistor R,’(1 - s)/s, whose
heat dissipation equals the mechanical power output from the rotor.

Transformation from the myphase rotor winding with N, turns per phase
and the &, winding factor to the m-phase stator winding with parameters N,
and &, respectively, for rotor/stator MMF balance, gives

1= "ol p (2.33)
mNG
and the corresponding power balance conditions give

2
R} = ﬁM‘—é—RQ (2.34)
2 (N2‘§2)

and

by =L
2 (Nﬁ'f‘z)
In a practical machine, R, << X, and R.> X,. A useful, and not harmful,
approximation is to delete R, and R,, from Figure 2.12, thus producing the

much simpler Figure 2.13.

m (M6 X (2.35)

o2

Ay R Xo1 X't R, d2,
o— 1l
Vo
1_
U ol [ 1% R 50
JFGJ#
(o]

Figure 2.12  Equivalent circuit veferred to the stator winding

J1 xal X,ﬂ

Figure 2.13  Simplified equivalent circuit
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Expressing the impedance of a pure inductor in the form jX and analysing
the circuit of Figure 2.13, specifying U, as the stator winding element voltage,
the current I, (s) in this element is:

Il(s)::

Thus the locus of the tip of the phasor I, (s) describes a circular path (primary
current diagram) in the complex number plane, as is shown in principle in
Figure 2.14.

The slip corresponding to each point on the semicircle is determined as
follows.

The point s=1 is determined from Figure 2.13 and eqn. 2.36. The line
joining s=1 and s= o is extended so that it intersects an arbitrarily chosen
line which runs in the direction of the tangent to the circle through s= oo, i.e.
vertically. The vertical line 01s in Figure 2.14 is called the slip line. The point
of intersection is marked s =1, and the line is graduated linearly between
points 0 and 1. The chord from any chosen point on the semicircle to the
point s = o intersects the slip line, and the value of s may be read off the scale.

Other working quantities, as well as input current I;, may be read off the
circle diagram.

The gross power transferred to the rotor P,, the synchronous speed n;, the
number of stator phase winding elements m, and the torque M are related by

U JRs - S(Xc'x? + Xh)
177 ’ , ’
](Xal + X, )R2 - S(Xolxcﬁ + X5 X) + X02Xh)

(2.36)
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Figure 2.14  Primary current diagram
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B =2rnmM =mLU, cose, ol cose, (2.37)
so that
mU,
M =——=1,cosg, ol cos e, (2.38)
2rn,

The vertical displacement between the designated torque line and the
semicircle is proportional to the input power and the torque. The peak
torque occurs at slip s, whose point is the highest on the semicircle.

The vertical displacement P,, proportional to the input power, is divided
into mechanical power P, and rotor electrical power P, by the power line.

The magnitudes of I, (s) and /(s) are included in Figure 2.9. The working
characteristics of a 370 W squirrel cage motor for slip from 0 to s, are
depicted in Figure 2.15. The no-load current of about 60% of the normal full-
load current is relatively high, owing to the airgap between the stator and
rotor. The operating range, after start and run-up, is considered to be
between s =0 and s = s, so that the overload capacity, defined as the pull-out
torque M, divided by the nominal full-load torque M, is M,/ M, =1.5-2.5.

The nominal full-load slip is about 5%.

If it is necessary to limit the very high starting current, this can be achieved
in a slip-ring motor by having switchable resistances R, connected to the slip-
rings. These resistors are switched out sequentially as speed increases. The
increased rotor resistance R, + R, increases the pull-out slip s, but leaves the
pull-out torque M, unchanged. As eqn. 2.31 shows, a greater starting torque
is obtainable with less rotor current J, by means of increasing the rotor circuit
resistance and, with it, the rotor circuit power loss P,,.

P n L
w int A s,n,cos ¢
1500 . 1
cosP| _~T~
2 ry
n /
3000 & — a
/ '/ n 11 /,P'
1 Vi — V’/
”, P i
l#l_‘/ /‘/p1 -,.V'-
— 1% =
A m
'./:- 1 s ]
0
0 0 % 1 2 M
Nm

Figure 2.15  Working characteristics of a 3-phase squirrel cage induction motor
(370 W)
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Figure 2.16 shows how the torque characteristics are influenced by
switching R,.

With squirrel cage motors, no external variation of rotor resistance is
possible. A choice of rotor bar profiles enables an increase in rotor power
loss, and hence equivalent rotor resistance by exploiting rotor frequency
dependent flux penetration (skin) effects in the rotor. Figure 2.17 shows the
characteristics owing to various rotor bar profiles. The effect of having a
double cage rotor normally found only in the larger machines is included. If
the starting current is still too high, the initjal voltage connected to the stator
must be reduced by means of series resistors, autotransformers or star-start

M

r Rz’nvflnz’ Ry R;’Rw ?z

N

\

Figure 2.16  M(s) with switched R,

=

A\
\j
L. —}

Figure 2.17  M(s) with various rotor bar forms
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delta-run connection of the stator windings. Noting eqn. 2.28, M= U}, and
neglecting stator losses, it follows that the torque developed is proportional
to the square of the voltage applied to the stator.

2.2.5 Speed control possibilities

The speed of an induction motor may be varied by changing the synchronous
speed n, = f/p or by changing the slip by either altering the airgap flux per
pole

= —l—ﬁj dt (2.39)
NG 2

or by varying the rotor resistance R,. It is also possible to energise the stator

and rotor of a slip-ring machine from independent supplies at frequencies f

and f,, making it a double-fed induction machine. Thus, there are the

following technical possibilities:

Changing the number of pole pairs p by switching the stator winding. Changing
the number of pole pairs changes the synchronous speed », = f,/p in whole-
number steps so that the characteristics shown in Figure 2.18 are applicable.

Changing the mains frequency f, through a rotary or electronic converter—
inverter. A smooth change of synchronous speed n, = f;/p is possible. If the
motor pull-out torque is to be held constant, the inverter voltage must be
proportional to its frequency (see Figure 2.19). The technical complication
and expense of this method is considerable.

Changing the rotor circuit resistance R, in a slip-ring motor changes the pull-out
slip s; but not the synchronous speed =, (Figure 2.20). Therefore, speed
control is possible only when there is a load torque on the motor. When the

M
f 4-pole
2-pole
/ g
/
MT - b — s
0 1500 3000
— N
min-?

Figure 2.18  M(n) with pole changing
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Figure 2.19 M(n) with mains frequency changing
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Figure 2.20 M(n) with rotor resistance changing

speed reduction is large the efficiency is low owing to the large slip. This kind
of speed control is normally used only for starting.

Changing the flux @, by changing Ju, dt. This is possible by either changing the
magnitude of U, with a transformer or, technically preferable, by connecting
phase controlled antiparallel thyristor pairs or triacs into the mains supply
lines. As the torque at a given value of slip is proportional to ¢, the torque-
slip characteristic is lowered with decreasing flux as shown in Figure 2.21.
Speed variation at a given torque by means of slip variation is possible as far
as the pull-out slip s;. If a wide speed range is envisaged, a special rotor with
high R, is needed. Keeping the thermal capacity of the machine in mind, it is
necessary to reduce the load at the lower speeds or to increase the machine
size. For these reasons and because of the relatively poor efficiency, this kind
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Figure 2.21  M(n) by varying the airgap flux

of speed control — except for motor starting — is restricted to machines rated
up to 3 kW.

Changing the rotor frequency f, in a double-fed machine. The stator rotating
field with speed n, = f/p interacts with the rotor rotating field with speed
n, = £f,/ p (depending upon the phase sequence), and a constant torque M s
developed only when the two fields rotate at the same speed. Therefore, at
rotor speed n, m; = n+ n,. (see eqns. 2.17 and following).

The induction motor becomes a synchronous motor running at speed

L¥) (2.40)
p

When f, =0 the rotor speed is constant, n=n,, When the stator and rotor

fields rotate at the same speed and in the same sense, i.e. when f, = f, the

rotor speed is n=0. When the stator fields have the same frequency but are

counter-rotating, the rotor speed is n = 2n,.

n=n)—ny =
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2.3 Single-phase motors

Frequently, particularly in domestic premises, there is only a single-phase
supply available. It is then necessary to provide different R/ X ratios in at least
two of the stator windings to produce a phase shift between the two fields so
that there is a rotating field.

In a motor with an auxiliary winding, this is achieved by increasing the
winding resistance or by changing the reactance by connecting a capacitor in
series with the winding. The operation of these machines, together with that
of the externally started motor with only one winding, is discussed below in
greater detail.

2.3.1 Externally started motor

The operation of a machine which has only a single stator winding is best
understood if it is considered as having two equal counter-rotating uniform
rotating fields, which develop torques M, and M, in opposite senses, and
these torques are added in the rotor. In Figure 2.22 the direct torque M, and
the reverse torque M, and their resultant sum M are shown as a function of
slip. Thus, the motor develops an asynchronous torque except at standstill
and off-load running. It must be started by some external means (thrown),
and it runs up to speed in the direction thrown. The no-load speed is less
than the synchronous speed. Because the reverse torque is significant at all
speeds, the vibration torque at twice the mains frequency m, can also be large.

Figure 2.23 shows the asynchronous torque and the vibration torque
relative to normal full-load torque for a 90 W motor. If the motor must start
and run up independently, at least one extra winding is necessary so that
some rotating field can be generated.
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Figure 2.22  Torque developed in a one-winding motor
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Figure 2.23  Vibration torque #, and asynchronous torque M relative to full-load
torque My, in a 90 W motor

2.3.2 Motor with a resistive auxtliary winding

In addition to the main winding Ha, there is an auxiliary winding Hi
displaced spatially by 90 electrical degrees which, because of the high power
loss in its series resistance R, must be switched out after run-up by means of a
relay, centrifugal switch, thermal- or hand-operated switch (see Figure 2.24).
The motor then runs with the single winding. The corresponding
torque/speed run-up performance is shown in Figure 2.26. As the phasor
diagram of the supply voltage and the currents (Figure 2.25) shows, the phase
angle {3 between the starting currents is much less than 90°, so that only an
elliptic rotating field can be generated. The torque is as shown in Figure 2.11.
The starting torque depends on the machine design and is normally 1-1.5
M,. The vibration torque is as shown in Figure 2.23 for the externally started
motor.

@z2 Z,

Figure 2.24  Circuit of a motor with resistive auxiliary winding
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Figure 2.25  Phasor diagram of the stator currents
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Figure 2.26  Torque/speed characteristics of the motor with resistive auxiliary
winding relative to the full-load torque of the motor running on the
main winding only

2.3.3 The capacitor start and run motor' (csar motor)
2.3.3.1 The two-winding motor

In the two-winding csar motor the auxiliary winding is set 90 electrical
degrees spatially from the main winding and is supplied through a series-
connected capacitor (see Figure 2.27). As the phasor diagram of voltages and
currents, Figure 2.28, shows, a 90° phase advance between the two-winding
currents is possible, given the correct capacitor value C. A uniform rotating
field results when the MMFs of the two windings @y, and @ have the same
magnitude and a phase displacement of 90°. Given effective winding turns
N, £noand Ny&,,, this symmetry is achieved when the condition @y, = @y,= @,
is met; implying a transformation ratio 7, where:

IThis motor, with its long descriptive title, is mentioned many times in this Chapter
and the next. Therefore, frequent use is made of the easily written, read and said
abbreviation, csar
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Ui

Figure 2.28  Phasor diagram of a loaded symmetrically matched csar motor

r=————N”i§Hi =Y =-I&=tan(ps (2.41)

NHngHa UH(l IHi

The capacitance of Cis

Lm0 o In  _ Iy (2.42)

Uw tan @, me/1 +r2 Ua)(l +72)

The capacitor terminal voltage is

v, =Y (2.43)
cos @,

which is obviously always greater than the supply voltage U.

Symmetry, i.e. a uniform rotating field, occurs for only one load - once r
and C have been fixed. For all other loads, the rotating field is elliptic and,
consequently, there is a vibrating torque. This is shown clearly in Figure 2.29.
Conversely however, for a given required working point, the appropriate
values of r and C for symmetry can be derived and provided.
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Figure 2.29  Oscillating torque amplitude in a csar motor (test result)

An important motor parameter is its starting torque M,. The M, can be
comparable to that of a 3-phase motor of similar size when capacitance Cis
high. M, is a maximum when the area of the parallelogram with adjacent
sides J,, and J; is a maximum (see Figure 2.28),

Because the auxiliary winding current is high when Cis high, motors with
high starting torques have their auxiliary windings switched out during run-
up or their capacitor values switched down - in double capacitor motors — so
that the motor runs symmetrically (see Figure 2.30). The auxiliary winding
circuit includes R, L and C in series so that the component voltages -
particularly across C — become greater than the supply voltage. Figure 2.31
gives an example of how the capacitor voltage U depends on the speed n.
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Figure 2.30 M(n) of a double capacitor motor: one permanently connected and one
switched out centrifugally
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Figure 2.31  U(n) of a csar motor capacitor with motor ratings 180 W, 220 V and
r=1

Metal-paper capacitors are used in permanently connected circuits and
motor-electrolytic capacitors are used in circuits which include centrifugally
operated cut-out switches.

2.3.3.2 Three-winding motors

Three-phase motors with either delta- or star-connected windings may also be
run as symmetrical single-phase motors at specific speeds by means of
connecting in the appropriate capacitors (see Figure 2.32).

The starting torques M(s) are quite small, however, in comparison with 3-
phase working, as Figure 2.33 shows. The necessary start and run capacitance
is considerably more than that needed in the two-winding motor. The three-
winding motors with this circuit are used only when 1-phase and 3-phase
working is specified..

L
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Fgure 2.32  Steinmetz circuit
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Figure 2.33  Torque M(s) in the Steinmetz circuit and M(n) when energised from the
3-phase supply
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Chapter 3
Operation and application of

polyphase induction motors
S. Tillner

3.1 Introduction

The polyphase induction motor, on account of its simple construction, its
freedom from maintenance and its adaptability, has become the most
frequently used of all motors. This is particularly so in industry, where the
polyphase induction motor has become the standard 3-phase powered motor
applied to the widest range of drives. Standard 3-phase motors have power
ratings from about 60 W upwards. The manufacturers produce motors to suit
the load requirements, mains voltages, operating times and starting
requirements.

In the motor driven household appliance market, in central heating
systems, house, garden and office appliances, two- or three-winding induction
motors, adapted for running off single-phase mains and having a wide range
of constructions, are used extensively. Pure 3-phase motors powered by 3-
phase supplies are used in exceptional cases, e.g. for driving the pump in a
large oil-fired boiler. An overview of the principal applications for, and power
output required from, single-phase induction motors is given in Figure 3.1.
The demands made on the motors differ considerably in the various
applications quoted.

A lawn-mower motor should have the highest possible pull-out torque and
the lowest possible weight. The utilisation factor is high and they are
intensively fan cooled. Their starting torque requirement is relatively low.

The dimensioning of motors for hot water circulating systems is done with
the highly unfavourable temperature conditions in mind. No ventilation is
possible. Water temperatures up to 110°C and even higher temperatures
within the motor are involved. The motor torque must be very smooth, with
little vibration, otherwise motor vibrations are transmitted directly from the
motor body into the piping system.

Each of the two- or three-winding motor circuits shown in Figure 3.2 has
applications, depending upon the task in hand. The most frequently used is
the two-winding csar’ circuit (a).
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Figure 3.1 Examples of the applications of multiwinding induction motors in
domestic appliances

a b c
Cg CB
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d e §

Figure 3.2 Workable winding layouts and circuits for the two- or three-winding
induction motors running from a single phase supply
a csar motor, two windings
b csar motor, three windings
¢ csar motor, Tcircuit
d resistive auxiliary phase motor
e capacitor start motor
/ double capacitor motor

In Chapter 2 the operation of the induction motor was discussed according
to the rotating field theory. The 3-phase induction motor energised from a
symmetrical 3-phase supply has a uniform rotating field at all working points.
The various forms of single-phase motors have in common that the airgap
field is elliptic and that this field can be expressed as the sum of

'In this chapter, the frequently mentioned capacitor start and run motor is
abbreviated to csar motor.



Operation and application of polyphase induction motors 47

superimposed direct and reverse uniform rotating fields. If the motor works
from mains frequency fwith slip s, then the direct rotating field By, induces
rotor currents with frequency sf, and for 1> s> 0 the driving torque M,, is
developed. The reverse rotating field B, induces rotor currents with
frequency (2-s)f and a braking torque M, is developed. The resulting
output torque is?

M=M,-M,

As well as the asynchronous constant torque in the single-phase induction
motor, there is an oscillating torque at twice the mains frequency owing to
interaction between the direct rotating stator field By, and the reverse
rotating field produced by the rotor currents, and similarly between the
reverse rotating stator field B and the direct rotating field produced by the
rotor currents. The magnitude of the oscillating torque is dependent on the
slip. The oscillating torques can often cause disturbing mechanical vibrations
in the appliance. Isolating these vibrations is often an important mechanical
design consideration.

3.2 The two-winding csar motor

3.2.1 Theoretical principles

The most frequently used single-phase powered induction motor is the two-
winding csar motor, the reason being that, when it runs with its rated load, its
performance approximates to that of a symmetrically powered 3-phase motor
with its uniform rotating field. Figure 3.3 shows the winding layout of a two-
winding 2-pole motor with 16 stator slots. Each winding occupies four slots
per pole (¢=4) and the two complete windings are mutually displaced
spatially by one-half a pole pitch.

The performance of the motor is determined by the currents in both
windings depending on their magnitudes and the phase angle between them.
Given the windings shown in Figure 3.3, there is a uniform rotating field
when the MMFs in the two windings have equal magnitudes (fjw, = Luy) and
when, for the specified sense of rotation, I; lags I, by 90° of phase angle.

The aim of the design is that, under rated running conditions, and in
combination with the start and run capacitor C, the uniform rotating field
condition is approximated as closely as possible.

An analysis of the performance of a single-phase energised multiwinding
induction motor is made by means of utilising symmetrical components. An
elliptic rotating airgap field can be resolved mathematically into direct and
reverse uniform rotating components. Alternatively, a spatially symmetrically

*This torque equation relates to the scalar magnitudes of the three torques. In the
equation M = M, + M, of Section 2.2.3.2 the vectors of the torques are related.
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wound machine can be considered to be energised by simultaneously applied
direct and reverse rotating voltage supplies. This is now shown for a motor as
in Figure 3.3, with two completely similar windings (w, = wy). Figure 3.4a
shows the voltages and phasor diagram of the direct voltage system. The
voltage across coil 2 leads that on coil 1 by 90° of phase angle, indicated on
the diagram as being multiplied by j. Figure 3.45 shows the reverse rotating
system. The voltage across coil 2 lags that on coil 1 by 90°, indicated as
multiplication by —j. The sums of these two component systems, as shown in
Figure 3.4¢, are the total voltages across coils 1 and 2. In the csar motor
circuit, there is an impedance Z, in series with coil 2, a capacitor.

B
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iSanaEnlhfaananlit
H 11 1 I | |
1 23456 78[9 10112211 1516
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1 [—’ 1—1 Direction of rotation I b

Figure 3.3 (a) spatial winding layout in a two-winding csar motor; (b) main
winding MMF function; (c) auxiliary winding MMF function
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Figure 3.4 Representation in principle of the symmetrical components in the 2-phase
System
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In the analysis that follows, consideration is given to windings with unequal
numbers of turns. Subscripts HA and HI apply, respectively, to the main and
auxiliary windings. The turns per winding w with winding factor £ appear in
the expression for the transformation ratio:

= Wnr Shr

WHa §HA

The following equations connecting voltages and currents are then
applicable (see also Figure 3.5):

Main winding voltage Uy =U, +U,
Auxiliary winding voliage Uy, = j7(U, - U,|

Main winding current Upp =1, +1,
Auxiliary winding current Iy, =< (I, - 1)
r

For each of the two symmetrical voltage components, reference can be made
again to the straightforward 3-phase motor with its familiar equivalent circuit,
Figure 3.6.

For each value of slip a direct impedance Z,, and a reverse impedance Z,
can be derived from the equivalent circuit. The principal difference between
these two impedances is owing to the two effective rotor resistances. These
are Ry'/s for the direct component and Ry’/(2 - s) for the reverse component
system. The admittances to the two component voltages are:

Figure 3.5 Symmetrical components of the voltage system at the two-winding
induction motor.

R1 X,1 ’02
Un R'z/s
(Uy) (R2/e-s)

Figure 3.6  Equivalent circuit of the induction motor with symmetrical component
voltage supplies U, and U,
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Using the relationship derived from Figure 3.5¢,
U=Uy +1yZy

and applying the transformation ratio r to calculate the transformed
admittance for Z,

Y, =12/Z,
It can be shown, after a few algebraic reductions, that
Y, +Y,(1-j/7) LU Y +Y, (14 /7)
U Y, +Y, +2Y, U Y, +Y, +2Y,

The asynchronous torque is then calculated from the rotating field power for
each symmetrical component of voltage. It must be recognised that the direct
component produces a direct driving torque and the reverse component
produces a braking torque. The asynchronous torque of the motor is derived
as

U

m

m

2 [ : : ]
M=—|I, RelZ, —R;})-I,RelZ, - R
@ ( 1) g ( g 1)
The vibration torque at twice the mains frequency is, according to

2 .
M, = fRe[ImIg(Zm —Zg)exp ﬂwt}

The amplitude of the vibration torque corresponds to the length of the
phasor and is written as:

M, = %’II,,,Ig(zm -2,

The vibration torques disappear when Z,, - Zg =(, i.e. at standstill, and when

I,=0, i.e. when the reverse current symmetrical component disappears.
Symmetrical drive (uniform rotating field condition): A uniform rotating

field arises when the reverse rotating voltage system disappears, i.e. when

Y,+Y,(1-7/n=0
For a series capacitor Cin the auxiliary circuit branch,
Y, =jpfwC
The condition for the symmetrical drive is then

Y, = wC(l/r—j)r2

wC =Y, 1

n o
1+7?
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A phasor diagram representation of the symmetrical operation of a two-
winding motor relating voltages and currents is given in Figure 3.7 for r=1
and 7> 1. It is seen that, when r=1, and symmetrical drive conditions are
achieved, cos ¢ = 1. From the diagram Figure 3.7¢ and the substitutions r=
Uyy/ Uys = tan ¥, relations that can be directly read off are:

ILiy=1,=U0C ¢ =2¥-90°
WCU y; /cos¥ =1, cos¥
C=tN_cow=tn_ 1‘

G)UN wUN 1+T2

Thus, it is a simple matter to determine the necessary start and run
capacitance for a motor with specified parameters. For a two-winding motor
with rated output power 44 W, efficiency 1= 0.5, wound for 220 V working
and a winding turns ratio r= 1.25, the calculated results are:

w=51.6° ©=126° I,=041A C=23pF

3.2.2 Operating characteristics of a two-winding csar motor

The operating characteristics of a two-winding csar motor can be appreciated
from Figure 3.8. Those of a motor with a power rating 45 W are plotted
against a base of speed. Asynchronous torque, amplitude of the vibration
torque at twice the mains frequency and the per-unit direct and reverse
rotating symmetrical voltage components are shown. In accordance with the
aim of the design — optimum performance at rated power — it is noted that
the reverse voltage symmetrical component and the vibration torque each
have a minimum in the region of the speed at full load. From this load down
to the no-load condition the vibration torque amplitude rises steeply, so that
in many applications it is necessary to include vibration absorption means in
the mechanical design.

Figure 3.9 shows the locus diagrams in the complex number plane of main-
winding current, auxiliary winding current and supply current for the motor

Una = Uy
Ue 1
Un Lie r c "
1
lHl = lC uHI LlHI

r=1 r>1

Figure 3.7  Phasor diagram of voltages and currents for symmetrical drive in a two-
winding csar motor forr=1andr > 1
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of Figure 3.8 operating in the motoring range 0 < s< 1. In this example, the
typical result occurs, in that the auxiliary winding current is greater when the
motor is running light (s=0) than when it is stationary (s=1). In contrast,

0.6 1.2
Nm M ///
e
0.5 s e > 1.0
L
0.4 P =17 N / 0.8
/",//" Um/U \ /
ST
0.3 [ il 0.6 UyU
M Ugu
0.2 o - 0.4
._~‘\J_\\‘ / NL
0.1 ‘\\‘/ . \ y
/ -~ R 02
M~ ,
/ \""\_// 0
0 400 800 1200 1/min 1500
N ——

Figure 3.8  Operating characteristics of a two-winding csar motor (asynchronous
torque, M, amplitude of the 100 Hz vibration torque, Mp, and
symmetrical components of the voltage system plotted against speed)

Uy = 220V

~
legy ~

Figure 3.9  Locus diagrams of mains current, main winding and auxiliary
winding currents for the motor of Figure 3.8
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the main winding current rises steeply with increasing slip. During light
running the heating in the auxiliary winding is usually greater than that in
the main winding. Under high slip conditions, s — 1, there is considerable
heating in the main winding and the provision of thermal overload
protection must be considered in the design.

The current loci may be determined simply by measuring the three
currents Iy, Igyand Itogether with the power so that the phase angles ¢ may
be calculated. When the effective winding turns ratio ris known, it is a simple
matter to determine the operating point for symmetrical running.

Fig 3.10 shows a further set of characteristics of the motor of Figure 3.8.
This time, speed n, heating power loss P, efficiency 17 and capacitor voltage
U, are plotted against torque.

The heating power loss P, is greater on light load than on full load. In
practice, therefore, csar heating power loss measurements are frequently
done at light load.

The capacitor voltage U, is greatest when the motor is running off load, and
the capacitor must be specified accordingly.

Table 3.1 gives an overview of the technical data for a number of two-
winding csar motors.

L. U,
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Figure 3.10  Operating characteristics of a two-winding csar motor (speed n, heating
power loss P, efficiency 1 and capacitor voltage U, as functions of
torque M)



54 Small electric motors

Table 3.1 Technical data of a number of two-winding csar motors, with rated voltage
220V, 50 Hz

D, = stator stamping external diameter; /, = rotor core (iron) length; p = no. of pole
pairs; M = starting torque; My = stalling (pull-out) torque

Cat. D, le p P» n My My n c
no. (mm) (mm) (W) (rev/min) (Ncm) (Ncm) (uF)
1 68 25 1 18 2600 6 11 0.40 1.0
2 68 56 1 40 2600 15 24 0.47 3.0
3 85 56 1 120 2600 38 72 0.57 5.0
4 102 40 1 180 2800 53 152 0.58 6.0
5 130 45 1 600 2850 50 400 067 12

6 85 38 2 40 1250 27 47 0.50 2.5
7 85 56 2 60 1250 35 65 0.52 3.0
8 117 32 2 210 1370 100 250 0.61 10
9 117 50 2 330 1390 132 407 063 12

3.2.3 Motors with input voltage selection

In special cases, motors with a 1:2 input voltage selection option are
manufactured (e.g. for 110/220 V). Both the main winding and the
auxiliary winding comprise two identical coils for series/parallel (high
voltage/low voltage, respectively) connection. A different capacitor is
required for each circuit, the lower voltage circuit requiring four times the
capacitance.

Sometimes a voltage selection option of 1:2 is achieved by means of a
T-circuit. Only the main winding is made up with two coils. Given low
voltage input, the two main winding coils are connected in parallel, and the
auxiliary winding plus series capacitor branch is also connected in parallel
with the two parallel connected main winding coils. This is no different from
the normal motor circuit. Given high voltage input the main winding coils
are connected in series and the auxiliary winding with series capacitor branch
is connected in parallel with one of the main winding coils. Hence, the
currents in the two main winding coils are unequal. The operating
characteristics of the high voltage circuit are less favourable. The voltage
selection switching is much simpler (and only one capacitor is needed), but
the motor can then only be used in applications where the demand for
starting torque is low.
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3.3 The three-winding csar motor

The layout of the stator winding is the same as in a three-phase motor; the
motor is driven in accordance with Figure 3.2¢ (Steinmetz circuit). The
performance is similar, in most respects, to that of the two-winding motor.
There are certain differences, however, in view of the different layout.
Figure 3.11 shows the circuit and the voltage and current phasor diagram
for a csar motor, whose windings are star-connected, when it is loaded for
symmetrical running. The current through winding v is the capacitor current
and is 90° phase advanced on the capacitor voltage Ug = Uyy. It follows that,
for symmetrical running, the phase angle between voltage and current for
each individual winding is 60° and that the phase angle between the supply
voltage Uy and the input current I is 30°.
The capacitance of C for symmetrical running is derived from

C Isym
Uy

For symmetrical running the three-winding csar motor capacitor voltage is
the same as the supply voltage and hence 30-40% less than that for a two-
winding motor with winding turns ratio r=1.1-1.3 (as is usually the case).
However, the capacitance in the case of the three-winding motor is greater by
a factor 2.5-3.

3.4 Choice between the two-winding and three-winding motor

The choice between a two-coil or a three-coil winding often turns on
manufacturing considerations — for example, whichever winding is the more
practicable for the number of slots in the available stator stampings. Other
reasons can be the requisite capacitance and its voltage rating, voltage
selection or reversibility. A comparison of the implications is given in Table
3.2,

Figure 3.11  Phasor diagram of voltages and currents in a three-winding csar motor
loaded for symmetrical running
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Table 3.2 Some guidance towards the choice between a two-winding and three-
winding motor

Two-winding Three-winding
Winding details r=1-1.3 Symmetrical
depending on the slot
patterns
Capacitance C C=2535C
Capacitor voltage 1.8-2.3 Uy 1-1.3 Uy
Reversal with the same Two-pole switch for windings  Single-pole switch
characteristics in both with r= 1
directions
Voltage selection 8 terminals 10 terminals
2:1 2 capacitors 2 capacitors
T-circuit
4 terminals
1 capacitor

In practice the two-winding csar motor is preferred, because it is usually the
more cost-effective on account of the capacitor. An advantage of the three-
winding motor is that the switching for motor reversal is much simpler, as
Table 3.2 indicates.

3.5 In-service supply voltage tolerances

Because motors are energised from mains supplies whose voltages vary, and
because the start and run capacitor has a +10% manufacturing tolerance on
C, the question arises: what influence do these variables have on motor
performance when the design is based on the rated voltage and nominal
capacitance?

First, the torque characteristic and the heating effects must be considered.
Given a supply voltage variation from 0.9 to 1.06 Uy, the worst torque
characteristics occur at 0.9 Uy and 0.9 C. The worst heating occurs for 1.06
Uy and 1.1 C. Vibration torque at twice the mains frequency is worst at the
other ‘corner points’, i.e. 0.9 Uy with 1.1 Cand 1.06 Uy with 0.9 C.

The following data have been determined for a two-winding csar motor
with rated power output 160 W:

Rated voltage = 230 V (50 Hz), Capacitance = 7.0 pF
Torque =0.6 Nm at 2700 rev/min
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Vibration torque developed

at Uy and C :0.01 Nm
at 1.06 Uy, and 0.9 €:0.22 Nm
at 09 Uy and 1.1 C :0.20 Nm

For critical applications, a tightening of capacitor tolerance could be
considered.

3.6 Comparison of csar motor and 3-phase motor

A comparison between the technical data of csar motors and 3-phase motors
with the same frame size is given in Table 3.3. The motors compared here

have the same stator stamping.

Table 3.3 Comparison of csar motors with three phase motors

1, 2 (csar) csar motors
3, 4 (tp) three phase motors
No. D, Ig P, n My My
(mm) (mm) (W) (rev/min) (Nm) (Nm)
1 130 45 370 2750 0.9 28 }csar
2 130 63 550 2800 1.2 4.5
3 130 45 550 2850 5.8 6.0 } o
4 130 63 800 2880 9.2 9.5

3.7 Motors with starter windings

Single-phase motors with auxiliary-start windings are called into play when
starting demands are heavy, i.e. when the starting torque must be appreciably
more than the full-load running torque. There is a choice between capacitor-
start motors and resistive auxiliary winding motors. The motor starts and
accelerates with the auxiliary winding circuit switched in. At a speed
approximating to pull-out torque/slip the auxiliary circuit is switched out, for
example by the release of a relay that monitors the main winding current, or
by a PTC (positive temperature coefficient) resistor. The motor then runs as
a single-winding machine. In general, the auxiliary winding has a lower
material cost owing to its shorter-term thermal requirements.

The motor, however, running as a single-winding machine, has far less
impressive running characteristics than the csar motor. The vibration torque
at twice the mains frequency has the same order of magnitude as the pull-out
torque. Also, the efficiency is lower, and it can only be improved by the use
of considerably more copper for the main winding.
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3.7.1 Run-up characteristics of the resistive auxiliary phase motor

For there to be a starting torque, there must be a phase difference between
the currents in the two coils at standstill. This is achieved in the resistive
auxiliary phase motor by, for example, using finer wire for the coil or by
adding some bifilar (magnetically ineffective) turns, so that its resistance is
increased appreciably. Figure 3.12 shows the operating characteristics of a
resistive auxiliary phase motor, the phasor diagram for the currents at
standstill being shown in Figure 3.13.
In the following example, the power distribution at standstill is given as:

Short-circuit input power P, =1800W
Copper loss in main winding Pous = 370W
Copper loss in auxiliary winding P, z= 1070 W
Iron loss® Pr, = 20W

This means that, out of the 1800 W short<circuit input power, about 80% is
dissipated as copper loss in the stator rotor windings. The auxiliary winding
is severely stressed thermally. In this case the auxiliary winding temperature
rises at the rate of about 17°C/s. The rotating field power corresponding to
a starting torque of 0.6 Nm accounts for only about 10% of the short-circuit
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Figure 3.12  Operating characteristics of resistive auxiliary phase motors

5There is a 340 W discrepancy in the power balance. This is mainly rotor copper loss
which is, normally, not directly measurable.
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Uy |

Figure 3.13  Phasor diagram of the starting currents in the resistive auxiliary phase
motor (from the example of Figure 3.12)

input power. For this reason the power ratings of standard production
auxiliary phase motors are kept less than 250 W.

A typical application: compressor motor in a refrigerating appliance. The
motor is built into the refrigerant circuit. What matters most is a good
efficiency under standard working conditions. To this end the main winding
is designed to have low MMF harmonic content and it occupies two-thirds of
the stator slots. The main winding stator slots are enlarged to accommodate
more copper, which is necessary for achieving the desired efficiency. Under
standard working conditions, an efficiency of about 65% can be achieved. In
freezer motors the auxiliary winding is usually taken out of circuit by means
of a positive temperature characteristic resistor.

3.7.2 Starting characteristics of capacitor-start motors

The power balance under starting conditions is considerably better in the
capacitor-start motor than it is in the resistive auxiliary phase motor. A
significantly better phase shift between the main winding and the auxiliary
winding currents is achieved. Figure 3.14 shows the torque-speed
characteristics of a capacitorstart motor with a closed and open auxiliary
phase circuit. Figure 3.15 is the phasor diagram for the starting currents.
During starting the power balance is typically:

Short-circuit input power Py =425W
Copper loss in main winding P ya=155W
Copper loss in auxiliary winding P ;= 80W

Iron loss Pr, = 10W
Rotor power (not directly measurable) =130 W

For the motor with starting torque M, = 0.4 Nm, the rated mechanical power
output is about 125 W or about 30% of the input power on starting. In
comparison with the resistive auxiliary phase motor, the capacitor-start motor
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Figure 3.14  Characteristics of a capacitor-start motor
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Figure 3.15  Phasor diagram of the starting currents in a capacitor-start motor
(circuit, Figure 3.14)

develops about three times the starting torque for a given input starting
power. A nonpolarised electrolytic capacitor is often used in the briefly
energised auxiliary phase circuit. This capacitor is physically smaller than the
metallised paper capacitors for a given capacitance.
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3.7.3 Double capacitor motors

Alternatively, double capacitor motors may be installed when the starting
conditions are difficult, i.e. in applications where the starting torque must be
greater than the full-load running torque. The double capacitor motor can
be designed for optimum efficiency, speed regulation and low-vibration
running at full-load torque output without the need to compromise for good
starting characteristics. Starting and accelerating characteristics are then
optimised by appropriate choice of the starting capacitor.

3.8 Application of multiwinding induction motors

It becomes clear from the examples that follow that the mechanical
construction of a motor is developed specifically to suit the application.
Examples of mass-produced motors are chosen.

3.8.1 Motors for central heating circulating pumps

Drive motors for central heating circulating pumps are specially constructed
csar motors. Figure 3.16 shows the longitudinal cross-section through a pump
motor with split-case design. The stator and rotor regions are separated by a
split case made of nonmagnetic steel. This split case is rigidly connected to
the stator lamination assembly at its inside diameter and, at the same time, it
holds the motor bearings. Pump motors are now usually fitted with a ceramic
shaft and ceramic self-aligning bearings. The thrust washer behind the
bearing at the shaft output end is also ceramic. The rotor cage is normally
copper and the rotor body is encapsulated in a shell of corrosion-proof
material.

Pump motors are thermally highly stressed (no ventilation, and contact
with water at temperatures up to 110°C). There are pump motors
manufactured in which the stators are encapsulated in a quartz-and-resin
compound to improve heat conduction and raise the power rating.

Vibration-free running is essential for pump motors, otherwise 100 Hz hum
is transmitted throughout the entire piping system. It is necessary to ensure
that the on-load duty of the motor brings it as close as possible to symmetrical
running conditions.

3.8.2 Washing machine drives

Although the electronically controlled seriesswound commutator-motor
presents the most frequently used solution for modern washing machines,
the application of pole-changing induction motors is mentioned briefly.
2/12, 2/16 and 2/24 pole motors are encountered. The washing machine
drive, with a drum speed of 50 to 55 rev/min, is achieved by means of the
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Figure 3.16  Longitudinal section through a central heating circulating pump
a stator lamination set; b split case; ¢ gasket (O-ring);d rotor body;
e self-aligning bearing; f start and run capacitor

appropriate multipole motor and belt reduction drive between the motor
and drum. The motor is switched to two-pole working for spinner drive. The
greater the pole-change ratio, the larger and heavier the motor. A
comparison between induction motor drives and the increasingly used
electronically controlled series commutator motor drive is given in Table 3.4.

Table 3.4 Technical data for washing machine drives: pole-changing induction motor
(IM); universal series commutator motor (UM).

Motor Motor speed, Belt drive ratio Spin speed, Motor weight,
rev/min rev/min kg

2/12 pole IM 450/2900 7.5:1 ~ 400 10

2/16 pole IM 330/2900 5.8:1 ~500 12

2/24 pole IM 220/2900 3.9:1 ~700 15

Controlled UM 660/15000 12.5:1 ~1200 6

Washing machines with pole-change motors are still encountered in
southern Europe. Other solutions include pole-change motors in
combination with phase shift control and speed regulation for increasing the
speed ratio between wash and spin, giving a higher spin top speed.
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b i

Figure 3.18  Oil-burner motor

A method much used in the past is worth mentioning. It uses a 2/4 pole
motor and a two-speed gearbox so that an overall speed change from 7.5 to 1
for spinning and washing, respectively, is obtainable.

Now, particularly in central Europe, the induction motor has been
replaced, in the main, by the electronically controlled universal series
commutator motor, capable of achieving spinner speeds up to 1500 rev/min.

https://engineersreferencebookspdf.com
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3.8.3 Main drives for photocopiers

The main drives for photocopiers are built in some cases as integral motor-
gearbox units. The motor is a two-winding csar motor with power rating
100-300 W loaded to run with a low vibration torque under steady-state
conditions.

The startipe toyraue is usually greater than the full-load running torgue.
Importance is attached to a swift run-up. Therefore the motors are often
provided with two capacitors. Life expectancy for the gearbox is expected to
be between 2000 and 3000 working hours.

3.8.4 Oil-burner motors

Motors for oil-burners are constructed according to VDE 0530 and are
provided with a flange according to DIN 42023. The blower wheel is
connected to the flange end of the motor shaft. The nondrive end is
constructed for mounting the oil pump that is driven via a coupling.

The motor power is related to the required ‘burn’ and can be between 100
and 800 W. Oil-burner motors are normally two-winding csar motors with
externally mounted capacitors. For special applications oil-burner motors are
made for direct connection to the 3-phase supply. Figure 3.18 shows a high
power oil-burner motor.



Chapter 4

Shaded-pole induction motors
S. Tillner

4.1 Introduction

Millions of shaded-pole induction motors are made every year, with power
ratings from a fraction of a watt to about 150 W. Applications are generally in
small electrical appliances that require only a few watts of power, e.g. for
driving heater fans or slide projector fans. In the household appliance market
shaded-pole motors are used in washing machines as discharge pump motors
and in cookers as fan motors in large quantities. In ironing machines, these
motors are used with reduction gearing for driving the rollers. The direct
drive to the drum of a washing machine for spinning has become a classical
application for larger two- or four-pole shaded-pole motors with power
ratings from 60 to 150 W. The motor is also used in vending machines for
driving the fans and in combination with gearing and linkages for selecting
and delivering the goods.

The construction of the shaded-pole motor is simple, particularly with
respect to the windings. Large quantity production and extensive automation
results in a favourable price per unit, and the shaded-pole motor often offers
the most costeffective solution to a drive problem. Their disadvantages
compared with, say, capacitor start and run motors should be considered,
however — namely their low efficiency and very often their unfavourable
torque—speed characteristics.

4.2 Operation of the shaded-pole motor

The shaded-pole motor is a single-phase induction motor with the simplest
possible structure, characterised by prewound stator coils fitted over
laminated poles and transformer-coupled short-circuited auxiliary windings.
These surround a part of the pole and normally take the form of a massive
copper ring. This construction produces an elliptic rotating field in the
airgap. This field acts on and turns the squirrel cage rotor.
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The physical principles of the shaded-pole motor are more easily seen if, at
first, the rotor cage is considered to be open-circuit. The development of the
magnetic flux phasor diagrams proceeds from considering Figure 4.1a.

Current I’ flows through the main winding, which has w turns. The
auxiliary winding, which surrounds a part of the pole, is coupled to the main
winding with mutual inductance M;3 and carries current /””. The voltage
induced in the shaded-pole winding is

U’” = —'jle 31/

and it lags the current I’ by 90°. The impedance of the shaded-pole winding
is inductive (R +jwL™) so that the shaded-pole current I””lags behind the
voltage U™, The shaded-pole current I’ lags behind the main current I” by
the phase angle .

The component flux phasor diagrams are given in Figure 4.1 b, ¢. The
main winding current I’ causes the flux ®”. The component ®,” occupies
pole section 1 and the component @’y occupies pole section 2. Flux ¢
resulting from the shaded-pole winding current I”” is present in pole
section 2 only. Thus the total in section 2, 9=+ @y’ lags behind the
flux ®;”in the pole section 1 by the angle y. Spatially the fluxes in the
two pole sections are displaced by 90 electrical degrees. The rotating flux
peak occurs first in the main pole and then in the shaded pole and
thus the squirrel cage rotor turns in this sense, counter<clockwise in Figure
4.1a.

In Figure 4.1¢account is also taken of the leakage flux ®,, which runs from
each main pole to the neighbouring shaded pole and bypasses the rotor.
Leakage flux reduces the magnitudes of both the main fluxes but, at the same
time, increases the phase angle between them. This is a significant feature in
motors which have ‘stamped leakage bridges’ (see Sections 4.4 and 4.6).

r D)

open-circuit rotor

Figure 4.1 Schematic diagram of the shaded-pole motor with open circuit rotor
winding (a) and the principal phasor diagrams of the magnetic flux
components (b, c)
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4.3 Field distribution and harmonic fields

Owing to the stator construction, with its concentrated wound coils fixed
around salient poles, the airgap field distribution has a significant spatial
harmonic content. Figure 4.2a shows the airgap MMFs resulting from
currents I” and I”, spatially and at one instant of time. The spatial
distributions are rectangular and stretch over pole span ¢’ for the main
winding and pole span ¢’”for the auxiliary shaded-pole winding. ¢’and ¢”’are
arcs, shown as liner developments in Figure 4.2a.

Fourier analysis of the MMF distributions produces the following
expressions for the fundamental magnetic field components:

Alternating field resulting from I

b = Bjcos wt
where

Alternating field resulting from I

by = By ¢/* cos(wt + (p)
where

" 4 I,”VQ . C”' b2
B" =y, — sin| ——
T o t, 2
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Figure 4.2 Flux density distribution owing to: {(a) main winding and a uniform

airgap; (b) main winding and a nonuniform airgap for the reduction of
harmonic content
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Each of the above alternating fields may be expressed as the sum of
two uniform rotating fields, with opposite directions of rotation, and
magnitudes equal to half of the magnitudes of the alternating fields. The
resulting clockwise (cw) and counter-clockwise (ccw) fields may be expressed
as

By, = %{Bl' + By ej(wpe)}ej"'t
and

B, = %{Bf + BY” e_j(q’-l)e)}e_ﬁ”l

The airgap field thus derived is a highly elliptic rotating field.

Amongst the spatial harmonic fields the third harmonic is particularly
significant. From the Fourier analysis of what is practically a square wave MMF
function (see Figure 4.2a) it follows that, for excitation I, the spatial third
harmonic field amplitude is

4 Iw\/g sin[sif-]

B =y, —
3 #0371' ] t, 2

and for the shaded-pole MMF, derived from current I"”,

" 4 I’”‘\/E . SC”’ T
By” = 4y ———sin _5
by

3z 6

177

Inspection of the expressions for By’ and By
order of magnitude.

The third harmonic MMF component gives rise to rotating fields at one-
third synchronous speed, and this results in a saddle in the torque/speed
characteristic, particularly in the larger shaded-pole motors, so it is necessary
to provide means for improving the field distribution graph. A frequently
chosen method is the provision of a nonuniform airgap which is made wider
on the main pole side of the slot. Numerous airgap contours have been
developed, such as that shown in Figure 4.25. In some designs there are
stepped contours and there may be flux saturation at the pole tips.

The above discussions left out all consideration of the influence of the
rotor current. Interaction between the highly nonsinusoidal MMF
distribution and the rotor current is very complicated. Literature on this
subject is extensive.

Figure 4.3 shows the torque/speed characteristic of a shaded-pole motor
M and the four calculated torque components due to direct- and counter-
rotating fundamental and third harmonic MMF components.

shows that they have the same
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Figure 4.3 Fundamental and harmonic torque components (direct- and counter-
rotating) and the resultant characteristic of a 4-pole shaded-pole motor

4.4 Construction of shaded-pole motors

There are many stator stamping shapes for shaded-pole motors on offer, and
many designs are strongly influenced by manufacturing considerations. The
version shown in Figure 4.4a with solid ‘leakage flux inserts’ is seldom found
in modern production. The pole gaps are closed with these inserts after the
coils have been put in place.

In the version of Figure 4.4¢ the leakage flux is limited by the arrangement
of gaps and slots in the stator stampings. The versions with ‘stamped leakage
bridges’ (Figs. 4.4b, d, e) are preferred for smaller motors, up to about 20 W.
The core pack is made up of two parts, pressed together after the externally
prepared mass-produced coil has been placed over the pole core.

The unsymmetrical version, Figure 4.44, finds widespread application
owing to its low manufacturing cost, e.g. for its simple, machine wound coil
on a plastic former. When this motor is built into an appliance, care must be
taken to ensure that no other steel parts are in close proximity because flux
leakage could reduce its power output.

In the larger shaded-pole motors, the one piece stamping, Figure 4.4¢ or JA
is preferred, because then the winding can be done economically by robots.
Also, larger machines require windings with fewer turns of thicker wire and
hence enable more favourable manufacturing conditions. Numerous
stamping designs (Figs. 4.4d and ¢) include two shaded-pole slots per main
pole. Improved running characteristics are achieved with this arrangement.
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yoke assembly
leakage flux insert ! pole assembly

Figure 4.4  Shaded-pole motor versions (explanations in the text)

4.5 Operational performance of shaded-pole motors

4.5.1 Operating characteristics and technical data

The operating characteristics of a 50 W nominal power output motor are
given in Figure 4.5. Speed, current, input power and efficiency are plotted
against a base of torque. The ratio of short-circuit current to full load current
I/ Iy is about 1.7 in this example. In the smaller shaded-pole motors with
powers 1-3 W this ratio can be about 1.2-1.3, and this means that these
motors can be stalled for long periods without the need for thermal overload
protection,

It is mentioned that, as with all induction motors, the shaded-pole motor
has a torque output that varies according to the square of the supply voltage.
Particular aspects are dealt with in Section 4.6.1.

Table 4.1 gives an overview of the power ratings and parameters, including
dimensions of available shaded-pole motors. The following groups are
chosen:

1. Two-pole shaded-pole motors with unsymmetrical construction as in Figure
4.4d and with stamping dimensions 63.5 x 63.5 mm.

2. Two-pole shaded-pole motors with rounded construction, as in Figure
4.4¢, f, with various stamping dimensions designated by their external
diameters and bore diameters.

3.Four-pole shaded-pole motors with rounded construction, as in Figure
4.4b, c.
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Figure 4.5  Operating characteristics of a 2-pole shaded-pole motor, with nominal
power rating 50 W at 220 W supply voltage

Table 4.1 Technical data of standard pattern shaded-pole motors

D, = bore diameter
le = core length
P, = output (mechanical) power

M, = starting torque
My = stall {pull-out) torque
M, = rated (full-load) torque

Py = input (electrical) power

n, = rated speed at full load

No.  Stamping Dy le P Py My My M, n,
dimensions
(mm) (mm) (mm) (W) (W) (Ncm) (Ncm) (Ncm) (rev/min)
316 16 33 19 15 2.2 1.2 2600
316 20 50 25 19 3.0 1.8 2600
T B35xB35 46 30 75 38 31 44 28 2600
316 45 11.0 55 44 6.5 4.0 2630
58 ¢ 250 16 1.2 12 04 0.9 0.5 2300
5 75 ¢ 316 22 50 25 1.8 3.2 1.9 2500
75 ¢ 316 35 100 40 30 6.0 3.7 2600
136 ¢ 55,0 38 1200 400 280 780 43.0 2680
68 ¢ 38 20 4.5 24 20 55 3.4 1270
3 68 ¢ 38 38 100 50 80 120 7.3 1300
80 ¢ 46 38 200 70 100 230 147 1300
136 ¢ 74 20 55,0 240 180 850 39.0 1350
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Figure 4.6  Drive torque and hum torque as a function of speed in (a) a csar motor
and (b) a shaded-pole motor with the same dimensions

4.5.2 Comparison of the operating characteristics of the shaded-pole
motor and the capacitor start and run induction motor (csar motor)

Torque/speed characteristics and double mains frequency hum torque are
compared in Figure 4.6, with speed as the base parameter, between (a) the
csar motor and (b) the shaded-pole motor, the two motors having the same
overall dimensions and temperature rise above ambient. The graphs relate to
4-pole motors with 80 mm core diameter, the shaded-pole motor having the
core shape of Figure 4.4c.

A comparison of the torque/speed characteristics shows that, in this case,
the shaded-pole motor has only about 30% of the starting torque and about
60% of the stall (pull-out) torque of the csar motor. In addition the
speed/torque characteristic of the shaded-pole motor exhibits a distinct
saddle or dip during run-up owing to the third harmonic component in the
MMF waveform. Regarding the double mains frequency hum torque, it has to
be recognised that the csar motor working around normal full-load
conditions is close to the uniform rotating field state, and thus the hum
torque is minimal. In the shaded-pole motor, however, when running
between the off-load and stall (pull-out) torque states, the hum torque has
the same order of magnitude as the stall (pull-out) torque.

4.5.3 Losses and efficiency

Table 4.2 gives some idea of the efficiency of shaded-pole motors compared

with csar motors. In the power range up to about 10 W, in which the majority

of motors are shaded-pole, the efficiency of these motors is 20% or even less.
The following losses occur in the shaded-pole motor:
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stator iron loss P

main winding copper loss P,
shaded-pole ring copper loss Pg,5
PRloss in the rotor P,

friction loss Pp,

Table 4.2  Efficiency of shaded-pole motors compared with csar motors

Power P, Shaded-pole motor Csar motor
1W 0.1
10W 0.22...03 ca. 0.4
50 W 0.30...0.35 04..05
100 W 0.32...04 0.55 ...0.65

Only the main winding copper loss can be determined by direct
measurement. Shading ring copper loss is determined by replacing the
usual solid copper ring - in a few prototype units — with a multiturn insulated
winding with the same cross-sectional area. Its current and resistance are then
measured. Stator iron losses are measured in a motor with open-circuited
shading rings and a cageless rotor. When the friction loss is known, the
remaining loss out of the total is principally the rotor copper loss. Table 4.3
shows the division of losses in two shaded-pole motors with different power
ratings. It is observed that the copper losses in the main and shaded-pole
windings are of the same order of magnitude. Rotor copper loss is
considerable. Packing the main winding space full, with some difficulty, has
only a slightly beneficial influence on efficiency and temperature rise.

Table 4.3  Loss distribution in a shaded-pole motor

Example 1 2
Power input, W P, 31 190
Stator iron toss, W Pre 4 9
Copper loss (main winding), W Peut 4 26
Shaded-pole winding loss, W Pous 6.5 24
Rotor loss, W Py 7 54
Friction loss, W Pg 1 54
Power output, W Py 8.5 75
Efficiency n 0.27 0.39

4.6 Design and dimensioning of shaded-pole motors

4.6.1 Winding conformaity

In general, motors in electrical appliances must conform to the standard
specifications, typically, VDE 0700. These state that the appliance must
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Figure 4.7 Stray flux and total flux in a motor with ‘leakage bridges’

operate satisfactorily when the applied voltage is 85% of the nominal supply
voltage and, at the other extreme, the specified top temperature must not be
exceeded when the applied voltage is 106% of the nominal.

Conformity of the shaded-pole motor in the appliance is easily achieved in
that, given the available motor with appropriate frame size, the reference
voltage which meets both conditions is ascertained. The number of winding
turns for the nominal supply voltage is then calculated by normal voltage
transformation methods. If the temperature rise is too great, even with a full
winding, a longer core, for instance, is necessary.

The torque of a shaded-pole motor — as with all induction motors — is
proportional to the square of the input voltage. In motors with ‘stamped
leakage bridges’, the following considerations apply:

(a) The dependence of torque on voltage can be greater than quadratic.
Figure 4.7 shows how, in a motor with ‘stamped leakage bridges’, the
total flux @, the leakage flux @, and the ratio ¢,/P, depend upon
U/ Uy The leakage bridge is already saturated at low input voltage
and the leakage flux remains virtually constant as the input voltage
increases, the leakage flux density being about 2.2 T. The flux that
determines the torque varies according to ®;(1 - ®,/P;). Given this
expression, the dependency of torque on supply voltage can be
approximated by an exponent. For the case before us, and in the voltage
range U/ Uy = 0.85-1.0, the exponent is about 2.4.

(&) When the main pole airgap is contoured (Figure 4.25) to reduce the
saddle in the torque/speed characteristic and there are saturation zones
at normal voltages, the field distribution can be voltage-dependent and as
a result the benefit of the saddle effect can decrease at lower input
voltages.
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4.6.2 Influence of the rotor resistance

As in all induction motors, the torque/speed characteristic of a shaded-pole
motor can be affected by changing the rotor resistance. Increasing the rotor
resistance (e.g. by fitting smaller section end-rings to the rotor cage, or
altering the alloy in the case of cast rotor cages) produces an increased
starting torque. This effect applies to both the forward and reverse rotating
fields and so the increase in starting torque is small, and there is usually a
worsening of stall-torque, steady-state speed regulation and efficiency.
Therefore, this method of increasing the starting torque and accelerating
torque is only applicable in particular circumstances.

Figure 4.8 shows the torque/speed characteristics of a shaded-pole motor
with normal rotor resistance and with the resistance increased by 70%. In the
interest of optimising the performance of the shaded-pole motor, it is usual
to incorporate low resistance rotors.

4.6.3 Shaded-pole arc and shaded-pole winding resistance

The dimensioning of the shaded-pole arc and the shaded-pole winding
resistance has been the subject of much study and development because
these parameters have considerable influence on the performance of the
motor. In Figure 4.9 the influence of the shaded-pole arc and the shaded-pole
winding resistance R”’ on the starting torque M, and on the stall torque My
are depicted, given that the light load running losses remain unchanged.

4.7 Applications of shaded-pole motors

When shaded-pole motors are to be used, their properties, as described in
detail in Section 4.5, must be considered. The relatively low starting torque
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Figure 4.8  Torque/speed characteristic of a shaded-pole motor with rotor resistance
R(l)and 1.7R (2)
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a Change of shaded-pole arc
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M, = starting torque
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often limits the applications. In many cases the heat dissipation is a problem
when, for example, there is no possibility of good fan cooling.

In many situations attention must be paid to the double mains frequency
hum torque, in the form of vibration absorbing mountings. Careful layout is
required. Inertia of the motor and load, and the torsion constant of the
motor suspension, result in angular vibrations. Hum torque isolation is most
effective when the natural frequency of angular vibration is less than one-
third of the excitation frequency. In this way, annoying hum from the
apparatus can be avoided. Shaded-pole motor-driven fans in large chest
freezers being suspended from steel springs is an example of this solution to
a problem.

4.7.1 Applications of shaded-pole motors with unsymmetrical
construction

The unsymmetrical construction of shaded-pole motors shown in Figure 4.4d
is offered to the world market by many manufacturers of 1-20 W motors.
There are many applications for motors with this construction, e.g. discharge
pumps in washing machines and dishwashers, fan motors in electric cookers,
drive motors for small appliances (slide projectors), motors for diverse drive
applications in photocopiers and dispensing machines, and often in
combination with miniature transmission systems.

In these motors, the windings are put onto plastic spools and are very
simple and robust, and class F and H insulation can be achieved
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economically. This is a requirement for motors which have to work at high
temperatures, such as fan motors in electric cookers.

Putting the windings onto plastic spools offers simple solutions to the
following:

® voltage selection using series—parallel coil connections

e tapped windings for driving fan motors at two speeds without the need
for a series resistance

® using the motor field windings as a transformer by putting an isolated
secondary winding on the stator separated from the main winding by an
insulating card.

Motors of this construction are usually fitted with vertical-bearing covers and
sintered plain bearings, and frequently with ‘longlife bearings’ with a
particularly large lubricant reservoir and special means against lubricant
leakage. In special circumstances, rolling contact bearings are fitted.

4.7.2 Shaded-pole motors as fan motors

Small fans: The category of small fans with an output power of 1 to 2W
includes hot air fans, hair dryers, air moisteners and extractor fans. Also,
there are many types of apparatus which require internal fans. They are
usually constructed as shown in Figure 4.10. The round shape is necessary so
that the motor can be placed inside the fan body, and it is cooled by the fan.
These motors are produced by the hundred-thousand, and the
manufacturing processes are highly automated.

Refrigerators and freezers: In refrigerators and freezers, 4-pole shaded-pole
motors are fitted. The common structure shown in Figure 4.10 has power

Figure 4.10  Shadea-pote motor for a small fan
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ratings of 2-8 W, and the fans are axial. Often the motors have a closed
construction and are fitted with longlife bearings and vibration damping
mountings.

Extractor hoods: Extractor hoods are designed to move 200-300 m3/h air with
a static pressure of 1 m bar. A proven means is the use of the capacitor start
and run induction motor with external rotor. However, many internal rotor
shaded-pole motors are used as an alternative. The technical requirements
are often stepless speed control or switched speed selection (e.g. 2400~
1900-1400 rev/min). From the characteristics of the 25 W motor depicted in
Figure 4.11, it can be seen that speed setting by means of switching the input
voltage is possible but with severe limitations.

4.7.3 Shaded-pole motors for washing machine spinners

These are usually 2-pole shaded-pole motors with power ratings up to about
150 W.

The direct-drive washing-machine spinner with a shaded-pole motor rigidly
coupled to the drum is a typical example of adapting the motor and the
appliance to work together as a unit. The critical drive problem occurs during
run-up, with imbalance owing to unfavourable distribution of the washing
load. The motor drum is elastically coupled to a subframe in the body shell.
Because of imbalance, the motor drum oscillates vigorously during run-up.
The ‘critical speed’ region under 400 rev/min, at which mechanical
resonance occurs, must be swept through quickly so that the drum does not
strike the body shell. At this speed there must be sufficient acceleration
torque being developed by the motor. The 2-pole shaded-pole motor reaches
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Figure 4.11  Torque/speed characteristics of a fan drive
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Figure 4.12  Washing-machine spinner direct-drive assembly and speed/torque
characteristic

its first torque peak at this speed, owing to the third-harmonic content in the
MMEF distribution. This speed occurs before the saddle in the torque/speed
characteristic (see Figure 4.12).
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Chapter 5
Synchronous motors

Helmut Moczala

Synchronous motors are used predominantly in AC circuits when a constant
speed is required that is independent of load torque and supply voltage. The
speed n, of the motor is dependent only on the mains frequency fand the
number of pole-pairs p in accordance with the formula

n, = L (5.1)
b

Multipole synchronous motors with a capacitive auxiliary phase are also

found, however, in slow speed drives on account of their low turning speed,

relatively high torque and easy reversibility, when no importance is attached

to synchronous running.

5.1 Summary of possible synchronous motor constructions

Synchronous motors are mostly rotating field motors in which the rotor has
the same number of poles as the stator and turns synchronously with the
rotating field. Synchronous motors with purely single-phase excitation are
rarely encountered. Figure 5.1 gives a summary of the principal possibilities
for the make-up of synchronous motors.

Various forms of stator are produced for generating a satisfactory rotating
field. The principles are similar to those applicable to induction motors,
namely:

e 3-phase winding for connection to a 3-phase supply

e 3-phase winding with a phase-shifting capacitor for connection to a
single- phase supply

e 2-phase winding comprising a main coil and an auxiliary coil energised
via a series capacitor
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Figure 5.1  Functional principles of the synchronous motor

e ashaded-pole
e asingle coil winding.

Whereas the 3-phase wound, 3-phase energised motor has a nearly perfect
uniform rotating field under all working conditions, the shaded-pole motor
field is highly elliptic. Motors with a single coil winding, which can only have
an alternating field, need external starting provision.

Various stators may be combined with a choice of rotors, namely:

® permanent magnet rotor
® hysteresis rotor
e reluctance rotor.

Many stator/rotor combinations are possible. Also, rotor cages, as used in
induction motors, appear in synchronous motors to enable starting, run- up
and lock-in.

On account of the importance of the role played by permanent magnetic
materials in synchronous motors, the following Section is devoted to a
discussion of the properties of these materials.
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5.2 Permanent magnets

3.2.1 The permanent magnetic circuit

Figure 5.2 shows a schematic representation of a permanent magnet circuit.
The magnetic flux @ from the permanent magnet 1 flows, via the soft iron
pole-pieces 2.1 and 2.2, through the airgap 3. Assuming that there is no flux
leakage and that all the flux ® emerging from the permanent magnet 1
passes through the airgap 3, it follows that

®=AB,=AB (5.2)

where B, is the flux density in the permanent magnet and B is that in the
airgap.

The circuit, when assembled, is fully magnetised by means of an MMF pulse
6 which is unidirectional and starts and finishes at 8= 0. In accordance with
the closed magnetic circuit theorem (Ampere’s law),

6=¢Hoedl=H,I, + H5=0 (5.3)

where H,_ and H are the magnetising intensities (in A/m) in the permanent
magnet and airgap, respectively.

Eqn. 5.3 is valid under the assumptions that the magnetic potential drops
in the soft iron pole pieces are negligible and that flux leakage is also
negligible.

From eqns 5.2 and 5.3, and the relation B = y,H in the airgap, it follows that

I A
B, =-u,H, -2 — (5.4)
m="Hofng A,
This equation relating the permanent magnetic material parameters B, and
H, establishes the so-called working line, which is dependent only on the

Figure 5.2 Permanent magnetic circuit
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geometry of the magnetic circuit and not on the magnetic material’s
properties.

The relationship between B, and H,, is the hysteresis curve for the material,
and the demagnetisation curve in the second quadrant, as shown in Figure
5.3, has particular significance. The intersection of the working line and the
demagnetisation curve is the working point P. The permanent magnet
material’s working flux density B,, may be read off the diagram, and the
airgap flux density B is then derived from eqn. 5.2. In practice, corrections
(reductions) must be made because — owing to magnetic flux leakage — not
all of the permanent magnet’s flux passes through the airgap.

If the airgap is increased from & to &%, the working line has a lower
gradient, and a new working point P* with a lower flux density is established.
This flux density reduction is permanent in the material, and reclosing the
airgap to the original § achieves only a partial recovery to a new working point
P’ and flux density B,,. B,, depends on the ‘physics’ of the magnetic
material and is not readily calculable.

Irreversible flux changes can also occur in the magnetic circuit as a result
of strong neighbouring unfavourably directed fields. For a constant airgap
the result is a parallel shift to the left of the working line.

5.2.2 Permanent magnetic materials

Characterisation of permanent magnetic materials is achieved by stating the
remanent flux density B, and the coercive force H,. B, and H, occur where
the demagnetisation curve cuts the vertical axis and the horizontal axis,
respectively.

Figure 5.3 Working point of the permanent magnetic circuit
1 Demagnetisation curve B, (H,)
2 Working line for airgap F)
3 Working line for airgap &* > &
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-500kA/m m

Figure 5.4 Demagnetisation curves B,(H,) of: (1) hard ferrite, isotropic; (2) hard
Jerrite, anisotropic; (3) Alnico, anisotropic; (4) rare earth — cobalt; (5)
neodymium-iron-boron

Figure 5.4 shows a number of permanent magnet material demagnet-
isation curves. A figure of merit of the material is the area under this curve.
Amongst the commercially available materials, anisotropic Alnico 3 and
neodymium-iron-cobalt 5 have the highest remanent flux densities, whilst
materials 4 and 5 have the highest coercive forces. On account of their high
cost, materials 3, 4 and 5 are only used for high specification motors. The
hard ferrite sintered materials (1 and 2) and isotropic Alnico are more
economical. Permanent magnets using neodymium-iron-boron, with their
superior magnetic qualities, are susceptible to corrosion and must be
restricted to a top working temperature of 150°C.

5.3  Principles of synchronous motor function

5.3.1 Motors with permanent magnet rotors

The permanent magnet rotor is the one most often used in synchronous
motors. When running synchronously, the rotor magnetic axis trails the
stator’s rotating field axis by an angle B, which is dependent on the load
torque M, The relationship is easily seen from a consideration of Figure 5.5
in which, instead of being developed by a polyphase winding system, the
rotating field comes from a DC electromagnet which is rotated mechanically
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Figure 5.5  Development of the synchronous torque

a Electromagnet — permanent-magnet coupling
b Synchronous torque as a function of the load angle M/(f)

at angular velocity @. In this ‘magnetic coupling’ the load angle f increases
as the ‘internal torque’ M, increases. M, is the torque developed between
stator and rotor. The physically realisable torque from the motor output shaft
must be less than M, owing to unavoidable losses, e.g. friction.

The equation for the internal torque M, is

M=k ®Isin B (5.5)

in which @ is the airgap flux, I the winding current and k a constant for the
motor.

The torque M, reaches its maximum value when f8=90° and becomes the
pull-out torque M, If this torque is exceeded, the ‘magnetic coupling’ can no
longer hold onto the rotor and it rotates relative to the field axis. As a
consequence of the continuously increasing f, a sinusoidally varying torque
with average value zero results — “The synchronous motor rotor falls out of
step’.

This vibrating torque also occurs when the motor is switched on, i.e. when
the stator field rotates and the rotor is stationary. A start and run-up is
generally only possible when a supplementary asynchronous torque is first
developed by means of a squirrel cage or hysteresis material rotor.

The supplementary starting arrangement may be dispensed with if it is
possible to accelerate and synchronise the rotor very quickly, i.e. within a half
period of the supply voltage. This is possible for multipole slow speed motors.

The equivalent circuit and phasor diagram of a synchronous motor is
shown in Figure 5.6. The supply voltage U exceeds the induced voltage U, in
the winding by the sum of the resistive and reactive voltage drops in the
winding when it is carrying the current L

Thus,

U=U,+RI+jX]I (5.6)
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Figure 5.6 (a) Phasor diagram of the synchronous motor; (b) equivalent circuit of
the synchronous motor

In this equation R, and X, are, respectively, the resistance and the
synchronous reactance of the stator winding. The induced voltage U, is
derived partly from the permanent magnetic rotor’s movement and partly
from the stator flux linkage. In small synchronous motors, leakage flux has
an unfavourable influence, so that only a fraction of the permanent magnet’s
flux links the stator winding.

For these reasons and on account of the fact that in low power motors the
voltage drop in the winding is a large part of the supply voltage (when
compared with the larger machines), it must be accepted that the induced
voltage U, is small compared with the supply voltage U.

From Figure 5.64, resolving in the direction of I.

Ucos 9= U, cos y + IR,
Mulitiplication by the current I gives:
Ulcos 9= Ul cos v+ IR,

Here, UIcos 0 is the electrical power from the supply, P, U, Jcos ¥ is the
‘internal’ mechanical power transferred to the rotor P, (this power is not all

available at the output shaft owing to bearing friction and other braking
effects), and I’R, is the copper loss P,

P! = Pmi + })ru (5.7)
The ‘inner efficiency’ 1, of the motor, relating to the rotor power P, is
S Al (5.8)
P, Ucoso

Because in low power synchronous motors the ratio U/ Uis not good, a high
value of efficiency 7, is not to be expected. Finally, the overall efficiency
n =P, /P, is even smaller owing to friction losses.
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5.3.2  Motors with hysteresis rotors

Synchronous motors with hysteresis rotors display fundamentally different
characteristics to those with permanent magnet rotors, particularly with
respect to starting characteristics.

The rotor materials used in these motors have lower coercive force than
the permanent magnet materials: H, = 4-50 kA/m compared with more than
50 kA/m for Alnico (see Figure 5.4). Because of their position between the
soft iron and the hard magnetic materials, they are referred to here as
medium iron or hysteresis materials.

In contrast to the permanent magnet rotor, the hysteresis rotor gets its
magnetisation from the stator after the motor is switched on. For this to be
achieved from the available stator MMF it is necessary to use the medium
magnetic materials for the hysteresis rotor.

For a consideration of the run-up action, let the starting point be that the
stator-derived 2-pole rotating field penetrates the hysteresis rotor. If the rotor
is turning at less than synchronous speed, the rotor becomes magnetised
around its BH loop at the slip rate n, - n.

As well as producing eddy current losses, the magnetic cycling in the rotor
generates hysteresis losses, which depend on the magnetic properties of the
material and the magnitude of the imposed field. The hysteresis energy AW,
per magnetic cycle absorbed by the rotor can be calculated by integrating
throughout the rotor volume elements but, as the hysteresis curve has no
suitable mathematical expression, an exact calculation of AW, is very difficult.

Figure 5.7 shows a hysteresis curve B, (H,) and the induction curve B, (#),
which results from imposing a sinusoidally varying H,(f) on the material.
B, (1) is clearly not sinusoidal but it can be seen to have a time lag behind
H,(#). The angle & between the positive-going zero crossings of H, and B, is
a measure of this lag and is known as the hysteresis angle. 6 cannot safely be
called a phase angle owing to the different waveforms of the two functions.
This hysteresis angle is to a great extent independent of frequency.

It is easily appreciated that there are energy losses in the hysteresis
material, when a piece of the material lies motionless in the field of a loss-free
coil, energised with alternating current. Current and H, are in phase,
whereas the induced voltage is 90° ahead of B,. Because the voltage across the
coil, when measured, is only (90° - 8) ahead of the current, it follows that the
coil absorbs in-phase current and hence power from the supply to provide the
hysteresis loss.

When a hysteresis rotor is magnetically cycled by a rotating field, the
elements of the rotor experience time displacement as discussed above
between their B, and H, functions. Given a 2-pole field, the hysteresis angle
between the H, and B, axes can also have a spatial interpretation.

At standstill (n=0) the hysteresis rotor delivers no mechanical power but
the stator transfers the hysteresis loss power P, = n, AW, over the airgap. This
airgap power P,, does not change when the rotor begins to turn because the
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Figure 5.7  Derivation of the hysteresis angle 6

magnetic action in the airgap is the same as at standstill: the rotating field
turns at synchronous speed n, and the rotor behaves magnetically as at
standstill, with the hysteresis angle being independent of speed. The
hysteresis loss is less than at standstill owing to the lower cycling frequency

n,~ n, the difference being converted into mechanical power P,; = 27nM,
The power balance equation is
Py, = n AW, =(1, = n|AW, + 21nM, (5.9)
from which
AW,
M, = 2 (5.9a)
2r

Thus, at subsynchronous speeds, a constant torque that is independent of
speed is to be expected.

At synchronous speed, the hysteresis motor displays the same properties as
the motor with a permanent magnet rotor, except that the medium-iron rotor
machine slips out of synchronism when the pull-out torque is exceeded and
runs subsynchronously, as discussed above. The rotor returns to magnetic
hysteresis cycling and to a subsynchronous speed that depends on the load
characteristics.
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Alternatively, in the case of slight overload, the rotor may repeatedly pull
into and out of synchronism with an attendant vibrating torque or flutter
(sometimes called microslip). Whereas permanent magnet synchronous
motors may be loaded up to a load angle approaching 90°, only about 20° can
be achieved in a hysteresis motor before the onset of slip and magnetic
cycling.

5.3.3 Motors with reluctance rotors

Reluctance rotors are specially contoured so that airgap variations relative to
the round stator occur in pairs, giving soft magnetic poles. The number of
rotor poles corresponds to that of the stator. The varying airgaps and the
corresponding airgap reluctance have given the name to this rotor. As with
the permanent magnet rotor, the reluctance rotor seeks to align itself with
the rotating stator field. Start and run-up problems are similar to those of
permanent magnet rotors.

5.4  Construction of synchronous motors

Here one finds various types of construction which owe their existence not
only to the different physical principles described above but also to many
original design ideas. Besides the well-known internal rotor motors, there are
many external rotor motors on the market. Special claw-pole constructions
have been developed for multipole slow running motors.

3.4.1 Motors with permanent magnet rotors

Figure 5.8 shows the rotors of two synchronous motors, which differ from
induction motor rotors in so far that permanent magnets are built into the
rotors. The left rotor is 4-pole and the right is 6-pole. The ferrite magnets
used, with their high coercive forces, have the advantage over Alnico in that
they are not demagnetised by the stator field when placed in opposition. The
squirrel cage is required for start and run-up.

Figure 5.8  Cross-section through the rotors of 4- and 6-pole Siemosyn motors
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The stators of the motors have the same number of pole-pairs as the rotors
and they resemble those made for induction motors.

As well as these solutions for higher power motors, we find capacitor
motors around the 10 W power level whose synchronisation is achieved by
laterally magnetised discs placed alongside the induction rotor.

One manufacturer offers a 2-pole split pole stator with a permanent
magnet rotor together with a hysteresis rotor for start and run-up.

The special construction of a low-speed permanent magnet synchronous
motor with two windings is shown in Figure 5.9. This motor comprises two
separate 16-pole stators and two rotors mounted on the same shaft.

Each stator has just one coil for exciting its 16 teeth which form a part of
the press-formed stator halves. The pole teeth of the two stators are
electrically displaced by 90 electrical degrees so that the pole teeth of the one
stator are opposite to the rotor poles at the same time as the pole teeth of the
other rotor are opposite to the rotor slots.

On account of the two motors being magnetically completely isolated, no
uniform rotating field is obtainable on connection to two phase-shifted
voltages. Each motor develops a pulsating torque. At synchronous speed the
torques of the motors are characterised by equal drive torques and equal
vibrating torques at double the mains frequency. If the two stator coils are
energised with supplies that have 90° phase displacement, the two drive
torques add, giving the sum for the driving torque, whereas the two vibrating
torques cancel. From the outside this then appears to be an ideal uniform
rotating field motor.

The phase shift between the two winding currents, when connection is
made to a single phase supply, is achieved by means of a capacitor C. Figure
5.10 shows how reversal of rotation can be achieved with a single changeover
switch,

The motor shown here has no ancillary equipment for starting and run-up.
On account of the slow synchronous running speed, only a small acceleration
is required to bring the rotor to synchronous speed within a half period of

Figure 5.9  Synchronous motor with permanent ‘magnet rotor and capacitor
auxiliary phase for connection to a single-phase supply
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the supply voltage. The motor is capable of developing the necessary torque
for this acceleration without ancillary equipment.

An independent start is, however, not generally possible when higher
synchronous speeds are required or when masses with high moment of
inertia are rigidly coupled to the rotor. Figure 5.11 shows the typical double
stator motor construction quite clearly.

Motors designs with three adjacent stator assemblies are produced for
connecting to a 3-phase supply. Alongside these designs, motors as already
described but with special windings and added electronic circuits are also
finding applications as stepper motors.

Figure 5.12 shows the cross-section through a single-phase motor. Only one
half-casing is shown, whilst the concentric coil that surrounds all the pole
teeth and the rotor are not shown. The pole teeth that are pressed out of the
casing and bent inwards form two sets consisting of the main pole teeth 2 and

Ry

Series circuit Parallel circuit

Figure 5.10  Circuit for the generation of the phase-shifted voltages for the
synchronous motor of Figure 5.9
The changeover switch serves to provide rotation reversal

Figure 5.11  Synchronous motor with permanent magnet rotor and capacitor
auxiliary phase

Output power = 0.24 W, 375 rev/min
(Courtesy: AEG)
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Figure 5.12  Section through a single-phase synchronous motor with main and
auxiliary pole teeth

1 Half casing

2 Main pole teeth

3 Auxiliary pole teeth

4 Copper plate (short-circuit winding)

(The coils and the permanent magnet rotor are not shown)

the auxiliary pole teeth 3. The alternating magnetic flux in the auxiliary pole
teeth lags that in the main pole teeth on account of the copper plate 4 which
produces the shaded-pole effect. Thus we find in this motor a situation
similar to that in the 2-phase motor already discussed in connection with
Figure 5.9. There are pole tooth groups, which are characterised by mutually
phase displaced fluxes, but with the difference that the two groups are
arranged to face each other in sectors in the same casing. The auxiliary poles
are displaced relative to the regularly distributed main poles by the spatial
angle o. To derive the best constant torque from the 24-pole rotor, the sum
of the displacement angle o (in electrical degrees) and the phase angle
between the main pole and auxiliary pole fluxes should add up to 180°, thus
meeting the condition for producing a uniform rotating field in rotating field
motors. Figure 5.13 shows the construction details of a 16-pole motor in this
class.

The older variant of a single-phase synchronous motor (Figure 5.14) is
characterised by the classical split-pole arrangement. In this 8-pole motor
each auxiliary pole next to the main pole is surrounded by a copper short-
circuit plate in order to arrive at the required phase-lagging flux.

Figure 5.15 shows a similar motor in longitudinal section. The stator short-
circuit plates close to the split winding can be seen clearly. The rotor poles
are made up of iron claws; the rotor magnet is therefore magnetised axially.
To ensure a consistent sense of rotation it may be necessary to build in a
reverse rotation barrier; it depends on the quality of the rotating field
achieved. Motors as depicted in Figure 5.12 need no such barrier.
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Multipole synchronous motors of the type described, which are
characterised by interlaced magnetic parallel pole teeth and a common spool
exciting all the poles, are particularly suitable not only for low speed running
but also for high torque output which, for a given magnetic material, is, in
theory, proportional to the number of pole pairs.

Occasionally other multipole permanent magnet rotor motors are
encountered whose field excitation is purely alternating. These motors can
only start and run in the correct sense with the help of a mechanical device.
In its simplest form this comprises a spring and ratchet wheel. In the event of

Figure 5.13  Exploded view of a single-phase synchronous motor with main and
auxiliary pole teeth and permanent magnet rotor

Power output = 0.1 W; 375 rev/min
(Courtesy: AEG)

Figure 5.14  Single-phase synchronous motor with split-pole and permanent magnet

rotor
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Figure 5.15  Section through a single-phase synchronous motor with shaded poles
and a permanent magnet rotor

a false start (in the wrong sense) the spring is compressed by the pulsating
rotor and it assists in pushing the rotor in the right direction on the next half
cycle of the supply.

The purely alternating field principle has been exploited in recent
developments, and even in some 2-pole motors. The cylindrical diametrically
magnetised permanent magnet rotor turns within a stator with airgap
variations (Figure 5.16). In the zero current state the magnetic axis of the
rotor lines up with the pole axis of the stator at the angle of asymmetry
shown. After switching on, the rotor starts oscillating with increasing
amplitude because of the lack of symmetry until it locks into synchronism.
This may occur in either direction of rotation.

The motor finds application only where the direction of rotation is
immaterial as, for example, in centrifugal pumps. In order not to hinder
the oscillatory start-up, the pump wheel is connected to the rotor axle
via slack strings. Because hard ferrite rotors are largely corrosion-resistant,
they may be separated from the stator by a split casing (Figure 3.16) and
be integral with the pump wheel, thus avoiding the problems of sliding
seals.
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3.4.2  Motors with hysteresis rotors

The hysteresis motor with a 3-phase winding (Figure 5.17) is characterised by
its internal stator and external rotor. The high rotor moment of inertia,
consequent upon its outside position, should give rise to particularly smooth
running. The construction of this kind of motor is shown clearly in Figure
5.18.

The schematic representation (Figure 5.19) and the practical design
(Figure 5.20) of a 2-pole shaded-pole hysteresis motor are given. Improve-
ment of the rotating field is achieved by three short-circuit windings on each
shaded pole as shown in Figure 5.20.

As well as the hysteresis motors with the low pole-pair numbers described
above, multipole shaded-pole motors with a central winding and pole claws
and with inner or outer rotors have been developed.

5.4.3 Motors with reluctance rotors

Reluctance motors frequently resemble induction motors in their
construction. The rotors merely show irregularities, to enable the extra
reluctance torque to be produced. In special hysteresis motors, to ensure
synchronous running, the reluctance effect is used as well. In these multipole
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Figure 5.17  Section through a synchronous motor with an external hysteresis rotor
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Figure 5.18 Construction of a single-phase synchronous motor with capacitor
auxiliary phase and external hysteresis rotor
3.5 W, 1500 rev/min
(Courtesy: Papst)
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Figure 5.19  Schematic diagram of a single-phase synchronous motor with shaded
poles and a hysteresis inner rotor

5 4

& ¢ " oo

Figure 5.20  Construction of a modern shaded-pole hysteresis motor

The rotor is not shown

motors a regular pattern of windows is stamped around the circumference of
the hysteresis ring.

5.5 Characteristics

Synchronous motors are fitted principally with permanent magnet or
hysteresis rotors. Reluctance rotors play a lesser role. For a given motor set of
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dimensions, the permanent magnet rotor motor delivers appreciably more
torque than that with the hysteresis rotor. On the other hand, the hysteresis
rotor motor has no starting problems because it can also develop induction
motor torque.

A permanent magnet synchronous motor must be brought up to
synchronous speed within a half period of the mains supply after switching
on, if no provision for developing asynchronous torque is provided.

Only the smallest inertia loads may be rigidly coupled to these motors if an
independent start is demanded. This is, of course, not the case for hysteresis
motors.

Reluctance motors are generally fitted with squirrel cages to facilitate
starting. They lock into synchronous running in a jerky manner. In contrast
with hysteresis motors, reluctance motors are just as unsuited to
asynchronous running under overload as are permanent magnet
synchronous motors.

At the upper end of the power range, 50 W-30 kW, there are motors with
deep pole permanent magnets for (direct) connection to the 3-phase supply
available (Siemosyn and Siemotron motors). The rotors are as shown in
Figure 5.8.

Fast running capacitor motors, whose induction rotors are synchronised
through permanent magnets, and shaded-pole motors with permanent
magnet rotors and hysteresis components for ensuring run-up are found in
the power range up to 50 W.

Slow running permanent magnet motors are built with a capacitor
auxiliary phase, or as 3-phase motors, with speeds from 250 to 600 rev/min
and powers up to about 25 W. As shaded-pole motors they can deliver powers
of up to about 1 W.

As Figure 5.21 shows, a torque M at synchronous speed is available from
these low power synchronous motors. M is greater than the ‘run-up’ torque
M, over a wide range of supply voltages. M is the load torque that can be
drawn from the motor without preventing the ‘locking into synchronism’.
The torque shown in Figure 5.21 is referred to the output shaft of a gear-train
turning at 1 rev/min. The gear-train is coupled to the motor for
measurement purposes.

It is quite clear that the ‘run-up’ torque must be less than the synchronous
torque, because during running up to synchronism the rotor requires an
accelerating torque that is then no longer available at the output shatft.

Two-, 4- and 6-pole hysteresis motors, manufactured with external rotors,
can deliver powers up to about 70 W, whilst the multipole, mostly 16-pole,
variants are only built for power outputs of milliwatts. Figure 5.22 shows the
speed-torque characteristics of a 2-pole shaded-pole hysteresis motor (see
Figure 5.20). The numbers 1, 2, 3 relate to different hysteresis materials. The
available torque from standstill up to synchronous speed stays approximately
constant. Compared with a shaded-pole induction motor with the same body
size (curve 4), the hysteresis motors develop less torque.
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Figure 5.21  Dependence of synchronous torque Mg and ‘run-up’ torque M; of a

shaded-pole synchronous motor with permanent magnet rotor on the
mains voltage U
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Figure 5.22  Characteristics M(n) of a 2-pole synchronous motor, as in Figure 5. 20,
with various hysteresis materials 1, 2 and 3
Curve 4 is that of a motor with an induction rotor
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Reluctance motors with two or four poles, often designed to have external
rotors, have power outputs up to 100 W. Their characteristics are like those of
asynchronous motors, when the region near to synchronism is left out.

5.6 Applications

Motors which run at constant speed, independent of load, are necessary for
many drive applications. However, these requirements have long been met by
means other than synchronous motors.

Synchronous motors are losing their importance because:

e other, electronically energised, motors can be held at constant speed,
and also this speed is adjustable

® clocks and timers are being equipped in increasing numbers with
electronic components in place of synchronous motor - gearbox
combinations

e in automatic apparatus, motor-driven programme switches can be
replaced with electronic circuits.

Nevertheless, there remains a number of applications for which the
synchronous motor provides the most economic solution. This applies to
programmers in automatic washing machines and dishwashers. Also, simple
clock-operated switches cannot be made without synchronous motors.

In slow speed drives, multipole multiwinding synchronous motors are
installed on account of their low turning speed, their relatively high torque
and their easy reversibility, and not on account of their synchronous running
characteristics.
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Chapter 6
Universal motors

Jirgen Draeger

6.1 Introduction

Universal motors are commutator machines. They may be driven from AC or
DC mains. Their speed of rotation is limited only by the mechanical strength
of the rotor and the bearings and the useful brush lifetime.

Universal motors driven from single-phase AC mains run at speeds from
3000 rev/min to 25 000 rev/min and have powers up to 1200 W. The less
expensive induction motors are limited in speed by their operating principles
and the mains frequency. In the following pages the construction, operation,
performance and application possibilities of the universal motor are
discussed.

6.2 Construction

The stator and rotor (armature) are both wound on stacks of stampings, each
stamping being 0.5-0.7 mm thick on account of there being alternating
magnetic fields in both the stator and rotor. The armature coils which start
and finish on two adjacent commutator bars are connected in series and
uniformly distributed around the armature in 8-18 half-open slots, usually as
short-pitch coils at two levels. There is a voltage distribution throughout the
armature over the commutator and fixed brushes. To reduce the voltage
between commutator bars that are to be momentarily connected by the
brushes, the coils are centre-tapped and the centre taps are connected to
intermediate bars, so that the number of bars is twice the number of coils.
The brush width is about 1.3~1.8 times that of a commutator bar. By skewing
the slots by one slot pitch the airgap reluctance (magnetic resistance) is made
very much less, depending on the position of the armature relative to the
stator.
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The stator winding surrounds the salient stator poles, which extend out to
the 0.3-0.5 mm-wide airgap. The pole-pair number is normally p=1. The
airgap is constant over the greater part of its arc but it may be almost doubled
towards the edges of the pole shoes for the sake of an improved on-load flux
distribution and reduced noise. The commutating poles and compensating
winding, normal in the larger series machines, are not designed into the
smaller machines.

Figs. 6.1 and 6.2 show cross-sections and details of universal motors. The
interaction of the airgap field b between the stator and armature, which is
developed by the field winding, and the current i in the armature winding
produces a torque

m ~ ib (6.1)

[y

-~ W N

Figure 6.1  Cross-section through (a) symmetrical (P > 200 W) and (b)
unsymmetrical (P < 200 W) universal motor
1 Stator pole; 2 armature; 3 commutator; 4 brush
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Figure 6.2 Details of a universal motor
(Courtesy: Vorwerk)

In particular, if i and b are sinusoidal, then the average value of the torque is
M ~IBcos ¢ (6.2)

where Iand B are the RMS values of the current and flux density at the same
frequency and @is the phase between the alternating quantities. If Tand B do
not have the same frequency, M is always zero.

Therefore, a machine which is to be connected to the AC mains cannot
have a permanent magnet field. The phase angle should be as close to =0
as possible (see eqn. 6.2) to obtain the best average torque.

This is achieved by connecting the field winding in series with the
armature. Parallel connection of the two windings, given the necessarily
highly inductive field winding and the low inductance armature winding,
leads to a relatively large angle ¢. Thus, AC commutator motors are only
connected for series operation. Because the direction of current flow
through a given armature conductor must reverse between passing each pole
alternately, a commutator or current switching device is necessary between
the armature winding and the supply. The construction of the machine is like
that of the DC series motor. Therefore, in principle, it is possible to use the
same machine as a universal AC/DC motor.

In the main consideration of the running performance, only the
fundamental components of the waveforms of the alternating voltages,
currents and magnetic fields will be analysed. Speed-dependent periodic
changes in the rotor winding currents will not be considered. The DC series-
connected motor will be considered as a special case, with supply frequency

f=0.

https://engineersreferencebookspdf.com
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6.3 Operating principles
6.3.1 Magnetic flux distribution

Fig 6.3 shows the linear development of a machine as in Figure 6.1, and the
airgap distributions of:

e armature MMF O, resulting from armature current )

e flux density B, corresponding to MMF @,

e flux density Bg resulting from the stator field excitation current
I; (=armature current I ).

The brush axis is turned through an angle B from the magnetic neutral axis
(Bg = 0) in the opposite sense to the armature rotation to assist commutation.
B, and B are superimposed to give Bg the flux density distribution in a
loaded machine. The influence of armature MMF on the field distribution is
called armature reaction. It causes:

e adistortion of the excitation field towards the pole shoe edge

e areduction of the pole flux on account of the nonlinear magnetisation
characteristic of the ferromagnetic circuit (saturation of the iron
laminations)

® aload-dependent displacement of the neutral zone, at which By is zero.

OlO O QlF—our

Figure 6.3 Magnetic induction distribution in the airgap of a 2-pole machine
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The equivalent circuit of the series motor, for the purpose of determining
the effects of the fluxes, is shown in Figure 6.4. The component fluxes,
armature flux ¢, in the direction of the brush axis and stator flux ¢ in the
direction of the motor field axis link N, and Nj turns, respectively.

The machine is driven from the mains voltage U. The armature current I,
generates the armature winding flux ¢, and the stator excitation winding
generates ¢, which, when somewhat reduced by the amounts of the stray
fluxes ¢, and &, make up the resultant flux in the airgap. This flux is &y,
resolved into two component fluxes, mutually at right angles, depicted as
in the direct (longitudinal) axis and &, in the quadrature axis of the
machine.

Assuming that component fluxes may be added in an unsaturated
machine,

B = g —bpo — (b4~ dyo)sin B (6.3)

qh

and

by = (b4 = bag )cos B (6.4)
where ¢, is generated by MMF IzNz-I,N,sin B and ¢(1" is generated by
MMF I,N, cos B.

In small machines under running conditions the direct (longitudinal) axis
is highly saturated so that changes in load current change ¢y, only slightly.

l Ig=1a

Do _E_ D4
direct (longitudinal) axis
N
\\ —E/) Re
Pes
A
Us
2
N

quadrature axis ——-

Figure 6.4 Equivalent circuit of the series motor
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6.3.2 Induced voltages and terminal voltage

Voltage is induced in the armature winding as a result of armature rotation
in the airgap field, and also by transformer action owing to the alternating
airgap flux.

U,, is the symbol for the component induced by armature rotation at speed
n. Current, voltage and flux symbols relate to the RMS values for current and
voltage and for the peak value of the fundamental component of flux,

1 2B 1
U, =— 1-—|=— 6.5
G —\[; cn‘blh( n ] \/5 cRn(blh ( )

where ¢ = 2pz/2a, a machine constant, in which zis the number of conductors
around the armature, p the number of pole-pairs and 2« the number of
parallel paths through the armature winding.

The transformed voltage U, given ® = 2nf, where f= supply frequency, is

1
U, = ijNA(cb,,,, cos B— b, sin ) (6.6)

Taking the working resistances of the armature winding and that of the
field winding R, and R; respectively, and the brush voltage drop Us into
consideration, the terminal voltage becomes

1 .
U=1I,Rg +E]wNE(¢EO' +¢I};)+IARA

+~J%ijA(¢AC +d,, cos f~dy, sin [3)

1
+Eckn¢lh +U B (6'7)
The brush voltage drop, as Figure 6.5 shows, is a nonlinear function of the
current and depends on the brush material. A better overview of the voltage
relationships is given in Figure 6.6, in which the voltages U have been

neglected.
The total active power in the machine is
P, = L1110, + II,#(Ry + Re) (6.8)

The first term is the mechanical power developed and the second is the
winding copper loss. No attention has been paid to the iron losses, the losses
resulting from armature turns short-circuited by the brushes, nor to the
effects of the flux harmonics.

When the supply is a direct voltage, f=0, the RMS values of current and
voltage are replaced by the constant values I and U, and the RMS flux ¢/V2 is
replaced by the constant flux ¢.

Egs. 6.5 and 6.7 for the alternating current motor reduce to

U, = candy (6.9)
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Figure 6.6  Phasor diagram of a universal motor on load

and
U= I4(Ry + Rg) + cpntpy + Uy
6.3.3 Torque and power
From eqn. 6.8 the internally developed mechanical power is
P,i= 4 U
From eqn. 6.5 and the given speed =, the internal average torque is

M; =£&=—I——"=f\/—;l¢ml&l

jw._zN_E (PAs + dan cos f — sinB)

(6.10)

(6.11)

(6.12)
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Because, in a magnetically unsaturated machine, I lal¢,l and, given
proportionality factors &, and &,

M, =‘—Rk1|1,,‘2 = (6.13)

LR plo
2742 272 oo

therefore M; |l . The armature current depends only on the load torque
and not on the supply voltage. Because I, is an alternating current, the
torque pulsates at twige the mains frequency about the average value M, and
between extreme values zero and 2M; (Figure 6.7). In a magnetically
saturated machine, | | stays approximately constant and M; L4l

From eqn. 6.12, in a magnetically unsaturated machine the mechanical
power is

P=2mnM

|‘2

= %i‘bm "IAl
and from eqn. 6.13,

p= crnky

= ILf* (6.14)

The mechanical power P, and the torque M at the output shaft are smaller
on account of friction and fan losses.
Given friction torque Mp,

MzMi—MR

Efficiency n is calculated from the net output power P, and the gross input
power P,

U=ﬁ= P ___ 2mM
P, ’IAiUAlcosqo 'IA"UAIcos(p

|

AVANANY,
\/ \/

(6.15)

Figure 6.7 m(t) of a universal motor
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When the motor runs as a DC machine, with direct quantities I, and ¢y,
torque

M, =2k (6.16)
2r
and mechanical power
Pi= cphynly (6.17)

6.3.4 Commultation

The commutator and brush form a sliding contact and form a mechanical
switch at whose contacts, particularly at the trailing edge, sparking occurs.
Causes of sparking are, depending on the circumstances, heating at the point
of contact owing to friction, excessive and uneven current loading through
the brushes, mechanical vibration of the brushes through, for example, an
uneven commutator, or too much play in the brush holders and, in every
case, through incomplete commutation owing to electrically induced voltages
in the commutating windings.

This commutation process will be explained at first for a DC machine. In
Figure 6.8 the current distributions are shown before, during and after the
commutation of a coil. The commutation current i changes in one
commutator bar width 4, and with commutator circumferential speed v, and
during the commutation period

b
t, = Zk (6.18)
Uy
from +I/2 to - I/2.

In an assumed resistanceless coil whose long sides lie in the magnetic
neutral zone, this is a linear process (linear commutation) as shown in

Ns

Nl e

—n P\ [
N e

a 1IA=| b th:l c

Figure 6.8 Winding currents in one armature coil
a before; b during; c after commutation, and the flux changes A¢ inside
the commutating coil with N, turns.
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N

N|—

Figure 6.9  Current 4 in the commutating coil with

linear commutation
—————— under-commutation
————— over-commutation

Figure 6.9. In reality there are stray inductances in the coils which lie in a
ferromagnetic circuit and which are not negligible, so that a flux change A¢,
occurs within the coil, which induces a voltage U, so that a current is induced
that is shorted by the brushes and delays the change in 4. Under-
commutation occurs, during which the current density at the trailing edge of
the brush is increased and sparking occurs at the instant of breaking contact
between the brush and the commutator bar.

This effect is aggravated when, owing to uncompensated armature
reaction, the load-dependent magnetic axis shifts relative to the geometrical
neutral axis in a contra-rotation direction. A remedy is possible if the brush
axis is shifted to coincide with the on-load magnetic neutral axis of the
machine (see Figure 6.4). The angle f is about 15-30 ° and in the contra-
rotation direction. This shift produces a flux change A¢, in the commutated
winding which cancels A¢,, or, in other words, a rotary generated voltage U,,
is induced in opposition to the commutation reactance voltage U,,. If U, is
designed to be larger than U, then the resultant voltage induced in the
commutating coil, that appears between the commutator bars where brush
contact is made,

Ui= Uyt U, (6.19)

appears and is so directed that it supports (assists) the commutation. Over-
commutation results (see Figure 6.9). The brush becomes loaded crosswise
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between the commutator bars by the current generated from the contact
voltage.

If the machine is driven from the AC mains at mains frequency, then,
depending on the speed of rotation, there can be up to some hundreds of
commutations per second. Let the sinusoidal current waveform be
approximated by a series of level steps and be reflected in the horizontal axis
as in Figure 6.10a. The sloping lines in Figure 6.10a depict the current flow
through successively commutated armature winding elements. Figure 6.105
then depicts u,, the voltages induced in these elements due to their leakage
inductances. The fundamental component (v=1) of the commutation
reactance voltage that appears between the brush contact points is

U,= -2 Nv{A = —const, nl (6.20)

where N, is the number of turns per winding element, /is the armature length
and v is the peripheral speed, A is the RMS armature ampere turns and
¢=4-9x10°Vs/Am is Pichelmayer’s commutation factor.

The fundamental component of the generated voltage induced in the
commutated winding owing to rotation is, in accordance with eqn. 6.5,

i before commutation

i L

i after commutation

Ugw

ai b,
Yaw = Ls'qe T NsT@e

Figure 6.10 Induction of the commutation reactance voltage u,, given a current
which varies sinusoidally with time
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1
U,s = ‘\ECRSNsb%(B) = —consty nl (6.21)

Also, in the AC machine and in accordance with eqn. 6.6, the voltage
induced in the commutated winding owing to transformer action is

Uys = ﬁ WNg (¢th cos B+, sin ﬁ)
= j(const3 + const4)l (6.22)

This voltage is independent of the speed of rotation.
The brush contact voltage is, in total,

Uk = Ul[w + ans + UqlS (6.23)

U, and U g are capable of cancelling each other, as shown. However, for U,
which is displaced from the others by a 90° phase angle, no compensation is
possible. This means that, in universal motors, which are not fitted with
interpoles, brush contact voltage is determined mainly by the transformer
action and to a lesser extent by the armature-reaction-dependent generated
voltage. In accordance with eqn. 6.22, U, can be influenced by the number
of turns per winding element N; and the excitation flux. A lower Ng
necessitates a higher number of teeth and slots; lower flux means poorer
utilisation of the machine volume.

Therefore it is necessary on economic grounds to accept a relatively high
contact voltage U and limit the current in the commutating winding, bars
and brush loop by means of resistance. Depending on brush quality, a value
of U, from 3V to 6 V is chosen. It is only when U <1V that brush sparking
is no longer visible. Universal motors always exhibit sparking. Sparking is
irregular owing to the alternating commutating voltage change for successive
commutating winding elements.

6.3.5 Brushes

Brushes used in universal motors should present, at a sufficiently high
permissible current density, a relatively high specific contact resistance at and
between the contact surfaces, and they should be relatively hard so that the
products of sparking at the commutator are cleaned off.

To raise the resistance to short-circuit circumferential current through the
brushes, a two-layer construction with an insulating film between them is
used. Series motors to be driven from DC mains may be fitted with softer
brushes with lower values of specific resistance. This is particularly the case
for marine electrical systems, where the voltage is lower.

Important factors influencing brush life are loading owing to current
density, sparking and friction at the contact surfaces, which is made worse by
dust and low humidity.
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As Figure 6.11 shows, mechanically related wear increases with brush
pressure on the commutator, whereas electrically related current density
wear decreases. There is therefore an optimum pair of parameters —
maximum current density and corresponding brush pressure — declared by
the manufacturer. Table 6.1 gives typical working data for various types of
brushes.

When brushes are replaced, it is important to ensure that the radii of
curvature of the brush face and the commutator are equal, i.e. that the
brushes are bedded in.

Table 6.1 Permissible operating conditions for various brush types

Type Current Specific Voltage drop
density, Pressure, resistance, Speed, per brush,
Alcm?  cN/cm?2  Qmmém m/s \'

Hard carbon brushes 6-8 150-300 50-350 15-25 >1.5 o8

Graphite resin brushes 6-12 200-300 60-350 15-36 >15 <g

Electro-graphite brushes 10-16  160-300 15-100 40-60 0.75-1.5 ¢,
Metal graphite brushes 15-25  200-600 0.2-20 <30 0.75-1.5 ©

=
S
2
5]
€

6.4  Operational performance

6.4.1 Obperating characteristics

The torque-speed characteristic may be deduced from eqns. 6.7 and 6.11.
Because all fluxes are proportional to the armature current I, in a
magnetically unsaturated machine, constants k; to k; may be defined

electrical + mechanical
\

mechanical

7
(
1\
A\

- .
- — electrical

Figure 6.11  Rate of brush wear as a function of contact pressure pp
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l¢ll;|=k3ll,q' |¢Acl=k5|IAI
6.24
. O =kafL|  [a] = RelL] (6.24)
an

n= J§ X

Crks

[UIQ_CRkl w . o

2\/§”M,< —[2&(N5(k3 +k4)+NA(k5+k6COSﬁ—k351nﬁ)) -
—(RA+RE)_|_U_BI\/_;RTL

/2\/§7rMi (6.25)
can be derived.

The speed =, therefore, depends on 1/ \/M,-. Compared with the DC series
motor, the AC motor runs more slowly on account of the term involving ® in
eqn. 6.25. If the machine is to be supplied with DC, the field winding turns
number must be increased with a supplementary winding.

Fig 6.12 shows n/ny as a function of M,/ My on unified per-unit scales. In
the absence of load torque, the speed can, depending on circumstances,
become unacceptably high. In small machines the friction torque M limits
the speed sufficiently.

From eqn. 6.13, Section 6.3.3, the armature current in an unsaturated
machine is

= 2o x+[M; (6.26)

crky

. M,
as a function of —-.
My

A

Figure 6.12 shows
Lan

Because iron saturation along the direct axis of the magnetic circuit
increases progressively with load, the armature current for a required torque
is greater than eqn. 6.26 would predict.

On account of the relatively high inductance of the field winding, the
starting current and starting torque, at three to five times the full-load values,
are comparatively small, so that direct switching is possible.

The power factor cos ¢ depends on the load. At low speed, U,, is small and
1,, and the voltage drop that goes with it, is correspondingly large, so that the
phase angle between U and I, is relatively large. At high speed, U, is also
large and the current falls and the voltage drop becomes smaller, so that ¢
also becomes smaller (see Figure 6.12).

When the machine is supplied with direct voltage (hence @w=0) and the
phasors I, U, Ugand ¢/ V2 may be replaced in eqns. 6.25 and 6.26 with their
DC equivalent values, we derive
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|a saturated

4 1a unsaturated

cos ¢
n

0 1 2

Mg —_— M

My My

Figure 6.12  Working characteristics of a universal motor driven from the 50 Hz
mains
The scales are per-unit using the rated values as the base

ki 1 R,+Rg

speed n ={U - Up | [— (6.27)
( ) k22mep, 1/M,. Crks
and armature current
L= |2 xm (6.28)

crky

6.4.2 Speed control

Eqn. 6.25 indicates that speed change can be achieved by adjusting the
supply voltage U, the supply frequency £ the number of field winding turns
N; or the resistances Rz and R,.

6.4.2.1 Variation of the terminal voltage U

The characteristics n(M;) for a range of terminal voltages are in accordance
with Figure 6.13. The operating range is limited by the maximum allowable
speed and the maximum allowable armature-current-derived heating during
continuous running. This armature current is dependent on the load torque
and not on the terminal voltage (see eqn. 6.26).
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Figure 6.13  Speed adjustment through supply voltage variation

The terminal voltage may be controlled simply by the electronic circuit
shown in Figure 6.14.

A triac T is placed between the motor and the mains supply and is
controlled by a simple firing circuit. The charging time constant of an RC
circuit may be adjusted by means of the variable resistor R.

When the capacitor voltage u¢ becomes that of the firing voltage u, of the
diac D, the capacitor C discharges via the triac gate circuit. The triac fires and
conducts so that the supply voltage is connected to the motor from this
instant until the armature current becomes zero again, whereupon the triac
goes open-circuit again.

This sequence is repeated for every half-cycle of the supply. By adjusting
the firing instant (with R) the voltage-time integral of the applied voltage,
and hence its RMS value, is controlled.

6.4.2.2 Changing the supply frequency f

As Figure 6.15 shows, increasing the supply frequency lowers the torque-
speed characteristic. This effect is predictable from the term involving ® in
eqn. 6.25. Currently available frequency changers are too expensive for
economic speed control of motors.

6.4.2.3 Changing the excitation flux ¢y, through field winding taps

Changing the number of field coil turns Ny through tapping changes the
excitation flux ¢, and therefore ¢, as well as the constants k;, k; and k, in
eqn. 6.25. With increasing excitation flux and constant torque load, the speed
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Figure 6.14
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Circuit of an AC current controller and the time-dependent functions of

motor winding voltage and current

ur= voltage across the triac
u, = voltage across the motor
uc = capacitor voltage

o = firing angle

{ = motor current

falls off as shown in Figure 6.16. This provides a costeffective means of
achieving stepped speed control. Attention must be paid to the effect on
armature current of tap-changing so that the maximum current is not
exceeded when the motor is loaded.

6.4.2.4 Changing the series resistance Ry + Ry

By switching an extra series resistance Ryinto the circuit the motor terminal
voltage is reduced in a load-dependent manner. IRy losses in this series
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Figure 6.15  Speed changing by means of supply frequency variation

resistor lower the efficiency. Therefore, this form of control is only used for
short periods during starting.

6.5 Radio-TYV interference

The current transfer at the brush-commutator-bar interface happens as a
result of travelling current pulses that punch through the surface patina and
insulation film at the surfaces in contact. Consequently the contact voltage
has a high wideband harmonic content. Also, wideband high frequency
electromagnetic fields are caused by the brush contact sparking.

Voltage injection into the mains must be limited to acceptable levels by
lowpass filters connected between the machine and the supply in the
frequency range 0.15-30 MHz in accordance with the relevant standard
specifications. As well as mains injection, there is radiation from the sparking
in the frequency range 30-300 MHz to be controlled. This is only possible by
careful design of the commutation systems and, where necessary, by metallic
screening.

6.6 Applications

Mains powered universal motors are used, primarily, as direct drives for fast
rotating low power appliances such as coffee mills, vacuum cleaners, fans or
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Figure 6.16  Speed changing by means of excitation flux variation

centrifuges. In other cases they are used in combination with mechanical
reduction gears where high power together with low volume are demanded,
such as in hand-held power tools, washing machines and household
appliances. Not only do they have the advantage of small volume, owing to
their high speed, but also of speed variation capability over a wide range and
relatively high starting torque. Small direct voltage series motors find
application in motor vehicles as starter motors. Note: virtually all small
motors in vehicles are now permanentmagnet DC motors. About 50% of
starters use series fields.

The design of the motor is usually adapted to the drive application. An
important consideration with universal motors is the in-service life and its
relation to commutation. Brush wear limits the uninterrupted running time
of any apparatus driven by a universal motor. Table 6.2 indicates the brush
lifetime in certain kinds of apparatus. Depending on circumstances, the
commutator demands a strict maintenance routine for a motor.

Table 6.2 Brush lifetimes

Apparatus Brush lifetime in hours
Teleprinter 2000 - 3000
Vacuum cleaners, pumps 700 - 1500
Hand-held food mixers 250 - 500

Coffee mills 50 - 100
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Chapter 7
Direct current motors

Helmut Moczala

7.1 Basic principles

All DC motors utilise the force that results from a current-carrying conductor
being in a magnetic field. Figure 7.1 shows a conductor with ‘active length’ 1
in a magnetic field with flux density B and current /= © flowing through it.
The force on the conductor is

F,=01xB (7.1a)

The current has the direction of the vector 1. If the conductor is replaced by
a coil with N turns, the MMF becomes © = IN.
The scalar equation for the magnitude of the force F; is:

F=0lB (7.18)

when 1 and B are at right angles to each other.
When the coil moves with velocity v in the direction of the force, the
voltage

U,= uNIB (7.2)

is induced in it.

Assuming that the resistance R of the coil is zero so that there is no loss of
power, the source voltage U must equal the induced voltage U, Thus the
velocity v is determined from eqn. 7.2.

From eqn. 7.14 the current in the conductor depends only on the force F,
exerted by it.

The power delivered by the source is

P = Ul'= (vNIB)I
Rearranging the factors and applying eqn. 7.1 gives
P,=Ul= (INByv=Fv=P, (7.3)
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Figure 7.1  Force on a conductor in a magnetic field

The mechanical output power P, = Fy from an ideal motor equals the power
supplied from the source, and the efficiency is 100%. Of course, the
efficiency is lower in practice because source voltage must exceed U, by a
voltage drop, and the ‘inner force’ F, is not all available externally to the
motor on account of unavoidable braking forces within the motor, such as
friction.

7.2 Direct current linear motors without commutators

7.2.1 Operating performance

The current-carrying conductor in a magnetic field (Figure 7.1) is the
mathematical model for the industrially produced linear motor of Figure
7.2b. This motor, comprising a moving coil 1, a permanent magnet 2 and a
soft iron magnetic return path 3, could be regarded as a linear development
of the familiar wide-angle moving coil meter (Figure 7.2).

Because of the braking force F, in the motor, the available output force F
is

F=F,-F,=INIB-F, (7.4)

F, is mainly the friction between the moving coil and its track, but there are
also other components such as hysteresis and eddy current losses.
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a) b)
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1 2 3

Figure 7.2 The familiar wide-angle moving coil meter (a) and the DC linear motor
with moving coil (b)

Acceleration forces are, of course, not counted as part of Fp.
The function I(F) is derived from

= Fp+F
NIB
Under no-load static conditions (F=0), the no-load current is
F,
I, = 7.5
" =B (7.5)
and so the working current /is
F
I=1,+——
ot B (7.6)

Thus, the motor current increases linearly with the load force.
When the coil resistance is taken into account, the following relationship
between the source voltage U and the motor parameters emerges:

U=U,+IR=vNIB+IR (7.7)

There is little point in deriving a constant velocity v from eqn. 7.7 because the
linear motor is normally either stationary or accelerating. However, the
starting force F, when v =0 is interesting because it relates to acceleration.
Starting current [, is derived from

U=IR
It follows that

F,=F,-Fy =%NZB—FR (7.8)
7.2.2 Types of construction

The linear motor of Figure 7.26 has the disadvantage that the moving coil
must have flexible supply leads. In comparison, Figure 7.3 shows a linear
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motor with moving magnets (labelled 3). The coil is distributed along the
soft-iron member 2.2 whilst the members 2.1 and 2.3 serve to provide return
paths for the magnetic flux.

Eqns. 7.4-7.8 are applicable here for performance calculation provided N
is understood to be the number of turns that lie within the influence of the
permanent magnet airgap field.

This form of construction also has its disadvantages. In particular, the
I’R copper losses occur along the whole length of the winding, whereas
only the turns between the magnets contribute to the force developed. The
loss balance is therefore less favourable than in the moving coil linear
motor. In addition, because of the large number of turns, saturation in the
soft iron occurs for relatively low currents, and this leads to a loss of force
around the middle of the motor. Eqn. 7.4 becomes invalid when saturation
occurs. Finally, the sideways forces between the sliding magnets and the soft-
iron members, resulting from a small off-centre misalignment, can become
considerable and may not be disregarded. These forces demand a
correspondingly robustly dimensioned track for the sliding magnet. Figure
7.4 shows another kind of linear motor which is characterised by moving
permanent magnet 3 and two concentrated windings 1 and 2. The operation
can be explained clearly in terms of forces of attraction and repulsion
between the electromagnetic poles 11, 12, 21 and 22 of the stator and the
permanent magnetic poles of the moving magnet 3.

Because here the coil windings are not directly in the permanent magnet
field of the moving magnet, the equations used so far for force calculations —

21 122 2.3

Ty,

Figure 7.3 DC linear motor with two moving permanent magnets and a distributed
stator winding
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Figure 7.4 DC linear motor with moving permanent magnet and concentrated
stator windings (poles 11 and 21 have been drawn vertically displaced)

1.1, for example - are not applicable here. A solution may be found, however,
by application of the power-balance eqn. 7.3:

P.=UI=Fy=P,
Transposing gives the ‘internal force’ F,
=Y (7.9)

7
If U denotes the voltage across the two coils connected in series:
g d
v=v,=N2_yN® (7.10)
dt dt
and substituting v = ds/ dt, it follows that

( %_N%} gy d
ds di  ds
dt

It is interesting to note that the force developed increases with the rate of
change of coil flux with respect to magnet displacement.

The magnitudes of the coil fluxes ¢, and ¢, are dependent on 4, and A,,
the areas of pole surface covered by the armature magnet. Magnet movement
in the direction of increasing s decreases the area A, facing poles 11 and 12
and increases the area A, facing poles 21 and 22.

Given that the airgap flux owing to the magnet is B,

¢, =BA, ¢,=BA,

The sum of areas A, and A, is (constant) A.
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It follows that
F=IN -‘iBAQ-ii-B(A—Ag)
ds ds

dA,

F, =2INB
ds

(7.11)
To obtain a force proportional to current for all magnet positions along its
track, the pole contours must be such that dA,/ds is independent of s, and
remains constant. This condition may be met not only with tapered poles as
drawn but also with stepped poles as shown in Figure 7.5, provided that the
magnet length covers the length of the step.

7.3  Rotating direct current motors

Whilst DC linear motors are used only in modest numbers, rotary motors are
produced in enormous numbers and find application in a wide range of
situations.

7.3.1 Principal construction

The most usual construction (Figure 7.6) is characterised by the cylindrical
rotor made up of iron stampings in whose slots winding 1 is seen. The stator
is nearly always a pair of permanent magnets 3.1 and 3.2 for providing the
field. Casing 4 has, amongst other things, the function of providing the
magnetic return path.

Figure 7.5 DC linear motor with permanent magnet concentrated stator windings
and stepped poles

Armature force = 0.7 N
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So that the conductors of the turning rotor always carry current in the
proper direction for developing the torque, the commutator which turns with
the rotor and the brushes 5.1 and 5.2 are needed for current reversal. The
build-up of the winding as well as its connections to the commutators is
shown clearly in Figure 7.7.

The armatures are machine wound, two coils being put on at the same
time. The welded soldered or crimped connections to the commutator bars
are also made automatically during the winding process. This so-called H-
winding gives good rotor dynamic balance. Figure 7.8 gives a good view of the
motor construction.

7.3.2 Obperating performance

Even when the individual coils lie in the rotor slots and not specifically in a
field with airgap flux density B, the force calculations are in accordance with

Figure 7.6 ~ Principal construction of a DC motor with iron rotor and permanent
magnet segmenls (cross-section)

TN

N

Figure 7.7 Winding and commutator of the DC motor of Figure 7.6 (developed
view)
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Figure 7.8  Cut-open DC motor with cylindrical iron rotor (25 W, 4000 rev/min)
(Courtesy: Bahler)

eqn. 7.1b. To calculate the ‘inner torque’ M, of the motor, the torque
components rFy of the individual winding elements are added over the total
number of slots z:

M; = rFy (7.12)
2
Because there are two parallel paths through the armature winding for the
current J, the current flowing through each N, turn winding is 7/2 and the
MMEF is
I
Oy =§NN (7.13)
Applying eqn. 7.1b gives the torque M;
I
M;= ) r=NyIB
i zzd 9 N

Introducing the slot-pitch 7, and rearranging gives

Given an armature length / the product /Bt represents the magnetic flux
which enters and leaves one rotor slot, and it follows that

https://engineersreferencebookspdf.com
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Y 1Bty =2

Here, ¢ is the flux from the stator magnet that enters the rotor on one side
and leaves from the other. The incoming and outgoing flux, together with
their corresponding rotor MMFs, contribute equal parts to the total torque
M,

It follows, therefore, that
TNy

M =1 ¢ (7.14)
TN
N
Let k=—"X (7.15)
Tn

a motor constant, so that
M; =Ik¢ (7.16)

Given friction torque M, within the motor, the torque available at the output
shaft is

M= M-~-M,=Ikp-M, (7.17)
When the load torque is M, the motor current /is
I=M, 1 +M 1
ko ko
Off-load (M = 0) gives the no-load current:
1
Iy=Mp— 7.18
0=Mrls (7.18)
so that the simple form for the equation for motor current is
I=I,+M~ (7.19)
k¢

Therefore, the motor current 7 increases linearly with the load torque M.
The induced voltage U, measurable at the brushes of an externally driven

unloaded motor can be derived from summing the components induced in

the conductors in each slot. Eqn. 7.2 is applicable for the component voltage

U= uNyB (7.20)

ql
Because of the parallel armature conducting paths, the summation takes
place over one half of the slots

U, = roNIB (7.21)
/2
The conductor speed v is calculated from the rotor angular velocity @ from
the formula v = rw. Introducing the slot pitch 7, and rearranging gives

TN »
U(I =TJ\_ZIBTA}
N /9
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For reasons already given,
> Bty =¢
/2
It follows that
N
U, =0—¢=okp (7.22)
TN

Taking armature resistance (R), voltage drop and brush contact drop (Up)
into consideration, the motor terminal voltage U becomes:

U=U, +IR+ U, (7.23)

Making substitutions from eqns. 7.22 and 7.19 gives
U = wk¢ + I(,+Mi R+Upg
k¢
Rearranging, to make  the subject, gives

w=
k¢
At no load (M= 0), the angular velocity m, is
w0, =Z=Us TR (7.94)
k¢
and the expression for ® becomes
R
w=w, _M_k2 - (7.25)
¢

This equation may be simplified further by introducing the starting torque M,
when w=0:

0= CL)O - M” ];?
k292 (U-Ug
M, =0, == -1, |k 7.26
v R o [ke (7.26)
from which eqn. 7.25 becomes
co=a;0(1_ M (7.27)
M(l

The angular velocity falls linearly from w,, when M =0, as the load torque
increases.
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Figure 7.9 shows the characteristics /(M) and (M), which correspond to
eqns. 7.19 and 7.27, respectively. Extrapolation of the characteristics
produces the point at which the armature current is zero and the friction
torque M, may be read off the M axis. The angular velocity extrapolates to
@,* at which the induced voltage U, equals the supplied voltage Uand at zero
internal torque with zero armature current.

7.3.3  Armature reaction

The magnetic field in a DC motor is determined not only by the permanent
magnets but also by the armature current. Figure 7.10 depicts the component
fields owing to the permanent magnets (curve B) and to the armature
current (B,).Whilst the Bdistribution depends on the permanent magnet
material and the geometry of the magnetic circuit and may therefore be
looked on as constant, the B, field magnitude is proportional to the motor
current. The triangular spatial distribution is derived on the presumption
that the permanent magnet material has a i1 of unity, and behaves as does air
in the face of armature MMF It follows that the armature current derived
crossfield - it is displaced spatially from the permanent magnet field by 90° -
plays a less significant role than would an electrically excited field in soft iron
poles.

The resulting magnetic field B, the sum of the main field B and the
armature crossfield B, is characterised by two facts:
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Figure 7.9  Characteristics of a DC motor
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Figure 7.10 Magnetic field in the airgap of a DC motor (developed view)
B(x): field owing to the permanent magnets
B,(x): field owing to the armature current
Bg(x): resultant magnetic field

® The neutral zone, which is characterised by B,=0, is displaced by an
angle « relative to the permanent magnet axis and in the counter-
rotation sense. This load-dependent displacement is discussed again in
Section 7.3.4.

® The armature MMF causes demagnetisation along the trailing pole
edges. High armature MMFs can cause permanent changes in the
permanent magnet characteristics.

When permanent magnet materials with low coercive force are chosen,
particular attention must be paid to starting conditions, especially when the
motor is supplied with voltage in excess of the rated value. When a motor is
reversed by means of reversing the supply voltage, it is good practice to bring
the motor to a stop before reversing the supply voltage. Otherwise there is a
strong possibility that the supply voltage and U, are momentarily assisting,
and a current equal to twice the normal starting current will flow.

7.3.4 Commutation

Commutation problems are less severe in DC motors than in universal motors
because in DC motors there are no transformer effects involved.
Only two factors determine the voltage in the commutated winding:

e the voltage that is induced in the stray inductance of the coil by the
current changing from +1/2 to -I/2 ,and
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e the change of voltage that is induced by rotation because the
commutating coil is not always in the neutral position. The situation of
the commutating coil is determined by the brush position; the neutral
zone changes position according to the armature current.

In low power DC motors, these voltage components do not have such an
influence on the commutating that the recognised countermeasures — such
as interpoles or brush shift — become necessary. Brush shift is fully effective,
at only one working point and for one sense of rotation, in cancelling the two
voltage components.

However, the mechanical criteria for good commutation should be sought
after, including commutator irregularity of only a few pm and minimum play
and vibration in the brush holders.

7.3.5 Speed control
From eqns. 7.24 and 7.25 the equation for the speed n of the motor is
U-Uy=lyy _p R

k¢ k2¢2
For a given load torque M there are two possibilities for adjusting the speed,
namely:

W=2tn=

(7.28)

® variation of the supply voltage U
® connecting a resistor R, in series with the motor.

Both methods have the effect of changing U, = wk¢. The implications of the
methods are seen from Figs. 7.11 and 7.12. In Figure 7.11 the characteristics
are displaced vertically but the gradients remain equal. The angular velocity
w,* at which the internal torque is zero is proportional to the supply voltage
U, provided U, << U. The subscript N denotes the rated value.

If the supply voltage must remain constant, U= U,, the series resistance in
the armature circuit changes the gradient of the characteristic (Figure 7.12).
For a given load torque M, the reduction in angular velocity below @,,* is
proportional to the total armature circuit resistance (R+ R_).

The ways in which electronic switching may control speed are discussed in
Chapter 8.

7.3.6 Rotating direct current motor designs

The discussion so far has been around the standard form of rotating DC
motor as depicted in Figs. 7.6 and 7.8. Next in this Chapter, variations on the
standard design are discussed and finally other design concepts.

7.3.6.1 Motors with standard forms of construction

The characteristics of the standard design are the inner wound rotor
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assembled from iron stampings, and the outer stator, the airgap flux between
them normally being derived from permanent magnets. Possible variations
are the number of rotor slots, the commutation arrangements, the

permanent magnet layout and the number of pole-pairs.

Figure 7.13 depicts a particularly simple construction with only three slots
— the so-called triple-T armature motor. Of particular interest is the 2-pole
ring magnet stator. A comparison between a 4-pole and a 2-pole DC motor
with the same power output (Figure 7.14) weighs heavily in favour of the 4-

pole motor from the viewpoint of size and material content.

Figure 7.11

Figure 7.12

a-Mg — My
A

¢ =M,

Speed variation through changing the supply voltage U
Uy is the rated voltage

R..=R

Rzu=2’1_ M

Mg My

- r——-—

» M,

Speed control through series resistance R, in the armature circuit
R = armature resistance
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Brushes

Iron return circuit ° o .
~ " Ring magnet

Figure 7.14  Sections of DC motors with the same power output, in 2-pole and
4-pole constructions

(Note: the fewer components and ease of manufacture of the 2-pole motor
make it the preferred choice in small motors.)

7.3.6.2 Motors with flux concentration

The basic idea of these motors, for servosystems with high dynamic
specifications, is the use of a small, low inertia long rotor which, owing to the
high magnetic flux density in the airgap, is nevertheless capable of delivering
a high torque output. In Figure 7.15 the magnetic circuit is shown in cross-
section. The fluxes of two permanent magnets reach the rotor via each stator
pole.

7.3.6.3 Motors with cup rotors

Compared with motors described so far, in which the slotted rotor iron
assembly and its windings rotate together, motors having no iron in the rotors
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Figure 7.15  Concentration of the magnetic fluxes in a MINI-MINERTIA motor

display a number of advantages. In these, the armature windings, in disc or
cup form, are self-supporting and rotate in the airgap of the stator magnet
system.

In this kind of construction there is, of course, no iron loss, so that even at
high angular velocity the loss torque M, stays small. This implies that the
efficiency can be high even when the load torque is small. Reluctance
torques, resulting from interaction between the slotted iron rotor and the
stator magnets in standard motor designs and which produce vibration
torques, are also impossible. Finally, owing to the low winding inductances,
the commutation problems are much smaller. Also, the low rotor moment of
inertia is an advantage in mechanically demanding applications.

Figure 7.16 shows a longitudinal section through a motor with a cup rotor.
In this motor the selfsupporting skew winding (¢) is of interest in that it
possesses no winding overhang. In low power motors, multifinger, gold
springs are used as brushes. Consequently the brush voltage drop Uj is
practically zero.

In Figure 7.17 the construction of the skew armature winding can be seen.
On account of the higher power, the commutation is conventional.

7.3.6.4 Motors with disc rotors

The disc rotor is an interesting variant of the iron-free rotor. The conductors
are radial copper foil on each side of an insulating disc. (Note: printed circuit
techniques are often used in low power motors, and stamped copper
windings are used for higher powers.) Close to the shaft, the conductors
become commutator segments. This makes possible a very large number of
commutator segments. The torque is consequently extremely uniform and
practically independent of the position of the rotor.
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Figure 7.16  Section through a DC motor with cup armature
a Permanent magnet; & iron return circuit; ¢ rotor coil; d armature
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Figure 7.17  Opened DC motor with cup rotor (20 W, 5000 rev/min)
(Courtesy: Faulhaber)
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Whilst the arrangement of disc rotor 3 together with the axially orientated
permanent magnet system 1 and the brushes 4 in the casing can be seen in
Figure 7.18, Figure 7.19 conveys, amongst other things, an impression of the
construction of the rotor disc.

In other designs, e.g. those with encapsulated coils and a cylindrical
commutator, the disc rotor is gaining recognition.

3 1
2
£ /
0
0 » &
) 43 — / s .-
= - 1 4
o %
/ Nal 21 - 4
4 \\\\ /
A\
[OX ot — B
-3 K = -
3 -~ 3 o) (o, L
2 -
)/ A P4 \
3 __*A_ \
.

Figure 7.18  Section through a disc rotor motor
1 Multipole permanent magnet system
2 Iron flux return path
3 Disc rotor
4 Carbon brush
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Figure 7.19  Construction of a disc rotor motor with integrated tachometer (600 W,
3000 rev/min)
(Courtesy: BBC)

7.4 Properties

The advantages of DC motors over rotating field motors are easily seen from
the motor characteristics w(M) and I(M) (Figures 7.9 and 7.11):

® The motor current / increases linearly with load torque, so that a higher
efficiency may be expected over the whole range of working.

® The motor has a higher starting torque M,.

® The motor speed may be easily controlled by varying the supply voltage
U

A disadvantage compared with the rotating field motor is the limited brush
lifetime. One thousand hours may be considered as typical. In certain special
motors the brush lifetime is considerably more, but depends very much on
the motor speed. In ironfree rotor motors and at speeds around 2000
rev/min the lifetime can be up to 10* h.

DC motors are made for a very wide power range. The nominal power of
the smaller motors is of the order of 100 mW and, of the larger motors,
several kW. Disc rotor motors with ratings up to 9 kW are available. In
comparison, the power range of cup-rotor motors stops at about 100 W.
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The speeds of DC motors are dependent on the supply voltage and the
winding designs. Many motor types are listed with speeds around 3000
rev/min. The upper speed limit is around 20,000 rev/min.

The efficiencies of DC motors are high when compared with rotating field
motors. Even the smaller motors can return an efficiency around 50% and
the larger motors reach efficiencies of 80% and more. The efficiencies of
iron-free rotor motors can be astonishingly high.

Any ripple in the motor torque is less than in single-phase rotating
field motors. Ironfree rotor motors are particularly good in this respect
because there are no reluctance torques that are associated with rotor teeth
and slots. Uniformity of rotor torque depends heavily on the number of
commutator bars. The triple-T armature is therefore not very good at all,
whereas the disc rotor motor with its many commutator segments is hard to
surpass.

7.5 Applications

DC motors are incorporated, of course, where direct voltage sources, e.g. in
portable battery powered devices or in vehicles, are available. On account of
their advantageous properties the range of application of the DC motor goes
beyond these restricted boundaries.

When the supply is just AC, DC motors driven from controlled rectifiers are
proving to be easier to manufacture and present fewer problems than
universal motors. Drives with high dynamic response are generally provided
with DC motors with series connected electronic switching for speed control
or regulation. A series of special motors with power ratings up to 20 kW are
available for these applications.

Many AC energised devices these days are fitted with semiconductor
switching modules that require DC supplies. If motors are also necessary, DC
motors are preferred because, for a given starting torque or power, they are
smaller and lighter than rotating field motors and, because of their higher
efficiency, do not cause as much heating in the device being driven.

Linear (performance characteristic) DC motors with iron-free rotors
are particularly suitable for providing the torque and power input require-
ments of dynamic mechanisms. On account of there being no complicating
iron losses there is a close linear relationship between torque and motor
current over a wide range of torque, almost totally independent of speed, so
that the torque requirement of the mechanism may be very accurately
determined from the measured armature current and the motor
characteristic I(M).

Some hesitancy in installing DC linear motors is still very noticeable. This
surely, is owing to the fact that linear motors must be connected directly to
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their load devices without any intermediate gearing. To achieve the necessary
forces and speeds, material usage is greater than with rotating motors and
gearboxes. Commutatorless linear motors are beginning to be installed in »
y recorders and in sewing machines.
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Chapter &
Electronic circuits for small electric

motors
Helmut Schock

8.1 Introduction

Controllable electrical drives are now almost without exception driven
electronically. The continuing development of new components, as well as
the steady reduction in the cost of electronics, gives the development
engineer many possibilities for optimising his drive designs.

As well as reversibility of rotation and precise speed control, an electronic
system offers the following facilities:

® protection against overload and overheating ~ the motor may therefore
be smaller than would be dictated by unfavourable running conditions

e diagnosis and feedback in the control system. Sensors register
mechanical and electrical parameters (e.g. a mechanically locked motor)
and inform the processor.

® reduction of power losses through pulsed power delivery - conservation
of energy is particularly important in battery powered equipment

® increased lifetime — achieved by replacing mechanical commutation with
electronic switching (brushless DC motor — see Chapter 9). New motor
types; the stepper motor is only useful in association with electronics.

The task of the electronics is control, regulation and driving of motors. A
typical control system has the elements shown in Figure 8.1. In complex
systems, the control is managed by a microcomputer. Given low motor
powers, up to about 50 W, the controller and drive system can be one IC chip.

8.2 Active electronic components for driving motors

The electronic components for driving motors can be divided into three
groups: diodes, thyristors and transistors.
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Figure 8.1 Control system

8.2.1 Diodes

Diodes are principally produced from silicon. They allow current to flow in
one direction only. The voltage drop across a conducting diode is of the
order of 0.7 V. Their main application is the rectification of alternating
currents. In some applications, special diodes are brought into play, e.g.
diodes with a low forward voltage drop (Schottky diodes) or fast switching
diodes.

8.2.2 Thyristors

These components can work directly in AC circuits. Direct voltage thyristor
circuits are expensive and complicated, and impractical in the small motor
power range.

8.2.2.1 The thyristor

The thyristor is a controllable rectifier. It blocks current flow like a diode
in both directions, but it can be switched on (fired) in one direction by
means of a small external current driven through the control electrode
(gate).

The conducting thyristor switches off (blocks current flow) only when
current falls below the holding current level, at about 5-10% of the normal
forward current as declared in the data sheets. In AC circuits this current
cutoff occurs regularly as the alternating supply current passes through zero.
In DC circuits, the thyristor current must be diverted through a parallel
quenching circuit. The structure and characteristics of a thyristor are shown
in Figure 8.2.

The thyristor may also be unintentionally fired by momentarily exceeding
the anode to cathode breakdown voltage, or by too steep a rate of change
of voltage. A remedy is to connect a series RC ‘snubber’ circuit branch
in parallel with the thyristor. Thyristors are found in the highest power
inverters. They switch voltages up to 6 kV and currents of some thousands of
amperes.
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Figure 8.2 Structure and characteristics of the thyristor

8.2.2.2 GTO (gate turnoff thyristor)

These special thyristors for power electronics can be switched off via the
control (gate) electrode. Because specified current gradients must be
achieved and about 1/3 of the forward current must flow in the gate circuit,
this kind of control is not too easy. GTOs are available with ratings of
500-4000 A and 4.5 kV breakdown voltage. Main applications are related to
inverters for locomotives.

8.2.2.3 MCT (MOS controlled thyristor)

This is a new power switch, with input characteristics similar to MOSFET and
thyristor output characteristics and is specified to work at around 50 A and
1500 V. The development, at the time of writing, is not completed. The main
applications will be in inverters in the kW power range.

8.2.2.4 Triac, diac

Triac is short for ‘triode for alternating current’. The triac comprises two
antiparallel connected thyristors, with anodes Al and A2 that are controlled
from a common gate electrode. As Figure 8.3 indicates, the characteristics are
extensively symmetrical. The triac can be triggered to pass current in either
direction given an appropriately directed gate current. The necessary firing
current depends on various circumstances.
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DIAC TRIAC

Figure 8.3  Diac and triac characteristics

Maximum currents and voltages switchable by triacs are appreciably less
than for thyristors (~600-1000V, 50 A). The triac is more susceptible to false
firing owing to fast current and voltage transients. The use of an RC parallel
snubber branch is always recommended.

Triacs find ready application as power controllers in consumer appliances
with universal motors, because the number of circuit components is very
small (vacuum cleaners, portable drills, etc.).

The diac has no control electrode . When the reverse breakdown voltage,
about 20-40V, is exceeded, the diode becomes instantly conducting. Diacs
and unijunction transistors are used as cost-effective triggering components
for triacs.

8.2.3 Transistors
8.2.3.1 Bipolar transistors

The bipolar transistor is a current controlled component. In power
electronics, silicon transistors are used almost exclusively. The production
spectrum ranges from small signal transistors in SMD (surface mounted
device) packaging to power transistor modules with several transistors in one
unit (1000 A/1700 V).

In the linear region, the collector current is proportional to the base
current:

1=pI,

The factor S lies between 10 and 100 for power transistors (/,>1 A) and can
be as much as 800 for small signal transistors.

Figure 8.4 shows a typical set of characteristics for a bipolar transistor with
the collector to emitter voltage V as the horizontal axis and collector
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Figure 8.4  Characteristics of a transistor

current I as the vertical axis, each curve being for a given constant base
current. The working region of the transistor is bounded by the maximum
collector to emitter voltage V. .., the maximum collector current I, and
the maximum power dissipation. (Note: V. and I .. are not shown in
Figure 8.4.)

In power electronics, the transistor is used principally as a switch. In this
manner of working the load line exceeds the maximum power hyperbola
when the working point switches between the cutoff and the conducting
positions.

In the cutoff position only a very small current flows (a few pA). In the
conducting position (when the base current is overdriven up to five times the
necessary value) the collector to emitter saturation voltage is reduced to
around 0.2-0.4 V. Overdrive reduces the switch-on time but increases the
switch-off time.

Maximum values for collector current and voltage, with the switching time
as parameter (the safe operating area) are given in the data sheets, and are
shown in Figure 8.5. When inductive loads are being switched, the working
point does not move along a straight line. During switch-on, the working
point moves below the line connecting the starting and finishing points until
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the magnetic field builds up to its final value. During switch off, the induced
voltage across the inductance can be very large, and this adds to the supply
voltage. Therefore the use of a freewheel or bypass diode is absolutely
necessary to protect the transistor from such high voltages (see Figure 8.6).

Switching losses during switch-on are relatively small compared with those
in resistance load circuits. When inductive loads are switched off, collector
current flows for a longer time, during which the collector voltage rises
steeply and the losses are considerably greater.

The maximum switching frequency for power transistors with over 10 A
collector current is about 10 kHz, at which low saturation voltage and high
switching frequencies are mutually exclusive requirements.

8.2.3.2 Unipolar (MOS) transistors

In a field effect transistor the current between the source and drain
electrodes is controlled by an electric field, a voltage. Depending on the type,
only electron or hole current flow is involved. Amongst the various types
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Figure 8.6  Switching inductive loads

available, the insulated layer FET, the MOSFET (metal oxide semiconductor
FET) is preferred for power electronic applications in both »- and pchannel
variants.

The features of the MOSFET are zero gate power, low switching time,
simple parallel connection and low path resistances (bulk resistances). These
are getting smaller from generation to generation through parallel
connection of many individual transistors. The present state of the
technology achieves up to 1.5 million transistors per square centimetre.

The maximum switching frequency is around 100 kHz and the bulk
resistance for 60 V types is ~5 mQ and for 1000 V types ~50 m&. As the output
characteristics of Figure 8.7 show, the MOSFET requires a gate to source

voltage of over 5V in order to switch, i.e. provide a low resistance path for
drain — source current.

8.2.3.3 IGBT

The IGBT is a combination of a MOSFET input, giving a fast, simple and zero
power input, and an output like that of a bipolar transistor, with low
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Figure 8.7  Output characteristics of a MOSFET

saturation voltage and a wide safe operating area. Through appropriate
doping (ion implantation) it has been possible to raise the switching speed to
20 kHz.

Figure 8.8 shows the structure and equivalent circuit of an IGBT. It
resembles the MOSFET with the exception of the p+ doped substrate. In the
conducting state supplementary charge carriers are injected through the
substrate in the drain region of the MOSFET. Consequently the losses in the
switched-on condition are reduced.

IGBTs are currently available for currents between 8 and 800 A and
collector — emitter voltages between 600 and 1700 V. Compared with the
MOSFET, the IGBT with the same power needs a smaller area of silicon and
is therefore cheaper to manufacture.

Figure 8.9 shows an elegant form of an electrically isolated IGBT driver
circuit. A special optocoupler, which can drive up to 500 mA, controls the
IGBT directly. V. and Vg are voltage sources around 12-15 V. When current
flows through the LED, it illuminates the photodiode through a transparent
plastic film with high potential isolation capability. This signal becomes
amplified and controls the output stage. The isolation voltage of such an
optocoupler lies around 5000 V.
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Figure 8.9 Driving an IGBT with an optocoupler

Note: V.. and V, must very often be electrically isolated from all
other voltage sources in the system

8.2.4 Integrated circuits

We refer here to several active and passive components on one silicon chip
and encapsulated into one package. Available integrated circuits include
bipolar, MOS and mixed (bipolar + CMOS = BiCMOS) technologies. The
wide range of off-the-shelf circuits for motor control may be divided roughly
into control, regulation and power building blocks.

Microcomputers serve as control building blocks. Many modern types have
special built-in functions specifically for motor control, for example a 3-phase
generator. The control building blocks are specifically adapted to the motors
to be controlled. Those for controlling brushless DC motors include
preamplifiers for Hall sensors.

Integrated driver circuits can be installed directly as motor drivers in low
voltage applications. Their operating range extends to around 40 V and 6 A.
The catalogue of bridge circuit drivers and processors is very extensive. More
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Figure 8,10  Phase-shift control of a universal motor

and more ‘intelligent’ chips are being developed and introduced -~ circuits
that are protected against excess temperature, short-circuits and overload,
and which report to a processor through the output terminals what the
particular fault is.

8.3 Motor control

8.3.1 Circuits with alternating voltage

Phase-shift controlled firing with triacs has been the norm for a long time for
medium power drives. Increasing demands for starting torque and constant
speed have extended the use of transistors in firing control circuits. The most
frequently used circuit is the controller for a universal motor using a triac,
and has already been described fully in Section 6.4.2.

The circuit in Figure 8.10 is impressively simple with its minimal call on
components, and finds application in domestic apparatus such as vacuum
cleaners, portable drills, kitchen machines, etc. where the lowest prices come
before all other considerations.

Three-phase motors are controlled with three triacs or antiparallel con-
nected thyristor pairs (Figure 8.11). Exactly similar running characteristics
are necessary in the three circuits to avoid the generation of direct voltage
components, which would simply increase the losses. Special integrated firing
circuits, e.g. TCA 780, ease this problem.
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Figure 8.11  Phase-shift control of a 3-phase motor

8.3.2 Direct current circuils

DC energised circuits are gaining importance, because all types of motors can
be controlled and regulated. Furthermore, faster, more easily driven,
semiconductor switches — bipolar transistors, MOSFETs, IGBTs, etc. — may be
utilised.

Linear circuits are used with small low voltage motors. Control is simple but
there are higher losses in the driving circuit. Pulse power controllers are
widespread. They improve the efficiency of battery-driven devices, and in
mains-driven equipment there is less heat generated in the driving circuits.

I-quadrant control: In general, the torque-speed characteristics of a motor
occupy four quadrants. Four-quadrant operation controls the motoring and
braking characteristics in the clockwise and counter-clockwise senses. 1-
quadrant control means that the motor rotates in one direction only, and
only positive torque can be applied (braking comes only from the load).

In this case the motor is connected into the collector circuit of the
transistor, as shown in Figure 8.12, and it rotates when the transistor is in the
switched-on condition. When the transistor is switched off, any induced
voltages resulting from motor reactance are clipped by the freewheel diode.

Direct current controller (chopper): If the speed in the above motor is to be
changed, there are two possibilities:

e linear control of the motor current through transistor base current. The
transistor collector — emitter voltage times the motor (transistor
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collector) current causes severe heating in the transistor and energy loss
from the supply

e pulse control. The transistor is switched on periodically. At the fully
switched-on working point the power loss in the transistor is Ug ¢\rX 1y,
Whilst the transistor is switched off and absorbs practically no power, the
freewheel diode diverts the motor current, which falls in an exponential
manner (see Figure 8.13).
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Figure 8.12  I-quadrant drive for a DC motor

The transistor forces acceleration. Braking comes from the load only
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Figure 8.13 Voltage and current relationships during chopping



Electronic circuits for small electric motors 157

The average voltage applied to the motor, U, is
T,
U, =~
M= Vs

Variation of T, results in a proportional variation in U,; and hence control
of motor speed over a wide range.

2-quadrant control: By extending the circuit of Figure 8.12 with a transistor in
parallel with the motor, a 2-quadrant drive is achieved (Figure 8.14). When T,
is cut off and 7, is conducting, the motor is braked.

A simple method of selecting the direction of rotation of a small motor
(<10 W) is by using an operational amplifier with positive and negative
supply voltages (Figure 8.15). These amplifiers are built to work at +30 V and
can deliver up to 2 A current. Typical applications are video recorder and CD
drives, in which the video cassettes and compact discs are electromechanically
accepted and ejected.

4-quadrant drive: When a mirror image of the circuit of Figure 8.14 is added,
the result is the so-called bridge circuit (Figure 8.16). By diagonal switching
of transistors T,/ T, or, alternatively, T,/ T,, clockwise or counter-clockwise
rotation is obtained.

T2

: @

A

Tt

Figure 8.14  2-quadrant drive
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Figure 8.15  Motor control using an operational amplifier
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Figure 8.16 4-quadrant drive bridge circuit
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Figure 8.17  Speed controller for a 3-phase 4-quadrant motor drive

This circuit can also operate with pulse control, which may be applied to
the upper pair, the lower pair or all four transistors. The freewheel diodes D,
to D, ensure that whatever transistor or transistors get switched off, there isa
path to carry the transient motor current. The power supply to the diode
bridge must be capable, in the short term, of absorbing as well as delivering
current.

3-phase controller in 4-quadrant mode: The speed of a synchronous or induction
motor can be controlled over a wide range by varying the supply frequency.
When a third column of two transistors is added to the circuit of Figure 8.16,
the result is the circuit of Figure 8.17, which can deliver a variable frequency
3-phase supply to the motor.

Special modules are now available in all technologies (Bipolar, MOSFET,
IGBT) which embody all six transistors and fast acting freewheel diodes in
one block.

To avoid overloading the motors at low frequency, and to exploit the high
frequencies, the supply voltage should increase in proportion to the fre-
quency. Given a sinusoidally derived pulse width modulation gate supply
chip, which produces low harmonic content sinusoidal motor current, this
requirement can be met (Figure 8.18).

8.4 Examples

8.4.1 Control circuit for a bipolar two-winding stepper motor

TA8435H is an integrated circuit for driving a two-winding stepper motor. It
includes a coding table for the generation of sinusoidal output currents that
enable a microstep setting of the rotor. Furthermore, an oscillator for pulse
width modulation, current limiting logic and two bridge circuits capable of
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delivering 2 A output current each are built onto the chip. Figure 8.19 shows
the block-schematic diagram. This component was developed for the purpose
of driving the larger stepper motors in printers, photocopiers and scanners.

Figure 8.18  Pulse width modulation waveform, containing a pure sinusoidal
Sfundamental frequency
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Figure 8,19  Block-schematic diagram of the stepper motor chip TA8435H
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A microcomputer controller responds to input signals: Clock, Reset,
Rotation (CW/CCW), and Enable. Inputs M1 and M2 determine the stepper
action. When M1 and M2 are set at 5V, the motor rotates with 32 steps per
revolution; the synthesised sinusoidal currents are shown in Figure 8.20.

The output stages are constructed as bridge circuits. The maximum output
current is 2 A. The emitters of the lower transistor pair in the bridge are
connected to NF-A or NF-B. Output current monitoring resistors are
provided so that the output current is limited to 2 A when the voltage drop
across the resistor reaches about 0.7 V. The switching frequency can be
changed to suit the motor by means of an external capacitor (Cyg).

ctgnnnnnnnhgphnhhnhnhhhhhhhhhnh

Current waveform

Figure 8.20 Output currents I, and I, of a microstep drive
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8.4.2 Washing machine controller

In this instance, the conventional induction motor with capacitor was
replaced with a brushless DC motor [5]. The block diagram of the motor
controller is shown in Figure 8.21. The mains voltage is converted to direct
voltage through a bridge rectifier. The 3-phase inverter comprised six
transistors and six freewheel diodes in one integrated package.

The position and speed signals were taken from Hall sensors, amplified in
the motor control chip and transferred to the microcomputer. This
controlled the speed corresponding to the required programme, the type of
wash and the weight of the load, which is proportional to the power transistor
current. This current is monitored as the voltage across the common emitter
resistance. In the case of overload, all transistors are cut off.

The lower transistors in the bridge circuit are switched directly and the
upper transistors are controlled, at the same time, with pulse width
modulation. The pulse width is determined by the microcomputer. The
oscillator frequency is 16 kHz.

Switching each upper power transistor is achieved, as shown in Figure 8.22,
by means of an isolated optocoupler. When current flows through LED D,,
Tr, becomes conducting and about 40 mA flows into the base of the power
transistor through R,,. For as long as this current flows the capacitor C is
charged over diodes Dy, D;, D,. When no more current flows through the
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Figure 8.21  Block-schematic diagram of a washing machine controller
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Figure 8.22  Power transistor driving circuit

LED, transistor Tr, conducts and the capacitor discharges over the base of the
power transistor. The negative voltage between base and emitter shortens the
switching time.

Compared with a similar machine model with a conventional motor, the
motor power requirement decreases from 385 W to 290 W. Owing to a steady
run-up for spinning, the new washing machine is quieter than the
conventional model.
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Chapter 9
Brushless direct current motors

Helmut Moczala

The classical DC motor, described in Chapter 7, is characterised by its
mechanical commutation, comprising a rotating commutator and fixed
brushes. The shortcomings of this system are:

e limited lifetime (around 10 h)

e unreliable contact, especially at low voltages

® celectrical interference, and

e additional noise.

These disadvantages, in comparison to induction motors, led to the develop-

ment of brushless DC motors, which combine the positive properties of DC
motors together with the robustness of induction motors.

9.1 Technical solutions for brushless direct current motors

Solutions to the problem of driving a motor from a direct voltage supply
without brushes are:

e combination of induction motor and constant frequency inverter
® combination of synchronous motor and constant frequency inverter

® an in-built electronic commutator in place of the conventional
mechanical commutator.

In the power range up to 10 W, the first solution is excluded on account of
the low efficiency of the induction motor. With constant inverter output
frequency the motor speed is almost constant, but the starting torque is small
compared with the classical DC motor. In the higher power range, the
combination of inverter with induction motor is generally satisfactory.
Combining the synchronous motor and inverter results in higher
efficiencies under certain working conditions, but the start and run-up
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present special problems. Also, running is rough on account of the
synchronous motor’s tendency towards oscillation.

The expedient solution is therefore the substitution of the mechanical
commutator with an electronic commutator whilst preserving the principles
of the DC motor. This ‘electronic commutator’ must switch in the coils that
develop the torque (and which have a fixed spatial distribution) by electronic
means at the instants that the rotor is in the right position relative to those
coils.

Motors which act in this manner have been described and named variously:

@ brushless DC motors

® electronically commutated DC motors or DC motors with electronic
commutation, and

® electronic motors.

This last description is the property of certain manufacturers and has more
the character of a trade name.

The names ‘commutatorless DC motors’ and ‘3-phase synchronous
motors’, used particularly to name three-winding brushless DC motors, refer
only to pure motors and are not concerned with the necessary commutating
circuitry. These descriptions give rise to misunderstandings and should be
treated with some reservation.

9.2 Principal construction and behaviour

Immediately after the arrival of the ‘transistor’, proposals sprang up for
brushless DC motors. Figure 9.1 shows a particularly simple example. The
rotating permanent magnet (2) induces an alternating voltage in the pick-up
coil (4), which switches on the transistor during the positive half-cycles (base
to emitter). The collector current in stator coil (1) together with the
permanent magnet rotor develops a pulsating torque. Ignoring special
applications, such as clock-chiming drives, this motor with a single phase
stator winding is not particularly useful as it has to be set in motion by
external mechanical means.

Therefore, in later developments, there were at least three spatially
distributed sequentially energised stator coil windings, giving three-phase
operation which ensured that there was some torque in all the rotor
positions. On account of the cost of the electronic circuits the number of
windings is generally limited to 3-6. The principal parts of the first brushless
DC motor that was installed in numerous audio players are shown in Figure
9.2.

The three-phase stator winding comprises the minimum number of three
coils spatially distributed at 120° relative to each other, 1, 2 and 3, which
act on the 2-pole permanent magnet rotor 4. The control of transistors 5, 6
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Figure 9.2 Brushless DC motor with auxiliary frequency transformer as position
indicator

and 7 that connect the stator coils to the supply must, as in the classical DC
motor, depend only on the rotor position and be independent of rotor speed
if the motor is to be reliably self-starting.

The necessary stimuli for starting the motor are derived from the special
auxiliary frequency transformer, which comprises the fixed core (11), the ro-
tating segment (14), the primary coil (12) and the pick-up coils (8, 9 and 10).

The rotating segment (14), which is integral with the rotor, completes a
transformer between the primary coil and each of the pick-up coils in turn.
The alternating flux has a frequency of about 100 kHz. Transistor (15)
provides the gain necessary for oscillation, the positive feedback component
being capacitor (16) connected between its collector and emitter. With the
rotating segment 14 in the position shown in Figure 9.2, coil (10) becomes
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the main secondary winding of the transformer and transistor (7) becomes
saturated on the negative half-cycles of this secondary winding voltage.
Transistor (7)’s collector current energises coil (3), which then attracts the N-
pole of the permanent magnet rotor.

Induction in coils (8) and (9) is much weaker and, therefore, when the
rotating segment (14) is in the position shown, transistors (5) and (6) do not
draw significant base currents. The magnitudes of the voltages induced in the
secondary coils (8, 9 and 10) are entirely a function of the rotor position —
segment 14 - and independent of the rotor speed.

Thus, there are no problems with starting and run-up.

The practical realisation of this motor (Figure 9.3) is characterised by the
external cup rotor with the 2-pole ferrite magnet (4) and the inner stator with
its three-phase winding lying in six slots; each phase winding comprises two
component coils.

The similarity between brushless and conventional DC motors is apparent;
except that the windings are spatially fixed and the field magnet rotates.

The fundamental equations of brushless DC motors, whose basic operation
has been explained in the preceding paragraphs, may be derived from Figure
9.4. This is the circuit of the kth phase winding of the symmetrically
constructed s-phase path motor winding together with its respective transistor
Tr. (See Figure 9.9 for a description of the value of s which actually defines
the number of current pulses per pair of poles.) R represents the resistance
of the kth phase winding and L is its self inductance. M_represents the
mutual inductances with respect to the other phase windings.

By applying Kirchhoff’s second law around the closed circuit, a differential
equation is obtained:

lkR+L%+uMk+uqk+uTk—U=0 (9.1)

where u,, is the mutual inductance voltage

11 1214 A 17 4 123
\ |=

10

Figure 9.3 Practical construction of the brushless DC motor with auxiliary
frequency transformer
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ZDi

Di

Figure 9.4  Equivalent circuit for one winding path

The sum, u,,, becomes zero if either the mutual inductances are zero or if
the currents in the mutually coupled circuit remain constant. Large changes
of current only occur during the brief starting and stopping periods.
Consequently, u,, is neglected.
u,, results from the rotating permanent magnet Dm, and u, is the control-
dependent voltage across transistor Tr, and U's the supply voltage.
In the saturated condition, the transistor collector — emitter voltage is very
small (up, — 0) so that eqn. 9.1 simplifies to
U=iR+L% 4y (9.1a)
k qk
dat
When the transistor is saturated, the current ¢, can flow through the coil only,
because the diode prevents any current flow in the parallel path.
At first, in the slow speed starting phase, u, may be set at zero. When
consideration is limited to the steady-state condition, in which di,/dt= 0, the
result is

i,= U/R (9.2)

Figure 9.5 shows the dependence of the winding current and the resultant
torque on the rotor angular position, 0. = @, in a 2-pole motor with s = 2, 3
and 4 (see Figure 9.9). The torque, designated m,, is the instantaneous
magnitude of the internal torque between stator and rotor during run-up.
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Figure 9.5  Phase winding current i, and torque m,, during start-up as a function
of the rotor position ¢
s = number of phase coils
Figure 9.5 shows that the starting torque m, (o) has more ripple for a
smaller number of stator phases. The angle of rotation, during which a
transistor is saturated, wA¢, is chosen to be 27/s. So that there is torque
present for every position of the rotor, it is necessary that

WAL= 27/s (9.3)
Making At the subject produces
Az 2=T (9.4)
smos

in which nis the angular speed and Tthe period of one revolution at constant
angular speed.
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As Figure 9.5 shows, the single phase motor (s = 2), with current flowing in
only one direction through a coil, develops zero torque for certain rotor
positions. The motor would be incapable of starting from these positions
unless special starting means were provided. Therefore, in general, the motor
must be designed with s 3.

During normal running at speed n the induced voltage u, in the stator
phase coil must be taken into account in the differential eqn. 9.1.

Figure 9.6 shows, with broken lines, the phase winding current derived
from the voltage difference U- u, and the winding resistance R. The current
curve takes the self-inductance into account giving the resultant exponential
rise and decay with time constant L/R.

At cutoff in the transistor Tr, current i, is diverted through the diode Di and
the Zener diode ZDi and falls rapidly to zero. The Zener diode ZDi in Figure
9.4 is necessary, first, to ensure a rapid fall in 7, and, secondly, to prevent the
induced voltage u, from driving a current through the diode Di when w,, is
negative.

To calculate the gross torque m, in the kth phase winding, the power

balance equation (see eqn. 7.3) is applicable:
Py=upt=mo=P,

&

_ Ytk

g = 2% (9.5)
w
For the average value M, of a motor with s stator phase coils,
1<t
M= [ myt (9.6)
k=1 ¢
u
U

Ugk
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Figure 9.6  Time-dependent waveform of the induced voltage u(t) and phase coil
current i,(t)
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Substituting for m, from eqn. 9.5, and wT = 27, gives:

RN
M; on kg;{uqkzkdl 9.7)
It may be accepted that each of the s phase windings make equal
contributions in turn to the torque in a symmetrically constructed motor. It
follows that

T
1Y ‘
M, = s—ZJ'uqkzkdt (9.8)
2o
=19
Progress towards an expression for M, can only be made if the time-
dependent functions u,(#) and i (#) are known. If it is accepted that, during
the time that 4,# 0, the induced voltage u, is constant and equal to the

maximum value d,, it follows that

T
M, = 5-2%12,1,‘ [ (9.9)

The average current I of the whole motor, i.e. the sum of the s phase winding
currents, emerges as

T
1 r.
I—;s:[zkdt (9.10)

The result for the average gross torque is therefore

M, = 7 T (9.11)

2r
Here, as in an earlier chapter, we have a DC motor with permanent magnet
excitation with its linear relationship between torque M, and motor current L.
The peak value 4, of the induced voltage is, according to Faraday’s law of
electromagnetic induction, dependent on the rate of change of flux and
therefore the magnitude of the rotor flux ® and the angular velocity w of the

rotating magnetic field:
U, = kP (9.12)

where k is a constant which depends on the geometry of the motor and the
number of turns per winding. (Compare eqns. 7.15 and 7.22.)
Substituting for @, from eqn. 9.12 into eqn. 9.11 gives

Tokd
or
The peak value 4, is less than the supply voltage U by about the amount /R.

M, =1 = I® (9.13)



Brushless direct current motors 173

Approximately,
U=d,+IR (9.14)

Taking into account that the available torque from the motor shaft M is
smaller than the gross torque M, by the friction torque M,

M= M- M, (9.15)

The correspondence with eqns. 7.12-7.15 is complete, showing that the
brushless DC motor is nothing other than a DC motor with a permanent
magnet field whose commutation is electronic instead of mechanical.

Figure 9.7 shows the well known characteristics w(M) and I(M) of these
motors.

9.3 Types of construction

There are, of course, various possibilities for matching DC motors with
electronic commutation to the requirements of the driven device. The survey
begins with the different basic constructions that can be fitted with various
windings and electronic circuits. Variations on these themes are discussed,
and finally a number of examples of manufacture are given.

9.3.1 Design variants

Figure 9.8 shows the various design configurations of brushless DC motors
with rotating and linear armature motion.
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Figure 9.7  Characteristics of the brushless DC motor (replica of Figure 7.9)
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Figure 9.8  Design variants of brushless DC motors

a inner rotor motor; b disc stator motor; ¢ disc rotor motor; d outer
rotor motor; e long stator linear motor; fshort stator linear motor

A frequently occurring arrangement is the cylindrical inner-rotor variant,
surrounded by the wound stator (a). Rotors in variants (b) and (d) have
particularly high moments of inertia. Whereas in the disc-stator type () only
the iron-free airgap winding is fixed and the permanent magnet together
with its supporting structure and back iron rotate, in type (d) only the cup-
shaped permanent magnet fixed to the shaft rotates. In comparison the disc-
rotor type (¢), in which only a disc shaped axially magnetised permanent
magnet rotates, has a low moment of inertia.

Type (¢) is a long-stator linear motor, which is characterised by its
lightweight armature. In this motor the maximum possible movement can be
only slightly less than the length of the stator, whereas in type (f) the length
of the motor can be as much as twice the attainable movement.

9.3.2 Motor windings and energising circuits

The most frequently encountered motor winding circuits with their
energising circuits are collected together in Figure 9.9. Circuit (4) has two
coils (s=2) and the current flows in one direction only through each of the
coils. The same effect can be achieved with just one coil in a four-transistor
bridge as shown in circuit (a). Circuit (@) has the advantage of all power
bridge circuits that for a given copper content and heat loss in the coils a
torque which is V2 times that in (4) is achieved.



Brushless direct current motors 175

+ No——— +
s§s=2
U1 Vi1
a b
s=3 N +
U1 W1
c
s=4 * 1U1 *
2U1
d e 4U1
3U1
s=6

Figure 9.9  Motor windings with various numbers of coils and halfwave or full

wave switching arrangements giving a range of values of s, the number

of current pulses per pole pair

a s= 2 single phase, full wave inverter driving one coil

b s= 2 single phase, half wave inverter driving two coils
Both of these give effectively single phase operation.

¢ s=3 three phase, half wave inverter driving three coils connected in
star with neutral connected to positive terminal of battery

d s= 4 two phase, each phase fed by full wave inverter

e s=4 four phase windings connected to common positive feed, half
wave inverter feeding each phase

f s= 6 three phase, full wave inverter feeding three coils
The value of s is the number of pulses of torque-producing current
per revolution (for a two-pole motor)
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Neither circuit (4) nor (4) can guarantee starting without auxiliary
equipment because of the zero values in the torque-rotor angle characteristic.
Circuit (¢) is the minimal circuit (s=3) for reliable starting and running.
There is, however, appreciable ripple on the torque/rotor angle
characteristic.

A more uniform torque characteristic can be achieved from four stator
coils energised as in circuit (¢). The comparable circuit (d) has the advantage
already mentioned of higher torque for the same copper mass and heat loss.
The need for double the number of transistors in circuit (d) is not a problem
because reasonably priced double-bridge power stage integrated circuits are
available.

Circuit (f) whose three coils pass currents in both directions is gaining
importance. This circuit combines the advantages of requiring fewer power
transistors than circuit (d), providing a uniform torque and good utilisation
of copper in the coils.

The diodes shown in (f) connected in anti-parallel with the transistor
collector-emitter paths prevent a sudden interruption of coil currents
following transistor cutoff. Dangerous voltage transients are thus avoided.
The equally necessary protection in circuits (a)—(¢) is not shown on the
diagrams.

In the power stages of the ‘electronic commutator’ the preferred device for
switching is the transistor. Assistance in selecting the appropriate types is to
be found in Section 8.2.2.

9.3.3 Position indicators

Besides the carrier frequency transformer described above, there are other
more modern possibilities for determining the rotor magnet’s position.
Obvious contenders are:

¢ Hall generators
® Magneto-resistive sensors
® Magnetic diodes.

All the position indicators mentioned respond only to the magnetic field, the
output being independent of the angular velocity, and therefore fulfill the
requirements for a start from rest.

Rotor position sensing is possible by means of fixed stator coils, in which
the rotating magnet induces voltages. Even the coils which are there for
producing the torque can perform this second function. These coils produce,
of course, the required signals only when the rotor is turning — see the system
in Figure 9.1. In such cases there must be an assisted start, e.g. in the form of
a mechanical starting commutator with brushes that retract at speed owing to
centrifugal forces. Alternatively, the motor could be started up as a stepper
motor with increasing step rate until the speed is sufficient to produce the
induced voltages mentioned above.
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Finally, the possibility of optosensitive devices for indicating rotor position
should be considered.

9.3.4 Speed setting and control

As can be seen from eqns. 9.12 and 9.14, the angular velocity w and speed =
of the brushless DC motor can be adjusted by means of changing the supply
voltage U.

If only a constant direct voltage supply is available, reduction of speed can
be achieved by means of a series resistor which achieves voltage reduction at
the motor, by a voltage divider, a transistor or a DC chopper with its attendant
low heat losses.

The same effect can also be achieved using the full supply voltage, but witn
some voltage being absorbed by appropriate control of the transistors in the
stator coil circuits. When the transistors are not fully saturated, then the
resultant power loss, which arises as a consequence of the voltage drop, must
be allowed for in the design. The increased power loss can be avoided if the
switching frequency is high compared with the motor speed. Variations in
switch-on/switch-off time can be used to control the average voltage that is
applied to the winding. Current interruptions must be prevented by means of
fast acting freewheel diodes.

Regulating the speed presupposes a means of measuring the speeaq,
together with a regulator that operates in the manner described above on the
motor winding voltages. The motor speed can be measured by means of an
AC tachometer generator whose induced voltage magnitude or frequency is
a measure of the speed. An exact setting of the motor speed is achieved when
the tachometer’s frequency and phase angle are the same as those of the
reference signal generator. Integrated circuit components are available to
fulfil these somewhat demanding requirements.

In certain circumstances, the speed signal may be read direcuy rrom a
brushless DC motor because the rotating magnet and fixed coil windings are
already there. Where individual coils are not connected in bridge circuits,
they are connected to the voltage source for less than half a period. Figure
9.10 shows a way in which the induced voltages in the coils which are not
carrying current producing torque may be used to indicate speed.

The AC tachometer action is most easily explained for the case of a four-
winding star-connected motor (Figure 9.10 extended to include four coils
and four transistors). The rotor north pole passes coils 1, 2, 3 and 4 in that
order. As the N-pole passes coil 1, the S-pole passes coil 3. The induced
voltages in the four coils (U= voltage at transistor collector with respect to
the star point) are 1 (-), 2 (0), 3 (+) and 4 (0). At this time transistor 1 is
conducting and the others are not. The voltage induced in coil 3 charges
capacitor C via diode D3. The remaining diodes are all reverse-biased and
nonconducting. As the magnet rotates, each coil injects a pulse of charge into
the capacitor in turn. The capacitance of C is a compromise, large enough to
provide adequate smoothing, and small enough to discharge through the
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measuring circuit (not shown) as the motor speed falls. For simplicity, the use
of transistor current chopping with consequent inductive voltage transients
which are damped by freewheel diodes has been omitted.

9.4 Motor designs and constructions

9.4.1 Internal rotor motors with airgap windings

Motors of this type appeared early in the development history of brushless
DC motors. They were characterised by a cylindrical 2-pole permanent
magnet rotor (2), with a four-coil winding (1), which was located in the
airgap between the rotor and a concentric slotless iron stator (3).(see Figure

9.11).
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Figure 9.10  Circuit for obtaining the tachometer voltage u, from the motor winding
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Figure 9.11 Longitudinal section through an internal rotor motor with an airgap
winding
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The two Hall-effect generators (5) are installed in an extended airgap
outside the winding. The winding carrier is the plastic ‘cage’ (4). The
magnetic winding axes of the coil pairs are at right angles and the two Hall-
effect generators are fixed spatially at 90° from each other.

Thus, as shown in Figure 9.12, each Hall generator 5.1 and 5.2 controls the
current in a pair of diametrically opposed stator coils. When, say, Hall
generator 5.1 detects the N- or S-pole of the rotor, one or other of transistors
7.1 and 7.2 is energised. At the same time, Hall generator 5.2 detects no pole
and generates no voltage. Thus only one of the four coils 1.1-1.4 is energisecl
at any instant. Current flows through each stator coil in turn as the rotor
turns through 90°, during which full torque is developed. Transfer of current
flow from one coil to the next occurs without any interruption in the motor
current, so that torque continues to be developed in the rotor during the
current transfer phases.

The tachometer voltage u,, needed for speed control, is derived through
four diodes in the manner described at the end of Section 9.3.

The comparison of reference and tachometer voltages takes place in
transistor 9 of Figure 9.12 in that the speed, i.e. u,, adjusts until the networl
comprising resistors 10-14 applies the ‘correct’ base—emitter voltage to
transistor 9. The voltage at the collector of transistor 9 determines the
current through transistor 8. This current flows through one transistor '7
which provides the base~emitter voltage of one transistor 6. The transistor (5
energises its coil 1 and develops voltage u, via a diode, and the control loo}
is closed.

The base-emitter voltage of transistor 9 is temperature-dependent, and
thus the temperature-dependent resistor 12 is included to give
compensation. Speed setting is achieved by adjusting resistor 14.
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Figure 9.12  Circuit diagram of a four-coil inner-rotor motor with an airgap
winding
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The winding which lies in the airgap between the rotor and the slotless
iron-stator has a particularly low stray inductance. Consequently, fast winding
current switching is possible and, with it, high rotor speed. In addition,
because of the absence of reluctance torques, particularly smooth running is
achieved, and this type of winding is found in many brushless DC motors.

Figure 9.13 is a photograph of a motor of the type just described. Such
motors can also be switched using special electronic commutating circuitry,
which dispenses with rotor position sensors. In these, the stator windings are
not only used to develop the torque and possibly the tachometer voltage, but
are also used for switching the power transistors. (Another arrangement was
described in Figure 9.10.)

In the circuit of Figure 9.14, the voltages across stator coils 1, 2 and 3 are
phase-shifted by the RCnetworks (e.g. 21, 12, 33 and 43) and fed to the base-
input terminals of the two-stage transistor amplifiers which energise the stator
coils appropriately. This ‘phase shift oscillator’ action works only when the
rotor is running and is inducing voltages in the stator coils.

During starting, the electronic circuit runs as a three-stage multivibrator
whose sweep frequency is determined by the phase-shift networks. A pulsed
stator field which ‘rotates’ is achieved, and the motor runs as a stepper motor,
and changes over to the mode described in the previous paragraph when the
induced voltages in the coils have sufficient magnitude. A prerequisite for a
reliable start and run-up is a careful and correct electronic circuit design that
takes the load - in particular the torque for accelerating the rotating masses
- into account.

Modern developments are giving new approaches towards enabling the
control described above to be achieved without the need for supplementary

Figure 9.13  Four-coil brushless DC motor with electronic control
(32 W, 6000 rev/min)

(Courtesy: Siemens)
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Figure 9.14  Circuit diagram of a brushless DC motor with control through phase-
shifter sections

position indicators. Here, too, starting is achieved by impulsing the stator
coils to turn the rotor until the necessary induced voltages appear. An
integrated circuit detects the instants at which the three-stator coil induced
voltages pass through zero. This occurs during the period when the coil
current is zero, i.e. when the current in the one direction has been switched
off and the current in the reverse direction has not yet been switched on.
Given the instants at which the voltages pass through zero, the ICs determine
the timing for switching the power transistors on and off.

The ICs described above are capable of controlling various motors in full-
wave circuits such as that of Figure 9.9f They also provide protection circuits
for the power transistors and offer possibilities of extracting information
about the rotor speed and position.

9.4.2 Internal rotor motor with slotted stator

Slotted stators, with which higher magnetic fluxes in the magnetic circuit are
achieved owing to the small airgap, are preferred for higher power motors.
For a given amount of material and winding heat loss, these motors deliver
higher torques than those with airgap windings. Especially high power per
volume is achieved by the use of high quality permanent magnet materials,
e.g. samarium—cobalt alloys (samarium is a rare-earth element: at.no. 62;
at.wt. 150.35).

Figure 9.15 shows the crosssection of a motor of this kind with a 4-pole
rotor. The winding is made up of three coil groups (Figure 9.16) and is
energised through three half-bridge circuits as shown in Figure 9.9f In this
way a good utilisation of active winding copper is achieved with a small
number of power transistors, and this leads to a higher power output with a
better efficiency.
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Figure 9.16  12-slot winding with three-coil groups in star connection for a brushless
DC motor

Also the developed torque is quite uniform, because by reason of
overlapping in the switching there are 24 separate current impulses per turn
of the rotor. This is in line with the performance of high quality DC motors
with mechanical commutators. The motor described above is shown
dismantled in Figure 9.17. Higher power motors with more than four poles
are also used.

There are integrated circuits available that process signals from Hall-effect
generators located in the airgap for controlling power transistors. There are,
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Figure 9.17  Dismantled brushless DC motor with slotted stator.
(320 W, 4000 rev/min)

Position indication is by photoelectric devices (right of picture)
(Courtesy: Groschopp)

A

Figure 9.18  Section through a brushless DC motor for direct drive of a gramophone
turntable

of course, reluctance torques between the rotor poles and the slotted stator.
These torques can, nevertheless, be counteracted by skewing the stator slots
or off-setting the rotor magnets against each other.

9.4.3  Motors with disc stators

Figure 9.18 shows an example that was designed for the direct drive of
gramophone turntables. Stator 1 has an ironfree construction and is
composed of a four-coil winding. Together with the 8-pole magnetised rotor,
16 disc-shaped component coils are required that are arranged at half a pole
pitch from each other in two layers.

Rotor assembly (2) makes possible the application of easily manufactured
ferrite magnets (3) grain-orientated and magnetised in the axial direction. Of
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interest is that the back iron (4) turns with the rotor magnet so that there are
no hysteresis or eddy current losses. This arrangement also increases the
rotor moment of inertia, which must be advantageous for driving the
turntable at constant speed directly from the motor.

Two Hall generators are used in this motor which signal the rotor position,
and thus the electronic circuit is very similar to that of Figure 9.12. Throwing
a switch in the electronic circuit can select speeds of 33.3 and 45 rev/min.
The motor of Figure 9.19 with a permanent magnet disc rotor and airgap
coils was designed for driving magnetic disc stores. Six stator coils arranged
as three pairs are set opposite the 8-pole rotor. Torque is developed by the
interaction between the coils of one winding and four of the eight rotor
poles.

Position indication in this extremely flat motor (‘pancake design’) is by
three Hall generators situated inside the coil cluster.

Figure 9.19  Brushless DC motor for direct drive of disc stores

The rotor is removed to give a view of the coils in the ironless stator.
(Courtesy: Bahler)

https://engineersreferencebookspdf.com



Brushless direct current motors 185

9.4.4 Two-coil motors

Reducing the number of coils to s=2 (Figure 9.96) reduces the cost of the
motor and of the electronic circuit. However, as is evident from Figure 9.5
(m,()), certain special measures must be taken during starting.

Figure 9.20 shows the circuit of a two-coil motor whose coils are energised
from the power supply using two power transistors. The signals to these
transistors, which depend upon the rotor position, are derived in the known
manner from the Hall generator (9).

In Figure 9.21 the curve m (@) is seen to be a pulsed torque with
contributions from the currents in both coils. With an eye towards efficiency,
a relatively large pause occurs between these current pulses, because the
rotor position during these pauses is unfavourable for the production of
torque.

To avoid the situation in which zero torque is developed for certain rotor
positions, auxiliary soft magnetic poles are placed in the stator, which interact
with the magnetic rotor and develop the reluctance torque m,,

Figure 9.22 shows an example of a 2-pole brushless DC motor, in
which narrowing of the airgaps takes care of the required supplementary
torque m,,.

The effect of this arrangement is shown graphically in Figure 9.21; in
addition to the torque m, (o) derived from the stator coil currents there is
also periodic torque resulting from the presence of soft iron poles. The sum
of these torques, m,= m, + m,, is not zero for any rotor position, and the
change in torque is considerably less than with m_on its own.
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Figure 9.20  Block circuit diagram of a speed-controlled two-coil motor
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Figure 9.21  Torque components m,, and m,_ and the total torque m; of a two-coil
motor as a function of the rotor position O

Figure 9.22  Cross-section through a two-coil motor

Figure 9.23 shows the practical form of a motor based on these principles
(this is the playback motor in a cassette recorder whose construction is similar
to that of the gramophone turntable motor of Figure 9.18):

3 is the ironless stator winding
soft back iron, which rotates with

4
5 rotating permanent magnet
6

5

soft iron pole which provides reluctance torque m,, in the 6-pole motor.
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Figure 9.23  Two-coil motor for directly driving the playback shaft of a cassette
recorder

The electronic circuit necessary for speed control is given in block-
schematic form in Figure 9.20. Motor speed is defined in terms of the
frequency of the induced voltage in the stator coil and is converted by
electronic means into a proportional direct voltage. The comparison of
reference and feedback voltage takes place in the operational amplifier (7),
which in turn affects the current through the Hall-effect generator.

Figure 9.24 shows a two-winding motor fitted with an external rotor. The
variations in the stator airgap contour, necessary for the production of the
reluctance torques, are not difficult to see here.

9.4.5 Linear motors

There has been no lack of effort towards producing brushless DC linear
motors, but this has not yet resulted in large-scale application, for economic
reasons. The linear motor in Figure 9.25 is characterised by its multipole
stator magnet system comprising permanent magnets 3, and the back irons
4.1 and 4.2. Coils 1.1 and 1.2, together with the position indicators, make up,
for the most part, the armature. The armature coils are energised with
currents of opposite sign by the electronic commutating circuits, which in
turn are controlled by the position indicators. Because of the limited
armature movement, its current supply comes in via flexible leads, i.e.
without any sliding contacts.

The armature of another linear motor model (Figure 9.26) comprises
nothing more than a permanent magnet block (4) magnetised at 90° to its
direction of movement, so that supply leads are not required. The ‘upper
pole’ (N) of the permanent magnet armature slides past the adjacent stator
poles 11, 21 and 31, and similarly for the lower pole (S) and the stator poles
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Figure 9.24  Stator and external rotor of a 4-pole two-winding motor
(5.6 W, 3600 rev/min)
(Courtesy: Papst)
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Figure 9.25  Brushless DC linear motor with armature coils and long stator

12, 22 and 32. Fluxes @, linking coil 1, and similarly ®, linking coil 2, are the
results of (i) the permanent magnet armature and (ii) the ampere turns ©,
and ©, owing to the currents in coils 1 and 2, respectively. Fluxes ®, and @,
are highly variable but always in one direction. This fact has led to the
designation ‘common-pole motors’.

Given the stator coil ampere turns ©, and ©, as shown, @, is less than the
permanent magnet component of flux and &, is greater. This results in a
force being applied to the armature in the direction of increasing s. The
directions of ©, and O, are determined by the position detector (24)
signalling to the power electronic circuits. Meanwhile there is no current in
coil 3.
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Figure 9.26  Brushless DC linear motor with common-pole armature
Pole pieces 11, 21 and 31 are shown displaced vertically upwards

When the right end of the armature arrives under the position indicator
(34), by which time the push from coil 1 is fading and the pull from coil 2 is
practically zero, the current through coil 2 is switched off and an equal
current in the same sense is passed through coil 3. The field of coil 3 then
pulls the armature in the direction of increasing s.

The armature (4) is somewhat longer than the edges of the keeper plates
11, 21 and 31. Therefore, by the time the left end of the armature passes
under position indicator 24, the pull exerted by coil 3 is well established. At
this instant, position indicator 24 causes the electronics to switch off the
current through coil 1 and pass an equal current in the same sense through
coil 2. Coil 2 then contributes push to the armature movement.

Armature 4 being longer than the keeper plates ensures that, for all
positions of the armature and states of the position indicators, at least one
coil is energised and exerts a force on the armature in the correct direction,
including when the current is being commutated from one coil to another.

Reversal of the armature direction of travel is achieved by reversing the coil
currents in all situations. Just as for the motor shown in Figure 9.25, this is a
matter of changing the logic coupling between the position indicators and
the power transistors. Because the position indicators are located in a
unidirectional field emanating from the armature it is only necessary (and
sufficient) for the position indicators to detect the presence of a magnetic
field and not its direction or polarity. Magneto-resistive sensors may be used
without magnetic bias, for example.

The ‘common pole’ motor may be extended to any length by adding more
stages to the three shown in Figure 9.26. This is a considerable capital
expense, but the energy demand is confined to the two coils operating on the
armature at any given instant.

Considerations of designing DC linear motors with the highest possible
armature force and with minimum demand for material led to the
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Figure 9.27  Direct current linear motor with pole teeth (pole-group or linear hybrid
stepper motor)

conception of the pole-group (linear hybrid stepper) motor as shown in
Figure 9.27.

The active armature of this motor comprises the two iron-formed parts, 1
and 2, the coils 5 and 6, and permanent magnets 3 and 4, while stator 7 is
made of passive soft iron. The high forces come about on account of the sets
of uniform armature and stator teeth (9), the action being similar to that in
a stepper motor.

The magnetic circuit energised by the coils comprises some parallel paths
over the teeth, so that flux changes in individual teeth add up to a larger total
d¢/ ds which, as explained in Section 7.2.2, is decisive for the magnitude of
the force developed.

The coils, 5 and 6, are connected into electronic commutating circuits in
the customary manner, and are controlled by the necessary position
indicators that are not shown in the drawing.

9.5 Properties

The measured characteristics #(M) and I(M), speed/torque and current/
torque given in Figure 9.28 of a brushless DC motor as shown in Figure 9.11,
are in accordance with the theoretical considerations of Section 9.2.

The efficiency n (Figure 9.28) peaks around the working point — M, =1
Ncm, n, = 6000 rev/min and P, = 6.28 W — at a value of ~50%. This value can
also be achieved with smaller motors (~1 W), but with some difficulty.

One reason for what is poor efficiency for a DC motor is the copper loss,
which is linked to the irregular current flow in the individual coils. In bridge-
connected circuits in which current flows through the coils in both
directions, and for a greater proportion of the total time, and when high
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Figure 9.28 Measured characteristics of a brushless DC motor: motor current I,
speed n and efficiency 1) as functions of the torque M

quality permanent magnetic materials are used, the efficiency is substantially
improved. In larger motors, with samarium—cobalt magnets, the efficiency
can exceed 80%.

The starting torques of brushless DC motors are high, as they are in
classical DC motors, but there is more torque ripple which depends on the
rotor position, and is particularly high in simple motors with low coil
numbers.

Brushless DC motors come in a range of designs, and have power ratings
up to and beyond 2 x 10° W. Whilst, in most cases, the motors on offer have
speeds less than 10* rev/min, there are motors which can rotate at up to 10°
rev/min. Brushless DC motors have characteristics and performance
specifications similar to those of classical DC motors, but they also have the
following interesting features:

® The lifetime of brushless DC motors is very high, even at high running
speeds, and is limited only by the bearing life (>10*h), just as in
induction or synchronous motors.

¢ Brushless DC motors are very reliable on account of their having no
mechanical sliding contacts. All the components used undergo no
changes with time, so that the motors retain their characteristics during
their running lifetimes.

o The absence of a commutator makes radio suppression components
unnecessary.

¢ They are quieter running than classical DC motors.

e Brushless DC motors can be made to have good speed regulation without
great additional cost, and also at a number of switchable electronically
controlled speeds.

These positive properties must be paid for because of the need for electronic
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circuits, which results in higher unit costs than for conventional motors.
These extra costs are, however, offset by a reduction in subsequent
maintenance costs, and the elimination of the cost of radio suppression
components.

In those applications where the brushless DC motor can now perform the
tasks which hitherto required stepper motors, or inverter-powered
synchronous or asynchronous motors, the brushless DC motor is now
offering the cheapest drive concept.

9.6 Applications

Brushless DC motors are called into service in DC powered apparatus, where
classical motors with mechanical commutation are not acceptable on account
of their limited brush lifetime. In the larger electronic systems, for example
those which are powered from a central rectifier, a cooling fan is required
with a long life to remove the heat generated. To eliminate the need to
provide a separate AC supply for such a fan, brushless DC motors are
installed.

A broad application spectrum for brushless DC motors is offered by
portable, battery or accumulator powered appliances which do not have AC
mains. Only measuring instruments with plotters, dictation machines, tape
and gramophone disc players are mentioned here. In these devices, the
brushless DC motor plays a role not only because of its reliability and
durability but also because excellent speed control — at a number of
selectable speeds - is possible without excessive extra expense. This removes
the need for reversible mechanical gearboxes that were necessary for the
establishment of various speeds, for printing paper or sound recording, when
using motors that can only rotate at constant speed.

Apparatus other than purely battery-powered portable equipment is
gaining importance, e.g. that which can be energised from a variety of
sources: the AC mains, a vehicle DC system or from an individual DC supply
independent of the mains. In principle, these are devices which can be
supplied from an external mains-energised 12V DC power adapter, a
dictation machine being an example.

Their advantages, when added together, make brushless DC motors so
attractive that they are finding applications in the province of what were
purely AC equipments, e.g. tape recorders and CD players. Owing to the
higher efficiencies of brushless DC motors compared with AC induction or
synchronous motors, they cause less heating in the devices being driven.
Finally, they are smaller and lighter. They are also capable of being energised
from mains supplies of various frequencies without any change of speed
occurring as happens with induction or synchronous motors. Thus, a piece of
equipment can be exported to European markets (50 Hz mains) and to the
North American market (60 Hz mains).
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In many drives, where speed changes are required, brushless DC motors
may be used to advantage. Because classical DC motors are excluded from
certain applications from the outset on account of their limited brush life and
uncertain reliability, only stepper motors, induction or synchronous motors
have been considered so far. Stepper motors, however, present problems with
starting and at high speeds, and induction or synchronous motors demand
expensive auxiliary equipment if speed-changing is required.

By adding to the electronic circuits of brushless DC motors, it is possible to
change the motor characteristics in ways already described. It is now also
possible to produce high power fourquadrant motor drives which are
capable of wide speed variations whilst maintaining good efficiency through-
out. In contrast to the classical DC motor, holding torque at zero speed can
be achieved in a simple manner, in that a direct current can be routed
through a stator coil winding independently of any electronic commutation.

The possibilities described above have led to numerous drives using
brushless DC motors, e.g. peripheral drives in data processing systems,
copiers with numerous speed stages, and in precision mechanical drive
systems.

A new and interesting application spectrum lies in the field of industrial
drives, where there is a trend towards controllable individual drives. Brushless
DC motors are being installed in automatic measurement installations, robots
and some machine tools. Their advantages over classical DC motors in
explosive atmospheres are obvious. In new very high speed spinning
applications there is a requirement for motors with very high speeds (up to
100,000 rev/min). Here, also, the brushless DC motor has advantages over
the inverter-driven induction or synchronous motor. Difficulties occur in
induction motors during acceleration and deceleration owing to rotor heat
losses. Conventional DC motors are excluded from the beginning owing to
limited brush life, high rotor losses and rotary speed limits imposed by tthe
wound armature and commutator. High speed brushless DC motors must be
fitted with special bearings; of course, magnetic bearings and air bearings
provide practical solutions to this problem.

9.7 Outlook

Design philosophy for industrial drives which use brushless DC motors is
moving towards developing the electronic circuitry to meet increasing
demands for new applications. The inclusion of high quality permanent
magnet materials characterises the trend as well as the increasing application
of integrated circuits and very high power transistor modules. There is also
the possibility of reducing the cost of brushless DC motors considerably. The
single coil motor of Figure 9.1 involves the least cost. This motor’s pulsating
torque makes it comparable with the shaded-pole motor for powers up to
100 W which has replaced it in many applications. Better starting



194  Small electric motors

characteristics are achieved by the motor shown in Figure 9.29 with its
specially formed softiron poles (5) and additional permanent magnet
poles (6) located in the stator (3). Figure 9.30a shows the soft-iron pole
torque component m,, as a function of o. The permanent magnet pole
torque mi, (Figure 9.304) is added to torque m,, when there is zero motor
current,

The total no-current torque m,, + m, is shown in Figure 9.30¢, and the
stable no-current no-torque rotor angle is shown in Figure 9.29 and as 1 in
Figure 9.30c.

Figure 9.29  Cross-section of a single-winding brushless DC motor
The rotor is in the stable off-load, no-current position

When the motor current is switched on, component m, (Figure 9.304) is
added to the torque, giving m;= m,_+ m,, + m, (Figure 9.30¢) and the motor
turns and accelerates under the influence of a varying but strongly
unidirectional torque. The use of the single-winding motor just described is
acceptable in drive systems up to power levels of ~100 W.
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Brushless DC motors with reluctance rotors are being developed alongside
those with permanent magnet rotors described above. Figure 9.31 shows one
such motor with a 6-pole rotor whose active material is simply soft iron.
Through cyclic switching of the stator coils 1-4 by means of semiconductor
switches S1, 82, etc. the rotor is set in motion.

s1 ;
' ] 2 1
2 2
DIy 7§ D2
1 3
) s2 4

Figure 9.31  Switched reluctance motor

1...4 stator pole pairs
S1, S2 semiconductor switches
D1, D2 freewheel diodes



Chapter 10
Stepper motors —
principles and applications
H. Krauss

10.1 Introduction

There are several types of stepper motor currently available, with permanent
magnet or soft-iron rotors, and there are hybrids. Permanent magnet stepper
motors have found the widest application because they have good dynamic
and static characteristics and a relatively high efficiency. Also, they have a
static holding torque when not energised, which the soft-iron rotor motor
does not have. A further advantage is that they have good damping.
Therefore the following discussion is limited to stepper motors with
permanent magnets and to hybrid motors.

The characteristic property of the stepper motor is the step-by-step turning
of the motor shaft. One complete turn of the shaft is made up from an exactly
specified number of steps, which is determined by the motor design. This
property meets the requirement for operating directly from digital signals.
The stepper motor can thus be the bridge between digital information and
incremental mechanical displacement. If a stepper motor drive is to be
secure and interference-free, certain fundamental points must be taken into
account.

Drive systems with stepper motors bring together the following properties:

1 precise step-by-step positioning - without feedback - following a
predetermined number of control pulses

2 high torque at low speeds, and with single steps

3 in a powered standstill condition a large holding torque with self-locking.

Problems occur in stepper motor drives during starting, accelerating,
decelerating and stopping, and these are associated with the dynamic
structure of the drive,

In stepper motor drive systems attention must therefore always be paid to
the characteristics of the stepper motor itself, the mechanical system to be
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driven and the necessary electronic control circuits, because all three
together determine the dynamic structure of the system.

Position setting drives can be effected without feedback, i.e. with open loop
control. Then there are none of the problems of closed loop control,
particularly that of instability. But stepper motors are also found in closed
loops and, in certain applications, produce very good results.

A 2-phase stepper motor can cause oscillation problems when operated at
and around its natural resonant frequency, in which case damping must be
incorporated somehow. Further, there are transients during stopping which
result from the dynamic properties of the motor and its load and from the
control circuits. If at the design stage of a system with stepper motors certain
fundamental points are taken into account, the dynamic problem can be
largely overcome and a neat dynamically excellent drive system can be built
up that fully justifies the cost of the electronic controls.

10.2 Modes of operation
10.2.1 Principle of function

The mode of operation of a stepper motor may be explained as a simple
example of the 2-phase principle (Figure 10.1). Two possibilities for the

bipolar
1. 2. 3. 4. step
North _i—ib_j.i
South -- : - stator 1
North ; :
South ----- stator 2

referred to one pole per sator

unipolar required magnetisation

Figure 10.1  Schematic construction and two ways of switching a stepper motor
(See also Figure 10.21)
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excitation of windings W1 and W2 are discussed: bipolar, in which winding
W1 and similarly W2, comprises one coil distributed over two poles; and
unipolar, in which W1, and similarly W2, is made up of two component coils.
Nowadays the excitation switching is by means of electronic circuits, which
generate a rotating sequence of control pulses.

Figure 10.2 shows the static torque/rotor angle curves for the situations:

I current through coils W1 only

II  current through coils W2 only

I’ reversed current through coils W1 only

I+II equal currents through coils W1 and W2 simultaneously

I'+II reversed current through W1 and normal current through W2.

The last two curves show that, when the current in one stator coil, say W1, is
reversed, the torque/angle curve shifts by 90° and the rotor turns 90° to the
next statically stable position.

Figure 10.3 shows this same action in another way, with the rotor and
stators linearly developed and the stators separated.

10.2.2 Static performance of stepper motors
10.2.2.1 Static torque curve

The static torque curve of a stepper motor is one of its more important
characteristics. This curve is obtained by turning the rotor through the angle
¢ and measuring the torque necessary for holding the rotor at that angle. As
an example, we choose a 2-phase motor with only one stator winding being
energised. In this case the rotor positions itself as shown in Figure 10.4, the
rotor S poles standing under the stator N poles. In Figure 10.4 only one S
pole has been shown for simplicity.

To bring the rotor out of its stable alignment an increasing torque must be
applied. The torque/angle curve approximates closely to the first quarter of
a sine curve. The peak value M, is the pull-out torque of the motor, and @ is
the pull-out angle.

If the load torque on the motor shaft exceeds M, then the motor turns
through the unstable region and stops at the next stable point if, meanwhile,

M I I+l _ -
,c\\ P - P \\ ..'.. .

Figure 10.2  Composition of the static torque curves
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Figure 10.4  Schematic development of a static torque curve

the load torque has fallen below M,. If not, the rotor continues to turn in a
lumpy fashion and accelerates to an unpredictable speed. The situation is

similar when both phases are energised.

The static torque curve for the whole motor is obtained by the addition of
curves for the individual stator windings (phases) of torque as a function of
displacement angle ¢. Fig 10.5 shows the addition in a 2-phase motor. Figure
10.6 shows the addition in a 5-phase motor. The important difference in both
curves is the contribution of the individual phases to the peak value M,, of the

static torque curve of the whole motor.
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In a 5-phase motor there is very little difference in M,, if either four or five
phases are energised simultaneously. The contrast between this and the 2-
phase case is clearly seen.

The relationship between the motor’s holding torque and its pull-out
torque in a single stator is:

in 2-phase motors M, =2 M,
in 5-phase motors M,=3.1M,.

The static torque characteristic dictates the entire motor performance. The
M-curves run through the negative torque region as well as the positive.
Under stepper drive control, it is necessary that only positive torques are
developed. The sequence, direction and timing of the stator coil currents are
specified to achieve this. Whenever the M-curve of an individual coil would
cross zero there must be a reversal in the direction of current flow. The static
M-curve as a function of & then proceeds as a pulsating torque, as is shown in
Figs. 10.5 and 10.6. For the 5-phase motor, M,-M; are the component torques
from the five stator phases. ZM* is the holding torque obtained when five
phases are energised and ZM is when four phases are energised.

The mathematically inclined reader will enjoy confirming that the peak
value of torque for five energised phases is

My = {1 +25in(90° - 36°) + 2sin(90° - 72°)} M = 3.24 M
and for four energised phases is

M, =1{25in(90° — 18°) + 25in(90° - 54°)}| M, = 3.08M,

10.2.2.2 Step angle accuracy

When the M-curves of the individual stator windings all have the same form
and peak value, the step angle in both loaded and unloaded rotor conditions
is the same as the design value. When the M-curves are dissimilar, angular
discrepancies occur. Figure 10.7 shows an (exaggerated) example of unequal
peaks My, and M,, in a 2-phase motor and the resultant unequal angles
between the cusps of the combined torque/angle curve. In a 2-phase motor
the angular change after each pair of steps is always the same amount.
Similarly, the angular increment of the rotor of a 5-phase motor after five
steps is consistent. Small angular errors can occur owing to manufacturing
tolerances, some positive and some negative and adding up to zero around
the complete stator.

It is possible to adjust the individual phase coil currents externally in such
a way that the motor angular steps are equal. However, the designer/user
must be very careful to make sure that current trimming does not introduce
new unknown errors in the angles.

On the other hand, controlled unequal currents in phases 1 and 2 may be
used for fine-setting the rotor between the normal step positions. Any rotor
setting angle between ¢ =0 and ¢ = & may be achieved. It is also possible to
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Figure 10.7  Static M-curve with unequal peak values

achieve discrete intermediate rotor positions by means of appropriate partial
phase current switching.

Step angle accuracy and static load angle are related. The ‘load angle’ is
the consequence of a static load on the motor shaft. This causes a ‘load angle
error’ depending upon the nature of the load. There are two cases to be
considered:

1 If a motor should take = steps and the load torque is applied (or changes)
during the process, then the rotation na is altered by an amount . De-
pending upon the sense of the load torque, 8 may be positive or negative.

2 If rotation in one sense produces an error angle and then both the sense
of rotation and the load torque are reversed, the error in the angle then
traversed is 2f. This is always the case with friction loads. This problem
must be taken into account during the building of a system and, as
necessary and where possible, eliminated.

A further point in relation to step angle accuracy is that differences can occur
between the rotor positions of a motor with energised or unenergised stator
coils. Depending upon the rotor permanent magnet distribution, the
unenergised motor has a static torque curve with peak value M; self-holding
torque. The unenergised torque curve, however, has double the (spatial)
frequency of that of the M-curve of the energised motor.

The above paragraph is best appreciated when read with one eye on Figure
10.8.

If the rotor in Figure 10.8 is in a position A or C before stator energising
takes place, then the energising causes no movement of the rotor. However,
if the rotor is in the stable position B before energising, subsequent
energising puts the rotor into an unstable state and it jumps two steps to the
left or to the right depending on the direction of the load torque. It is
therefore recommended that, in a drive system containing a stepper motor,
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Figure 10.8 Comparison of the static M-curve with energised and unenergised
stator

the motor is never left in the unenergised condition after ending a work
cycle.

10.2.3 Dynamic performance
10.2.3.1 Torque/step frequency performance

The maximum torque obtainable at the shaft is the holding torque M. The
motor shaft may be loaded with torque M, at standstill only. During stepping,
the load torque may not exceed the level of the cusps, known as M,; in Figure
10.5. These are the lowest points of the combined torque/angle curve. Even
M,, cannot be fully achieved on account of friction torque in the motor.

When the stepping frequency is low, the kinetic energy of the motor and its
load is insufficient to carry the motor through the trough in the torque curve,
so that, as is depicted in Figure 10.9, the available torque depends upon the
stepping frequency. 5-phase motors do not present the same problem and the
torque is constant at low stepping frequency as the ripple on the pulsating
torque curve is small. Figure 10.11 gives a comparison between two measured
curves of this kind: for a 2-phase motor and for a comparable 5-phase motor.
The broken curve relates to a 5-phase motor running at the same speed as the
2-phase motor.

On account of the finite rate of current change in the stator coils
(determined by the time constants of the motor windings and their drive
circuits) and of rotor-induced voltages, the torque falls off with increasing
stepper frequency. The curve thus obtained is the in-service limiting torque
curve. If the stepper frequency is increased beyond the boundary of the
curve, then the motor falls out of step and comes to a standstill.



Stepper motors — principles and applications 205

To bring the stepper motor into motion, its moment of inertia must be
accelerated. The torque stepper frequency curve therefore falls into two
zones: starting and accelerating. (The accelerating range is usually referred
to as the ‘slew’ range of operation.) The starting zone is given for the motor
alone without the external load referred moment of inertia.

Within the given starting torque boundary curve, and taking the given
friction load into account, it is possible to get the motor started from
standstill with an appropriate stepper frequency, without its falling out of
step.

As Figure 10.9 shows, the starting zone diminishes as the load moment of
inertia increases. Figure 10.10 shows the relationship between maximum
permissible load moment of inertia and the stepping frequency. With these
curves it is easy to determine the starting frequency for a given moment of
inertia and from this the approximate starting performance.

A working point inside the acceleration zone can only be achieved by
means of a steadily increasing stepping frequency (beginning at a frequency
from within the starting zone). Whilst the inertial masses are being
accelerated (moment of inertia = J) a torque M, is needed throughout the
acceleration zone.

The equations are M, = Jdw/dt and M, = M, — M,, (without external load
torque M,).

torque [Nm}

—— max. torque

Curve 1: starting region for Jigas = 0
2: starting region for Jieed # 0

max. Jioad = moment of inertia of load

starting torque [ starting ~
region \ '
max.p - -~ -4 -

! acceleration
) region \ [steps/s]
i-max. - -~ max. stepping
: startir;g frequency running frequency  frequency
'
Jioad 4
|
I
1
|
|
|

running torque

[kgem?]

[steps/s]

>

stepping
frequency

L e~

Figure 10.9  Torque as a function of stepping frequency and some itmportant
definitions

Fgure 10.10  Maximum permissible load moment of inertia as a function of
stepping frequency for correct start and stop performance
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Figure 10.11  Torque measured as a function of frequency for a 2-phase motor and a
comparable 5-phase motor

10.2.3.2 Acceleration and braking

For a given load torque M, and moment of inertia J the stepping frequency f|
in the starting zone may not jump abruptly to f, in the accelerating zone
because the motor could fall out of step. Figure 10.12 shows the basic action
sequence. When the starting frequency is f|, torque M,, is available. This
torque diminishes to M), at f;,. There are several possibilities for using the
available torque M, which falls off with increasing stepping frequency
(Figure 10.13). Two cases are examined here more closely: the full usage of
M, and the usage of just M,

Full utilisation of M, To simplify the analysis and applying the Figure 10.12
data, the following assumptions are made. The frequency f shall equal the

} torque {Nm]

acceleration

starting region

M D e
[steps/s]
-
! max. stepping
14 f 2 running frequency  frequency

Figure 10.12  Principal representation of the acceleration of a motor loaded with
torque M,
Stepping frequency increases from f to f



Stepper motors — principles and applications 207

Figure 10.13  Stepping frequency as a function of time during acceleration and
braking

maximum running frequency and consequently M, =0. The change of
torque as a function of stepping frequency between f, and f, may be
considered to be linear. A closer approximation using a parabola is not
necessary.

Let the point N be the starting point for the following analysis. Under these
conditions the acceleration can be calculated with the help of the following
differential equations:

R
M”{l fJ /180w

in the range of validity 0 < f< f,, where f=0 when t = 0 {N being the starting
point).
The solution is f= f{1 - exp(~t/T)}, where

=P
180°M,,

This is an exponential function that is easily realised in an electrical circuit.
If the simplification M,, = 0 for the purposes of simplifying the analysis were
applied in practice, the motor would, theoretically, never stop. Therefore
some remaining M, must be retained.

Utilisation of Mb, alone: For various reasons present practice is to strive for
linear acceleration and braking. This, however, permits only the use of
M, =M, .. (Figure 10.12). Braking and acceleration may then be calculated
in the same way because the only difference between them is the algebraic
sign. In many cases, external friction plays a part, in that it assists braking and
hinders acceleration.

Let

s

where f; is the stepping frequency used as a reference. The maximum
possible rate of change of frequency is derived from
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af < M, 180°
dt J ma°

If a change from linear acceleration to linear braking is called for, without a
pause at constant velocity and constant stepping frequency, the condition

4 1 My 180°
a 2 J rno°
must be met.

Note that the largest frequency change occurs when the motor reverses
from its normal direction of rotation. This reversing region normally lies
beneath the starting region. In some situations rotor hunting may be
exploited in order to achieve reversal during negative acceleration. By this
means reversing can be achieved in the starting region as well.

The above note becomes clearer after the discussion on Figure 10.19 has
been read.

10.2.3.3 Optimal frequency for average velocities

The requirement in the majority of drives is to achieve the highest possible
average speed. For the stepper motor this means making a definite number
of steps in the minimum possible time #,., When the number of steps is high,
itis clear that as high a stepping frequency as possible is the objective. This is
not the case, however, for low and medium step numbers. As is seen from
Figure 10.14, given linear acceleration and braking, the condition

_CZ < Mbmin 180°
di J me°

must be met.

In many cases the decrease in torque may be taken to be a linear
function of the stepping frequency to a good degree of approximation
(Figure 10.15).

The company ‘Berger’ publishes Figure 10.15 for its 5-phase stepper motor
RDM 596/50. As can be seen, in the frequency range f, > f, (f; is dependent

4
Figure 10.14 Example of linear acceleration of a stepper motor
fi =8kHzwith M, . =3Ncm
f.=5 kHz with M, ;, =9 Ncm

b min
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Figure 10.15  Representation of torque M as a function of the stepping frequency
with an approximately linear fall-off in torque for motor type
RDM 596/50

on the motor and can, for instance, be zero) the following equations are

applicable for the

M,=M, -

torque M;

K= 1)

in which K= dM/ df= constant.
Given the following substitutions:

B=] 1’;”(‘)0 (J = total rotor plus load moment of inertia)
C=M,+Kj,

A = the path length in steps

the stepping frequency f, for which the average velocity is a maximum is

calculated to be

fm -

ACK -V ABC?

AK%-BC

and the time ¢, taken for these steps is

A
tA="‘_'+

j;ll

fuB
C-Kf,

These relationships are applicable to the situation in which the motor is
started from rest and is stopped after taking A steps.

Convenient units are

Torque Min Ncm

Moment of inertia Jin Ncm s%
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The acceleration and braking times are often of interest, and they may both
be derived from the same equation. When the acceleration is linear,

M, = M, - K=(f, - /)

and the acceleration time t, from f=0 to f= f, is
ma® 1

Loy, =

A lin .] 180° Mbmin fm
The decelerating time is smaller because M, .. is increased by the external
friction torque, when this is assisting the braking. In general, the acceleration
time between f= f; and f = f, is expressed as

o
Loy =
& lin ] 180° M[)mm (f2 fl)
When acceleration between f= f and f= f, follows an exponential function by
exploiting the total reverse torque in the acceleration mode and assuming
that dM,/ df = constant, it follows that

no®  fo— f
=) T a0/ M)

where M, at f; = M, and M, at f, =
Suitable units are Jin N cm s, M in N cm. Approximating g = 1000 cm s
gives 1 kg cm?=0.01 N cm s2.

b exp

10.2.3.4 Single step and step sequence

Every stepper motor with its rotor moment of inertia and its magnetic turning
forces may be considered as a damped oscillating system with a low damping
factor. Hence, oscillations can occur and these are superimposed on the
stepping motion.

When the motor is driven with single steps (Figure 10.20) the damped
oscillations occur at every step. Depending on the stepping frequency, the
oscillations so generated contribute negative and positive accelerations into
the rotor. With high stepping frequencies the rotor shaft turns practically
continuously. Figs. 10.17 and 10.18 show a few examples of the shaft
movement of a stepper motor. Figure 10.17 shows the first six steps of a rotor
shaft with various loadings. Curve 1 shows its progression off load. Curve 4 is
when the motor has a friction torque load which is 40% of the full load
torque. Curve 3 is when there is a relatively high external inertia torque and
curve 2 is when there is also friction load torque present.

The static load angles have been left out in the determination of these
curves. As Figure 10.16 shows, loading causes an ‘error angle’. For a pure load
torque this angle is very small, but it can be large during acceleration when
there is an inertia torque. This ‘error angle’ is also called the ‘dynamic load
angle p'. It is necessary to distinguish between the ideal dynamic load angle
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Figure 10.19  Transient behaviour after the last step

p, and the expected load angle p, (Figure 10.16). Often, this load angle can
only be determined during the acceleration phase of the first step (Figure
10.17). What is important for the designer is that, after the nth control pulse,
the angle traversed is only na - p,

The behaviour of the motor after the nth step is of particular interest.
Figure 10.19 shows the oscillation of the rotor around the final position after
the last step. The oscillation has the resonant frequency of the motor-load
system. The maximum overshoot angle p, depends on the instantaneous
stepping frequency (speed), the rotor position, the static torque and the load.
If the magnitude of p, approaches that of the pull-out angle of the static
torque curve (two steps for a 2-phase motor and five steps for a 5-phase
motor), then the motors can go out of synchronism. Particularly
unfavourable conditions are for an unloaded 2-phase motor and a stepper
frequency at the resonance frequency or a harmonic.

With increasing excitation frequency the damping ratio of the system
decreases with dependence on high internal circuit resistance. In 5-phase
motors a drive at resonance frequency without auxiliary damping means is
possible.

Use can be made of the fact that the load moment of inertia can influence
the resonant frequency and the damping factor of the system.

10.2.3.5 Stopping the stepper motor

In many drive systems with stepper motors, auxiliary damping is unnecessary
because there is sufficient already in the load. It may, however, be necessary
to reduce the relatively long oscillating transient on stopping or, better, to
remove it altogether.
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It may be that, during this damped oscillatory ‘tail’, a new movement needs
to be initiated. If friction proves insufficient, then an extra damping
mechanism can be included, but then the entire dynamic performance and
not just the oscillatory ‘tail’ would be affected. A further possibility for
damping could be that a motor intended for unipolar circuitry could be
energised in a bipolar manner. The unused coils could then be used to
provide good auxiliary damping by means of continuously or intermittently
(e.g. during stopping) short-circuiting these windings.

If the overshoot angle p,, is approximately equal to the step angle, then the
overshoot angle can be reduced or sometimes completely eliminated. The
rotor angle of turn as a function of time is illustrated schematically in Figure
10.19.

If the last pulse is applied at instant of time A (Figure 10.19), the rotor runs
straight to its end position without any overshoot. Time B would be best if
reversal were required, and time D for an immediate restart in the same sense
of rotation.

The conditions for an oscillation-free stop are that (Figure 10.20):

(i) the last control pulse is delayed until the instant at which the rotor
reaches its first overshoot position following the penultimate control
pulse (- 1), and

(ii) the first overshoot position coincides with a stable rotor position and the
target position of the rotor.

The last control pulse then fixes the rotor in the required position.

In principle, it is possible to time the last two or three impulses so that no
overshoot occurs. In the case of a 5-phase motor it may happen that the last
impulse must involve more steps, because an overshoot of more than one step

o}
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Figure 10.20  Transient behaviour given a delayed last step impulse
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is possible. In every case, however, in which the first overshoot occurs close to
a step position, timing the last impulse to correspond with this rotor position
considerably improves the motor’s stopping transient performance.

10.3 Electrical control circuitry

10.3.1 Methods of control

The torque/stepping frequency performance of the motors is highly
dependent on the control circuits. Therefore in the following analysis the
fundamental types, unipolar-drive and bipolar-drive, are discussed (Figure
10.21). Particular attention is drawn to the fact that the manufacturers’
published motor characteristics apply only when the motor is connected in
the accompanying drive circuit.

10.3.1.1 Unipolar drive

In the unipolar drive circuit each phase comprises two separate coils. The
end of one coil connected to the start of the other coil represents the
midpoint of the winding and it is connected firmly to one terminal of the

biopolar
= switch 1
EI___V 1 2 3 4 step
e B
I 2 |
5__ north '
™ itch 2
;I Switc south I % ] ! lstator1
=T v NOrth et o 2
= = south-----]—— Egor
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unipolar required magnetisation

required switch position

control pulse

[
S
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T T ecoil 2
4

A A A J control pulse
H ) 1
ol 2,'; e J coil 1
unipolar el I
° e[ L1 [ col2
oft coil 3

2; | Ll coila

Figure 10.21  Unipolar and bipolar drive
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power supply. The open ends of the coils are connected alternately to the
other terminal of the power supply via the electronic equivalent of a single-
pole changeover switch (see sw 1 and sw 2 in Figure 10.21).

As Figure 10.21 shows, only one phase is switched per switching operation
or step. For example, when unipole sw 1 changes from position I to position
IL, a reversal in the magnetic field controlled by the winding takes place. In
order to realise this switching electronically, two output-transistors per phase
are necessary.

Two circuits showing the principle of unipolar drive switching along with
the appropriate switch status at each step are shown in Figure 10.22. In this
circuit each stator phase has a winding with two identical elements. Only one
winding element carries current at a given instant. Because only half the
volume of copper is in use at any one time the power to weight ratio of the
motor is low. Four switching transistors are necessary.

An interesting variant, particularly suited to low power stepper motors,
is shown in Figure 10.23. Two advantages from the bipolar and unipolar
circuits are combined, namely a single coil per phase and only four switches.
The necessary resistors do not represent an unreasonable initial extra cost.
The extra I2R loss, however, is considerable and the efficiency is very low.

10.3.1.2 Bipolar drive

In the bipolar controlled circuit each phase possesses Jjust one energising coil.
Thus there must be provision for changing the voltage at both ends of the
coil. Hence four transistors are required per phase for switching.

switch switch position
ST S e B e B oy B
S I s T e W

S2 gg e
sS4 pe R |  gus UNNEE pannn U
step 1234567809

: -
Sy Sp S3 Sy
- N [d <
n 12} n (72

Figure 10.22  Unipolar drive circuit principle
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The principles of the bipolar control circuit and the corresponding
switching states are illustrated in Figure 10.24. The circuit contains only one
coil (two connected in parallel for a lower inductance) per stator phase. Thus
the total volume of copper is employed for developing the magnetic field.
The resultant inductance is large, however. To achieve an acceptable time

constant, resistance must be connected in series with the inductive stator

windings. By this means the flux build-up is accelerated and the torque is
maintained up to higher stepping frequencies. Eight power switching
transistors are needed in the circuit.

d

) guennn SSEEN g

switch switch position
Rst1 [IRs2 URs3 (/Rss on
s1 ot S
S3 | L L__r
o on o !
S2 off
on ML
Sy S Sa Sy S4 | off ‘
step 1234567289

Figure 10.23  Low power drive circuit
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Figure 10.24  Basic circuit for bipolar control
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10.3.1.3 Five-phase motor drive

Because the difference in peak holding torque is small, whether four or five
phases are energised, a comparatively simple bipolar drive circuit, as shown
in Figure 10.25, is effective. The five phases are connected in a closed ring
and each node is connected to the midpoint of a two-transistor cascade
circuit. At any instant, only four out of the five coils are simultaneously
energised for full-step operation. The holding torque for a full-step drive
M =3.08 M,,, and that for a halfstep drive M,;=8.24 M,_. Attention is
drawn to the similarity between these equations and those at the end of
Section 10.2.2.1.

It is worth mentioning that the nonexcited coil out of five has both ends
connected to the plus or minus terminal of the power supply via conducting
transistors and is thus effectively shortcircuited. This short-circuited coil

contributes usefully to the damping, whether or not there is a resistor
connected in series.

10.3.2 Semiconductor power switch with inductive load

To switch the individual phases, power switches are necessary, which still
comprise only transistors. Both bipolar and MOS transistors are applied to
this task. The torque/speed performance is highly dependent on the speed
at which the stored magnetic field energy can be built up and removed. The
switching transistor characteristics play an important part here.
Current in the coils changes, according to the normal rules of inductive

circuits, in an exponential manner, to which the applicable equation is

.U

1= 2 [1 exp( Z/T)]
where

T= Ly _ coil inductance

Ry  coil resistance

Because the switch is in series with the coil, the transistor switching with its
accompanying freewheel diodes has an influence on the torque-stepping
frequency performance. To drive the windings, therefore, a principal aim is
to provide a circuit which delivers the fastest possible build-up of current,
which means that it should have very high internal resistance. This is not
always achievable on economic grounds, and a compromise must be arrived
at. However, if a fall-off of torque at higher stepping frequencies is to be
avoided, current forcing through the coils should be attempted.

In all transistor switches with inductive loads there is the problem of the
switching-off transient, which often exceeds the peak instantaneous voltage
parameter of the transistor. Protection circuits are then necessary, and these
have a damping effect on the motor because they increase the time constants
of the coil circuits in which they are working. Some examples of overvoltage
protection are shown in Figure 10.26.
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Figure 10.26  Transistor switching circuits, inductively loaded and with protection
against overvoltage

Furthermore, the switching-off times of the transistors must be considered.
Depending on the phase difference between switch-off voltage and switch-off
current, the power dissipation peaks can become very large. These can
destroy the transistor by driving it into the secondary breakdown meode.
Transistors must be operated within the ‘safe operating area’. MOS transistors
can be advantageous here.

10.3.3 Control circuits
10.3.3.1 Switching stages

Switching stages may be built up from normal (bipolar) or from MOS
transistors. Each transistor type has its advantages and disadvantages. Bipolar
transistors have high switching losses and need a higher input power but have
a lower on-state dissipation.

MOS (unipolar) transistors have lower switching losses and do not suffer
from secondary breakdown. The input power required is low but they have
higher on-state dissipation. In many circuits their parasitic diode works
disadvantageously.

The basic circuits using bipolar transistors are discussed. These circuits can,
of course, be modified to suit MOS transistors.

Figure 10.27 shows a simple circuit with no extra features. It does not
deviate from the customary transistor switching circuit, except for the
addition of the diode peak voltage limiting components. The Zener diode D,
in series with D, is effective only when the inductive-coil switch-off voltage
exceeds the Zener inverse turn-on voltage U. For voltages less than U, the
motor coil time constant remains low (see equation i = f{#) in Section 10.3.2).
Figure 10.28 shows part of a bilevel circuit which works more economically
than a circuit with series resistance. It requires two voltages U, and U,
however. U, becomes effective at the instant at which the higher voltage U, is
switched out by a signal from SWS. This occurs when the winding current
reaches a predetermined value.

Another form of drive is the ‘transistor chopper’, the essentials of which
are depicted in Figure 10.29. In this circuit a relatively high voltage is applied
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+U

Figure 10.27  Basic circuit for driving a stepper motor stator coil

Uy > *

U

winding

Sws —

] *
Figure 10.28  Bilevel circuit

as a series of impulses in such a manner that the maximum designated coil
current is not exceeded, so that no thermal overloading occurs in the motor.

For low power and medium power motors, supply from a constant current
source is possible and acceptable, along the lines of Figure 10.30. The circuit
has the same effect as a large series resistor. Of course, the circuit requires a
second higher voltage rail U, which, together with storage capacitor C,
presents a sufficiently large voltage at the instant of ‘firing’. In the steady state
U, is operative. In this way the power loss dissipation can be reduced
considerably, which would otherwise have to be absorbed by the transistor.

Many semiconductor component manufacturers offer integrated circuit
stepper motor drives.

For example:

VALVO  SAA 1027
Siemens TCA 1560/61
SGS 1.292, 1.293, 1.298
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Figure 10.30  Constant current source for driving low-power motors
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1292 is particularly interesting insofar as an analogue input signal enables a
continuous adjustment of output current. Many innovations may be
expected.

10.3.3.2 Circuits for producing the switching sequences

As already explained, each stator coil must be energised via a switch and in
sequence. This is achieved by means of a ring counter. The counter is so
designed that an auxiliary input signal reverses the sequence of counting and
thus reverses the sense of rotation of the motor.

In a 2-phase motor with a four-part cycle this is particularly easy to arrange,
as the basic circuit for unipolar control of Figure 10.31 shows. An integrated
circuit is available for this switching function with sufficient built-in capability
for driving small motors. Correspondingly, a 5-step ring counter is needed for
energising a 5-phase motor (Figure 10.25).

With the circuit elements described so far it is possible to build up a basic
drive circuit for stepper motors, as shown in Figure 10.32. It is worth
mentioning that separate power supplies for the motor and the control
electronics are recommended.

10.3.3.3 Control circuits for acceleration and braking

Various demands are made on the control function generator depending
upon the motor’s duty. For starting and stopping only, a fixed frequency
generator suffices. For motor acceleration and braking, acceleration and

L~
R
D Sy ) control circuit with L/R changeover
S2 ' S2

control pulse

switch switch position
St |of [V
83 |
“ton required switching sequence
82 o b—a
S ) T g W o T

step 1 23456789

Figure 10.31  Circuit for unipolar drive of a 2-phase stepper motor
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Figure 10.32  Basic circuit for stepper motor drive

U
Ug}=.T. b, adjustable U
voltage || -
function f
U2 /{ /{ JUUL
U, —up down

1 to t

Figure 10.33  Schematic representation of a variable frequency generator for
accelerating and braking a stepper motor

deceleration of the generator frequency is necessary. To this end an analogue
voltage/time function generator may be used to drive a linear
voltage/frequency converter. At instant ¢ a voltage function must start from
a preset value U and increase in a linear or exponential manner to voltage
Us. Ata second instant ¢, the voltage function must start falling — generally in
a linear manner ~ and arrive at Uj,. Thus the values of #, and AU/At¢ must be
preset in the function generator. The scheme is shown diagrammatically in
Figure 10.33.

10.3.3.4 Digital step sequence control

Because a stepper motor is driven digitally there are now many possibilities
for applying LSI (large scale integration) ASICs or microprocessors for
control. The microprocessor offers greater flexibility but the ASIC
(application-specific integrated circuit) is faster and more compact. In many
duty cycles the load and the path are predetermined and a simpler control
system with a counter and stored programme chip is applicable. An 7 x 4 bit
store is sufficient for these applications and it may be programmed as a ROM
from which a pulse sequence for start, accelerate, run, decelerate and stop
without overshoot may be derived.

A schematic diagram is given in Figure 10.34. The timing code is built up
from the frequency of the control generator. The switching conditions for the
motor phases can be built directly from the bit structure of the chosen words.
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Figure 10.34  Schematic circuit for storing a step sequence by means of a ROM
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Figure 10.35  Circuit for the generation of an arbitrary pulse sequence

The required word length is related to the number of motor phases. The
circuit is appropriate for short step sequences. For longer step sequences it is
better to use a circuit in which the time code is stored in a ROM (read only
memory). ‘

Figure 10.35 shows one such circuit. In this circuit the times are given in
binary form. These can be stored in a ROM or fed in externally. The
generator determines the highest stepping frequency. The functioning of the
circuit rests on the fact that the content of counter 1 is compared with a given
timer word. When equality is achieved a control pulse is outputted. The
content of counter 2 is increased by one, at which the word for the next time
interval is applied to the comparator. In the following impulse pause of the
generator, counter 1 is set to zero, and the cycle is repeated.
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10.3.3.5 Stepper motor with closed-loop drive

When the load on a stepper motor is constant, the step sequence can be easily
designed to suit the systems dynamics characteristics, and be specified. This
is not possible with varying loads. It may become possible if the stepper motor
operates in a closed loop, i.e. with feedback. Figure 10.36 shows one such
arrangement. A generator with the highest required stepping frequency is
compared with the signal from an encoder using an AND gate. A following
pulse is then only passed to the electronic system when the encoder signals its
arrival at the valid instantaneous step position. In this way the optimal
acceleration independent of the load is achieved. If this pulse sequence is
recorded and stored it can then be used in reverse order for optimum
braking. The increased cost and complication is justified by the improved
results.

10.3.3.6 Step division - microstep drive

In this form of drive use is made of the fact that the rotor can assume any
steady-state position within a step if the currents flowing in the two phases are
continuously adjustable. One special case is when one phase is fully excited
and the other not at all. If the current in one phase is increased in small steps
and the current in the other phase is similarly decreased, then the result is
microstep drive.

If the motor torque is to remain constant and if the step is to be subdivided
into equal-magnitude microsteps, then the currents in phase 1 and phase 2
must be in accordance with the following relationships:

11=Isinﬂ I‘2=Icosﬂ
2k 2k

encoder
—— ] control s::g&er'
control electronics
signals
—_— I.n.
pulse processing
storage of a pulse sequence | |
programmable control -t 4 Gen

L<— store

——— call

Figure 10.36  Stepper motor in ‘closed-loop drive’
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where 7 is the number of microsteps to be moved, k is the number of
microsteps in a full step and I is the nominal current for a phase. The
premises are that the torque/shaft angle curve is sinusoidal and that the
stator phases are displaced by 90 electrical degrees. Figure 10.37 indicates the
process for k= 3.

The demands on the electronic circuitry are considerable as the block
diagram, of Figure 10.38 shows. The circuit brings together the following
various advantages, and thus finds frequent application:

o The pulsating torque curve has a low ripple content.
® Mechanical resonances are less apparent.

¢ The noise level is lower.

e DPositional accuracy is better.

Under ‘positional accuracy’ it is to be noted that the microsteps have nothing
like the accuracy of those of a high resolution motor, whose full-step accuracy
is mainly determined by the manufacturing tolerances. Depending on the

TP“ E%alin A

hase 1 -
I -1 | Qﬁ/" N
Tu | s P

=TT N =5

0° 90° 180° 270°  360°

electrical step angle
Figure 10.37  Currents in the two phases for microstepping
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Figure 10.38 Block diagram for a microstep drive
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sort of drive, only the holding torque of one fully energised phase is available.
If the construction of the mator permits, the maximum current per phase
may be increased and thus also the torque, because the heat losses are smaller
than for a full-step drive.

It must also be noted that the switching frequencies for motors with small

step angles and large step division can become very high. This can lead to
problems in the power circuits,

10.4 Basic system for stepper motor drives

10.4.1 Drives with the facilities of acceleration, braking, variable
stepping frequency and reversibility

Circuits of this kind make possible the build-up of drive systems which can be
controlled by specified signals during running (Figure 10.39). The external
signals can be derived from sensors, e.g. microswitches, photoelectric devices
or proximity switches.

The stepping frequency is switchable between f, and f, in that the
changeover results from the prescribed function. Other stepping frequencies
derived from external sources are possible. A programmed frequency
generator may also be used, but the expense and complication can be
considerable.

10.4.2 Positioning drive in combination with a counter

This is as for the circuit of Section 10.4.1 but with preselection of the required
path (Figure 10.40). In this circuit a stop signal can be obtained from a
preselection counter. With this a definite preselected number of steps or
preselected positions with one step accuracy can be achieved over a
programmable preselection. Here an advanced signal is often necessary
before the motor reaches its preselected position so that braking can be

stabilised

motor power
=
o | generator control | | power
accejeration »—— Settable circuit stages
deceleration s—f5 fu typ tdown
ext. generator j
right stepper
left == PP
motor

Figure 10.39  Basic circuit discussed in Section 10.4.1
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applied. The acceleration programme can be combined with the start signal.

It is therefore appropriate to equip the counter with two preselection
options.

10.4.3 Drive with step frequency variation via a voltage/frequency
converter

This circuit (Figure 10.41) enables the construction of a drive system whose
stepping speed can be adjusted directly from an analogue voltage. Thus a
special circuit for accelerating and decelerating becomes unnecessary
because these can be derived directly from the input voltage. Depending
upon the resolution of the voltage/frequency converter, the stepping
frequency can be varied over a wide range, which makes possible an excellent
match to the dynamic structure of the system to be driven. For example, in a
servodrive a bridge voltage can be applied to speed control. A balance point
is arrived at and with it automatic braking of the motor, whilst the drive
torque remains constant.

stabilised motor power
power supply
suppl)i ]
start | generator
ower
stop = “oitable - control p

acceleration -»—

i circuit | | stages
deceleration —e—{fo fu tup tdown

ext. generator e~
right e
left -
stop from
the counter laction stepper
counter 0 {  counter motor
Figure 10.40  Basic circuit discussed in Section 10.4.2
voltage for motor
electronics voltage
recognition {§ control | power
of polarity circuit stage
=5 T
Ug absolute- —{voltage’ fre-_.j-—tl ! stepper
value |- quency : motor
e.g. bridge generation converter Y
signal Y
Start - Stop '

control pulses

Figure 10.41  Basic circuit for the drive of Section 10.4.3
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10.4.4 Drive with microprocessor control

The introduction of microprocessors into stepper motor control systems
offers many possibilities. As an example the control of a stepper motor over
a prescribed path and with variable speed is described diagrammatically in
Figure 10.42. This variant has great flexibility and the drive parameters can
be varied practically at will in a simple manner, within the limits of the motors
capabilities, from an input unit.

The data for the stipulation of a path for distance (frequency changes,
maximum frequency and start frequency) are called up into one data block.
At each step an interrupt is applied at the MPU and checked for whether the
prescribed number of pulses for stepper motor control has been transferred.
To control the acceleration and braking sequences, an external timer is
introduced, in which the required frequency changes are called up in the
time interval of an interrupt. The frequency changes for acceleration and
braking are approximated in a staircase fashion.

10.5 Choice criteria for stepper motors

10.5.1 Forms of construction
10.5.1.1 Two-stator motor

The photographs of Figure 10.43 give a view of a two-stator motor with eight
pole pairs. The 90° displacement does not occur in the stator, but by
appropriate orientation of the two separate permanent ring magnets of the

clock [t MPU user programmme

BUS
Interface MIC to stepper

Input Output motor control

P §
o Programmable pulse Timer for
generater time grid

Power supply for Stepper motor Stepper |
stepper motor =% control with final
and control stages

Figure 10.42  System for controlling a stepper motor with a microprocessor: flexible
adaptation of speed to the prescribed path
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Figure 10.43  Two-stator motor

rotor. Each of the two individual stators is made up of a pair of interlaced
crown-rings surrounding a toroidal coil winding. Depending on the direction
of current flow, one set of crown teeth have north poles and the second set
have south poles.

10.5.1.2 Hybrid stepper motor

In this motor the laminated stator has eight salient poles each with five teeth,
and each pole carries an energising coil (see Figure 10.44). The eight coils
are so connected and switched that a 2-phase winding is realised (alternate
poles are one phase). The rotor comprises a cylindrical permanent magnet
with its axis coinciding with the rotor shaft. Soft-iron pole shoes at each end
of the permanent magnet take the form of two identical toothed wheels
which have the appearance of spur gears. This form of stepper motor is

https://engineersreferencebookspdf.com
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known as a ‘hybrid’ as it combines the attributes of the ‘relucatance’ and
‘permanent magnet’ arrangements.

The teeth of the 2-pole shoes are displaced circumferentially by half a tooth
pitch, i.e. by 90 electrical degrees (see Figure 10.44). The teeth of one pole
shoe are entirely north poles and those of the other entirely south poles.
Step-by-step switching of this 2-phase motor is achieved as in the two-stator
motor by sequential current reversals in the two phases.

Figure 10.44 shows the stator and rotor construction of one such motor.
The stator poles with five teeth each are easily recognisable, as are the two
toothed rotor pole wheels with 90° electrical displacement.

A wide choice of 2-phase motor types is at the user’s disposal. Motors with
this construction are suitable for systems with ‘average’ dynamic specification,
e.g. for tracking a floppy disc, for the type wheel or roller of a printer. It must
be noted that instabilities can occur around the natural frequency of the
motor, so that auxiliary damping is called for.

There is a choice between motors of average and coarse resolution. The
following table gives a rough overview of the range of types:

Resolution Average Coarse (small motors)
Step angle 0.9° or 1.8° 7.5-22.5°

Maximum stepping frequency ~20 kHz ~1.5 kHz

Torque 20-1200 N cm 0.4-60 N cm

10.5.1.3 Construction of a 5-phase hybrid stepper motor

A b-phase motor may, in principle, be constructed like a 2-phase motor using
a ‘unipole’ rotor. The five separate windings, each with two coils, are
distributed on ten main pole shoes, each with four teeth separated by three

Figure 10.44  Hybrid stepper motor
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slots. The rotor is similar to that of the 2-phase motor. With this arrangement
there are 500 uniformly distributed steps per rotor evolution, giving a step
angle of 0.72°. The basic construction of the 5-phase motor is shown in Figure
10.45.

That there are 500 step positions for the rotor of the 5-phase motor of the
drawing, Figure 10.45, may be argued as follows. The ten stator poles are not
distributed uniformly around the circle. The angle between pole centres is
generally 7, and exceptionally 7," such that

41, + 1, = 180°

We coin the word ‘steppi’ to mean an angle equal to 1/500 of a complete
turn, and give it the symbol s superscript, so that 1°=0.72°. It follows that
41, + 7,/ = 250" where 7,and 7, must be integral multiples of 1°.

Possible solutions are:
49° 48 47 46’

(4 54° 58’ 62’ 66°
Inspection of the drawing, Figure 10.45, and the fact that 1 rotor tooth pitch
= 500"/50 = 10°, suggests that: 7, =46, 7, = 66’ is the solution.

Given the above distribution of stator poles, it is a straightforward matter
to show that there is a minimum reluctance position for the rotor at each 1°
interval. Motors with this construction possess excellent dynamic properties
and enable applications beyond the scope of 2-phase motors. Advantages of
a 5-phase system are:

e step angle 0.72°/0.36°

torque 20 - 700 N cm

high resolution 500 or 1000 steps per rotation without gearing

no pronounced resonances

with appropriate electrical inputs, greater system damping (makes
auxiliary damping unnecessary)

e high start/stop and running frequencies

e running frequencies up to 50 kHz.

10.5.1.4 Disc magnet stepper motors

A very interesting construction is the disc magnet stepper motor with two
phases from the Portescap Co. This motor possesses excellent dynamic
characteristics. This rests on the fact that the rotor is made up of thin axially
magnetised discs. Thus the rotor moment of inertia is extremely small. Figure
10.46 shows such a stepper motor with a section removed.

By means of a special magnetising technique very small steps are achieved.
According to type they range from 6° to 1.8°. The absolute angular errors
amount to +6% for the 6° step angle in two phases and +2% for the 1.8°. The
stepper motor with 1.8° step angle and two phases supplied with nominal
current develops a torque of typical magnitude 570 nNm.
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Figure 10.45  Construction of a 5-phase motor
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Figure 10.46  Disc magnet stepper motor (Portescap Co.)

10.5.2 Example of choosing a stepper motor

In choosing a stepper motor the following five points must be taken together
and consequently known exactly: external load torque, external moment of
inertia, acceleration time, running speed and braking time. In many cases a
means for traversing a path in the shortest possible time is sought. This is
particularly so for short paths. Then, shorter acceleration and braking times
instead of short time movements with high stepping frequencies (which can
only be reached after longer acceleration and braking times) often lead to
better solutions.

Additional conditions, e.g. oscillation-free stopping, make compromises
necessary. In practice, the question normally presents itself in a form such
that the user chooses a motor whose internal torque for a given load torque
permits the required stepping frequency and with it adequate excess torque
to meet the start and stop conditions. In the following numerical example,
the calculations test whether the motor can meet the necessary conditions
concerning acceleration and braking times.

The calculations proceed as follows. The following data are given:

External moment of inertia Jo =0.03Ncms?
External friction load torque M, =40 Ncm

A motor shaft speed of 600 rev/min is required. Acceleration shall be from
rest. The motor shall be run at optimum power rating. Minimum acceleration
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and braking times are required. This last requirement brings with it a high
torque value M, (Figure 10.47).

The specific conditions together point to the choice of a 5-phase motor
RDM 596/50 with a step angle of 0.72° with constant current drive. This
motor has a rotor moment of inertia of J;, =0.007 N cm s?, something which
must be taken into account later on. Figure 10.47 shows the loading
conditions.

The motor selected can undoubtedly be stopped by the given load when
the stepper frequency is 100 Hz (Figure 10.47, 5-phase motor, mass moment
of inertia as a function of stepping frequency). Owing to the external load
torque the braking performance is improved but the acceleration is
worsened. The start frequency must be appreciably less than 100 Hz. This is
of no consequence in the present case as starting is from rest and f; = 0. The
run-up and braking times can be derived from the formulas already discussed
in Section 10.2.2.3. Acceleration and braking times can be derived from the
same formula, as it is only a matter of reversing the procedures.

In our example we calculate the acceleration time in two stages. Because
M, remains constant up to the point K in Figure 10.47, the frequency is
accelerated from 100 Hz in a linear manner. After point K and up to a
stepping frequency of f, = 5000 Hz the acceleration function is exponential
(linear approximation M(/)).

During the braking period the external friction torque assists. Braking is
applied appropriately until the possible stop frequency and then the motor
stops and holds.

External and motor moments of inertia total 0.037 N cm s% The run-up
time from 0 to 1000 Hz (see Section 10.2.2.3) is ¢, = 6.64 x 10~ s and from
1000 Hz to 5000 Hz is t,, = 39.4 X 105, and t, = ¢, + #,, = 46.04 X 105,

Calculation of the braking torque comes from M, = M, + M, (see Figure
10.47) because friction torque assists braking. We derive for M, =110 N cm
and, from this value, the braking time

t,=16.9x10%s

The calculated values meet the specified task adequately, so the chosen motor
may be used. If the values are not satisfied, other means need to be examined.
It may be that a half-step drive meets the given requirements. If there is no
other solution, then the next motor up the power scale must be considered.
If the calculated values seem to be too favourable it is worth trying a lower
power motor.

10.6 Summary of important stepper motor concepts
Definitions must sometimes be reciprocal, i.e. are described with the aid of

other definitions in the group. When this occurs, the other ‘definition words’
are emphasised.
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1. Step

The event whereby the motor shaft turns through the step angle from one
stable magnetic rest state to the next.

Symbol: z Unit: ./. (i.e. zero unit)

2. Step angle
The specified angle through which the motor shaft turns per drive impulse.
Symbol: &¢ Unit: °

3. Stepping frequency

The number of steps that the motor shaft makes per second when the drive
Jrequency is constant.

Symbol: f; Unit: step/s

4. Drive frequency

The pulse frequency with which the motor is driven. This frequency
corresponds to the stepping frequency when the motor is running without step
€errors.

Symbol: f, Unit: pulses/s

5. Rotation speed

Motor turns/minute, calculated from (stepping frequency X step anglex 60) /360°
Symbol: #  Unit: rev/min

6. Phase, number of phases (applied to a motor winding)
Ref DIN 40.108
Symbol: m

7. Magnetic rest state

The position that the rotor assumes when the motor is energised and the
static load torque is zero.

Symbol: ./.  Unit: ./.

8. System angle tolerance per step

Greatest positive or negative static angular deviation from the specified step
angle that can occur when the rotor steps from one magnetic rest state to the
next.

Symbol: A, Unit: °

9. Greatest system angle deviation
Greatest static angle deviation of a magnetic rest state, relative to the
appropriate integral multiple of the specified step angle, that can occur in one
complete turn of the rotor starting from a defined rotor position.

Symbol: A¢,, Unit: °
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10. Static torque

The maximum static torque that can be applied to an unenergised motor
before it starts continuous rotation.

Symbol: M, Unit: Ncm

11. Holding torque

The maximum static torque that can be applied to an energised motor before
it starts continuous rotation.

Symbol: M,, Unit: N cm

12. Static load angle

The angle between the position of a rotor loaded with static torque and the
unloaded position (magnetic rest state) when the motor is energised with the
specified direct (zero frequency) current.

Symbol: 8 Unit: °

13. Start — stop region (also known as the ‘slew’ region)
The operating area in which the motor and its specified rigidly coupled load
can run without a step error occurring.

14. Acceleration region

The operating area in which the motor and its specified rigidly coupled load
can run in one direction of rotation without a step error occurring but
nevertheless cannot start or stop without step errors.

15. No-load running
The drive state in which the motor is loaded with neither an external torque
nor with a rigidly coupled inertial load.

16. Maximum starting frequency

Greatest drive frequency that can be applied to a motor with no load such
that it can start and run without a step error occurring.

Symbol: f, . Unit: pulse/s

17. Starting frequency

Greatest frequency with which the motor with a specified load, comprising
friction and rigidly coupled inertia, can be started without a step error
occurring.

Symbol: f,,, Unit: pulse/s

18. Starting torque

The maximum load torque against which a motor with a specified rigidly
coupled inertial load and a given drive frequency can be started without a
step error occurring.

Symbol: M,,, Unit: N cm
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19. Maximum torque

The greatest load torque against which a motor with no externally coupled
inertia can be driven.

Symbol: M,, Unit: N cm

20. Maximum drive frequency

Maximum drive frequency at which the motor can be driven off-load in one
direction of rotation without a step error occurring, but cannot be started or
stopped with this frequency.

Symbol: f,,, Unit: pulse/s

21. Drive frequency limit

Greatest frequency with which a motor with a specified load comprising
friction torque and an acceleration torque for a rigidly coupled inertia can be
driven in one direction of rotation without a step error occurring but
nevertheless cannot be started or stopped in synchronism with this frequency.
Symbol: f;, Unit: pulse/s

22. Drive torque limit

The highest load torque with which the motor can run when it has a specified
rigidly coupled inertia and is to be driven in one rotation sense from a
specified drive frequency without a step error occurring.

Symbol: Mg, Unit: Ncm

23. Dynamic load angle

The angle between the present instantaneous position of the rotor and that
of the magnetic rest state determined by the most recent drive pulse.

Symbol: ¥ Unit: °

24. Maximum overshoot angle

The largest angle between the furthest position reached by the rotor under
specified loading conditions and the magnetic rest state determined by the last
pulse in the drive pulse sequence.

Symbol: ¥ Unit: °
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Chapter 11
Measurements in small drive systems

Jirgen Draeger

11.1 Introduction

To achieve the desired characteristics in a drive it is necessary to know the
electrical and mechanical data of its individual parts, including their
unwanted properties such as heating, vibration, noise and interference field
generation. Figure 11.1 shows the breakdown — source, motor and load - of a
drive system and the flow of power together with the following set of
quantities that should be determined:

’Pst

P
ENERGY P, m
SOURCE [ ™) MOTOR - LOAD

Figure 11.1  Power flow in a drive system
P, = electrical power
P, =disturbance field power
P, =mechanical power
P, = heating power
P =vibration power
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current

voltage

speed of rotation

torque

temperature

vibration

noise level

E, H electrical and magnetic disturbance fields.

h‘écogs o~

Measurement of these quantities — except for noise level and vibration, which
are treated in Chapter 12 - is discussed in this chapter.

11.2 Sampling functions

If an arbitrary function F(#) contains all frequencies up to f, then the
function may be expressed completely by the following Fourier series:

Vet sin|27f,t —vr
OEDY F[#J————Q(”fj; — ) (11.1)
V=—00 g g

This series is called a cardinal series. In practice, j; is chosen such that the
energy content of the components f> f is negligible compared with the total
signal energy. Because the numbers v are all integers, eqn. 11. 1 shows that
the function must be known at equidistant time intervals,

At= 1. Q (11.2)
2f, 2
This means that it is only necessary to sample a time-dependent function at
regular intervals 7,/2 in order to know it completely.

The statement of eqn. 11.2 is the essence of Shannon’s sampling theorem,
as follows.

If F(¢) is band limited by upper frequency f, and F(¢) is sampled at regular
intervals of At=1/ 2fg= Tg/ 2, then the function F(t) may be completely
determined from the samples.

In practice this means that the sampling frequency f, must be at least
double the highest frequency f in F#). Figure 11.2 shows examples of a
function F(#)) being sampled by impulsing and by a carrier frequency.

Depending on their form, sampling pulses produce the frequencies
contained in the original function F(f), side frequency bands centred
about f, and integral multiples of f, (Figure 11.3). The information about
F(1) is contained fully in the frequency band f< f. When measurements are
being made, frequencies f>f must be filtered out. Thus it is necessary that
f.22f, so that frequencies in the sidebands are not interpreted as
information. Practical filter design considerations rule that the sampling
frequency should be from 3f. to 5f. The short sampling periods cause the
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Ft F@®

1

Figure 11.2  Function Ft)

a Impulse sampled
b Carrier frequency sampled (half-wave rectification)

A 7 Information
1 about F(t)

m;_illf'lh ,.llmlh

fy oty A 2Af, 2, —t

Figure 11.3  Frequency spectrum of the amplitudes A, by sampling the function F(t)
at frequency f,

power measured to be much smaller than that in the original signal.
Therefore it is sometimes necessary to have amplifiers in the measuring
system.

11.3 Current, voltage, power

The accuracy of simultaneous measurements of the current : and the voltage
u depends on the internal resistances R,and R, of the measuring instruments
and their relationship to the impedance of the motor Z,,.

If meters with the highest possible R, and lowest possible R, are used, then
the circuit of Figure 11.4 is deemed appropriate. The ammeter overstates the
current i by the amount

.z
i M

(11.3)

u
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o~

Figure 11.4  Current and voltage measurement

Therefore R, > Z,,is desirable. Moving coil instruments indicate the average
values, whereas moving iron instruments indicate the RMS values.

When instruments with digital readouts are used for measuring the RMS
values of signals with a harmonic or direct component content, it is
particularly necessary to ensure that they are genuine RMS instruments.

For graphical registration of the measured quantities, a direct-coupled
operational amplifier may be connected in parallel with the measuring
instrument or across a calibrated resistor. The amplifier output is then used
to drive a recorder or plotter or, after further processing, produce a digital
equivalent for direct read-out or as an input to a computer. Time-dependent
graphical representation of measured quantities may also be achieved by
means of an appropriate oscilloscope, which may be analogue or digital and
have a builtin plotter. Some selection of the sampling frequency may be
called for, in accordance with Section 11.2.

When analogue signals are digitised, the analogue functions F(¢) are
converted into staircase functions F*(#) in accordance with Figure 11.5. The
accuracy of the measurement is related to the number of steps in the
staircase, i.e. on the analogue to digital conversion circuitry and its bit
resolution. The accuracy of an A/D converter for a number of bit resolution
capabilities is given in Table 11.1.

Table 11.1 Grading and accuracy of A/D converters with various bit numbers

Bits Steps Accuracy, %
8 256 0.4

10 1024 0.1

12 4096 0.025

16 65 536 0.0015

The same considerations are applicable to power measurement. Current
and voltage circuits for current and voltage measurement are set up as shown
in Figure 11.4. Power is indicated by means of an analogue multiplier that
performs the operation p = ui, or a power measuring loop if the power as a
function of time must be indicated.
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If the functions are in digital format, time-dependent and with harmonics,
then FFT (fast Fourier transformation) analysis may be used to transform the
information from the time domain to the frequency domain. The frequency
components are indicated over a wide range in quasi-real time. An example
for an intermittent current with harmonic content is shown in Figure 11.6.

Fo | I

s

1 N
L

—"l L-— —e t
At

Figure 11.5  Conversion of a continuous function F (t) into a staircase function
F*(t) with sampling intervals At

-14

MAG
dBv
2048/

-94
PWR SP A rct LIN

50. 00Hz -26.61dBV

0.2

ol ll T m L
« M HHWHH HlH

0.2 . a . A
TIME A LIN O.BSEC

Figure 11.6  Intermittent current in the time and frequency domains
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11.4 Speed of rotation

11.4.1 Analogue speed measurement

Speed measurement is in fact measurement of the angular velocity ®, from
which the speed » = @/2r is derived. In analogue methods an analogue signal
proportional to the speed is generated directly by a rotor turning at that
speed. Electric fields (voltages) are developed in accordance with the law of
induction and appear as direct or alternating voltages from DC or AC
tachometers. Alternatively, eddy currents developed in extended conductors
induce alternating voltages in Hall sensors, magnetoresistors or induction
coils. A summary of the structure and function of analogue tachometers is
given in Table 11.2.

The tachometers described here are suitable for connection to a direct
reading electrical instrument or to a plotter, the voltage being made direct by
means of rectifiers where necessary. (It is important to note the 0.3-0.7V
forward voltage drop in a semiconductor diode which can cause a significant
ZEro error.)

According to the sampling theorem (Section 11.2), a time-dependent
function can be rebuilt adequately and accurately when the sampling
frequency f, is at least twice that of the highest frequency to be measured.
Consequently, the highest measurable frequencies that can be derived from
AC tachometers is dependent on the frequencies of the induced voltages and,

in some circumstances, on the speed of rotation.
Inductances, capacitances and also mechanical resilience in the measuring

system delay the readout. The resulting measurement error during dynamic
measurements should not exceed 3 dB, i.e. a loss of 30%, at the upper signal
frequency f. Eddy current tachometers are particularly suitable for dynamic
measurements. Homopolar generators are also suitable provided that brush
contact related disturbances can be kept sufficiently small.

The performance of all electrical equipment is temperature-dependent
owing to the temperature coefficient of resistance of the conductors. For Cu
or Al the figure is about 0.4%/K, for manganin 0.004% /K and for constantan
- 0.003%/K. The linearity error of the devices discussed above lies between
0.02 and 1%.

Power is needed for generating the analogue signals and it must frequently
come from the machine being investigated and, in the case of a small
machine or drive, this amount of power is far from negligible.

In such cases it is highly recommended that the measurements be made by
contact-free incremental tachometers so that the energy for the measurement
is not taken from the motor being tested.

11.4.2 Incremental rotation measurement

In incremental transducers, the number of pulses is used to determine the
speed, i.e. the angular velocity. Only the number of pulses per unit time and
not their form is significant. Therefore, incremental transducers are not
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temperature-dependent. Their outputs may be transmitted over long lines
without any need for compensation. No physical contacts are involved and
thus no power is extracted from the machine being tested.

A disadvantage is that the measured value can only be an average value,
and there is a delay between the measurement and the readout. This must be
taken into account if any kind of dynamic measurement is being
contemplated.

If during the period of measurement At the number of pulses counted is
AZ, and given that the number of pulses per revolution is m, it follows that

soloZ  , maz a1
m At m At

n may be determined by counting the number of pulses received during a
prescribed time interval (say 1 s) or by measuring the time interval between
two consecutive pulses. It is less complicated and less expensive to count the
number of pulses AZ received in a fixed time At. The measurement error can
be up to %1 pulse (the noninteger value being rounded up or down to the
nearest integer). The measurement error is

Aj=—L
mAt
and the relative measurement error is
an 1 (11.5)
7 nmAtL

For a given constant At, the relative error is inversely proportional to the
speed. It may be kept small by making m large. The measurement error can
be smaller than 0.1%. Dynamic measurements can, in accordance with the
sampling theorem, be made up to the boundary frequency

1

= (11.6)

Je= oa
/f, depends on the measurement interval Az
From eqn. 11.5 for the relative error of measurement,
1 An

=—am— (11.7)

fe=gmm

Therefore, the boundary frequency and the relative error of measurement
are proportional. Small errors of measurement and higher boundary
frequencies, i.e. good dynamic measuring characteristics, are possible when
m is large.

When dynamic speed measurements are being made (i.e. during
acceleration or deceleration), a dynamic measuring error F, appears. Figure

11.7 shows as an example a linear speed ramp between initial value n, and
final value =,
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Zn

f

Ny ~—

N,

_1_4
|

—{ At |

ty

t
Figure 11.7  Dynamic error Fy, = (Z'- Z)/m

Given the run-up time ¢, the equation for speed is

t t
n(t)=n0 +(ne —no)—= ny + An—
ty ty

where An = n~ n,

(11.8)

As there are m pulses per revolution, the indicated (counted) number of

pulses between instants £, and £, + At is

ty +At o +AL
Z(At)=m J' n(z)dt=mJ' [n(,mn?’—jdz (11.9)
[

N o
which becomes

z(at)= m(noAt + QAt—:(QtOAt + Atg)]

The actual (true) speed at time ¢, + At is
Iy + At

n(t0 + At) =ny+An

and the true pulse count should be

to+AL

Z'(At):m j ["0 + An to:Atjdt
H

o

H

(11.10)

(11.11)

(11.12)
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or
, t, + At
Z(At)=m| ny + An 2222 \Ag (11.13)
Iy
Thus, the dynamic error in the measured speed is
2=z _An
m 2ty

Fyo= At (11.14)

F

yn 18 small for

e small changes in speed An
¢ long run-up times ¢, and
e short measuring time intervals At

The normally encountered pulse generators are described in principle in
Table 11.3. One-off measurements on fixed speed machines, or on machines
with inaccessible shaft ends, may be made using a discharge tube stroboscope.
Any bright, reflecting or salient feature of the machine’s rotor may be
illuminated by a variable frequency stroboscope lamp. When the rotor speed
and strobe frequency correspond, the illuminated part(s) seem to stay in the
same place. The machine appears to have stopped. The direct measurement
is ambiguous because this effect occurs when the machine speed is any
integral multiple of the strobe frequency.

When two adjacent ‘standstill’ frequencies f; and f, are read off, and the
rotor has m equally spaced markers around its circumference, the speed is
then

n= L _Nfo
m fi—fo

This procedure is applicable for speeds from 100 to 60,000 rev/min. It is not
suitable for dynamic measurement, but small departures between motor and
strobe speed make dynamic phenomena (e.g. rotor oscillations) observable.

In all the methods discussed above, the digital measurements may be
transformed into direct voltage signals by means of a DAC (digital to
analogue converter).

11.5 Torque

Many methods of measuring the torque M have been developed. Some are
restricted to laboratory research work. Torque measurement is particularly
useful in plant supervision systems and it is also used in regulating systems.
The methods are grouped roughly as follows:

e total loss methods in which the power developed by the machine being
tested is absorbed by the measuring system
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e direct methods, in which the torque between the motor and load is
measured in a transducer with as little power loss as possible

e indirect methods, in which the torque is derived from measurements of
other system quantities in a basic low-loss measuring system.

The most frequently encountered methods under the above three headings
are discussed briefly below.

11.5.1 Total loss methods

Torque may be measured very simply by means of a rope brake as shown in
Figure 11.8. A wheel with radius R has the rope wrapped around one half
turn. On rotation the motor output power is absorbed as heat in the wheel
owing to the friction.

The tensions at the two ends of the rope (F, and F) are measured by spring
balances, and the torque is '

M=R(F,-F) (11.15)

Automatic recording is difficult for this method.

In the eddy current brake (Figure 11.9) a large electrically conducting
rotor which runs within the field of a DC electromagnet, is coupled to the
motor (see Figure 11.9). The electromagnet is mounted in bearings and is
restrained from rotating by a mechanical weighing machine. Torque is
derived from the spring force and/or weights needed for the restraint.

As the characteristic curves of the eddy current brake show (Figure 11.10),
the torque developed at low speeds is low, and it is zero at standstill.

For low speed and standstill torque measurements, torque may be
measured by using the hysteresis loss in permanent magnetic materials, i.e.
the remanence effect. The braking torque is principally as a consequence of
magnetic cycling in the rotor. Figure 11.11 shows the corresponding torque-
speed characteristics.

L

Figure 11.8  Rope brake
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Figure 11.9  Eddy current brake
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Figure 11.10  M(n) of the eddy current brake for various
electromagnet currents 1,

ferromagnetic rotor (disc)
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Figure 11.11  M(n) of the hysteresis/remanence brake for various electromagnet
currents

Total loss methods are only suitable for laboratory tests and not for plant
supervision.
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11.5.2 Direct methods

It is usual to measure the torque between the output shaft of the motor and
the input shaft of the load. Use is made of the fact that any shaft twists
through an angle that is proportional to the applied torque.

For a definitive measurement a relatively thin shaft (~0.8 mm diameter)
acts as the sensor of a torque transducer (Figure 11.12) mounted between
the motor shaft and the load. The shaft twists through an angle ~0.5°~1° at
the rated torque. In relatively thick shafts, the mechanical torsion can be
converted to a voltage by means of resistance strain gauges bonded to the
shaft and connected into full or half Wheatstone bridge circuits. The bridge
circuit is energised by a supply of a few volts and several kHz from an
oscillator. The supply is transferred to the bridge via slip-rings or via a
transformer whose primary winding is fixed and whose secondary winding
rotates with the shaft. The guidelines of Section 11.2 are applicable for
dynamic measurements: the carrier frequency should be at least 3-5 times
that of the maximum frequencies being measured. Carrier frequencies are
normally from 1 to 10 kHz and, for dynamic measurements, can extend to
500 kHz.

The bridge is balanced when the torque is zero. The torque-dependent
unbalanced signal of a few millivolts is transferred over slip-rings or by
transformer action to a tuned amplifier to, for example, an analogue
recorder or to an analogue to digital converter for further processing. In the
case of fine —~ small-diameter — measuring shafts, the resistance strain gauges
are replaced by variable inductances (moving core or variable mutual
inductance) or, less frequently, by variable capacitors. A photoelectric relative
movement detector is also possible. Such rotating torque transducers with a
sensitivity of 0.1 N cm rated torque are manufactured. They can rotate at
speeds up to 12,000 rev/min and, when provided with oil-mist bearing
lubrication, up to 40,000 rev/min.

The relatively thin measuring shaft is a soft torsional spring between the
rotating masses of the motor and the load. Consequently, torsional resonance
occurs at some point along the range of measurement. The expected
mechanical resonance frequency f, when the shaft’s stiffness is ¢,
(torque/angle) and the moments of inertia of the motor and the load are j,
and [, respectively, is (when the influence of damping is neglected)

Transformer Measuring shaft with bridge
AN /

~Fl= ke

Figure 11.12  The essentials of torque transducer construction



Measurements in small drive systems 257

1 1 1
fi=— |l —+—1, (11.16)
on (JM JT]‘

When the static deflection angle in the shaft (A, when f= 0) is compared
with Aorwhen an oscillating torque of the same magnitude as the static torque
is applied, the function Act/A¢, as shown in Figure 11.13 is derived. Thus, at
frequencies around resonance and above, the shaft torsion Ae is a very bad
representation of the torque M. In systems with low damping factor, a
correction factor k as shown in Figure 11.14 may be applied. k is, effectively,
the reciprocal of o/ o, of Figure 11.13.

The measuring shaft can easily be overloaded.

If the vibration torque of a motor is to be measured, ], must be chosen such
that J.> /. Then

=L/.£(_z_ (11.17)
fr 2r\ Ju

Because readings at frequencies approaching resonance are inaccurate, the
measuring shaft must be chosen such that its resonant frequency is much
higher than the motor vibration torque frequency. Particular attention must
be paid to the torsional stiffness of the couplings.

ar Gy

FIA A5
Cq

&
gt !
I
14——/] .
0
-1 /'
f
o] 1\/—2- 2 3 4 5

4
f;

Figure 11.13  Ao/Aa(f) of a torsional resonant system with two rotating masses
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Figure 11.14  Correction factor k(f/f,) = Aat, /o

Rotor torque is balanced by an equal and opposite torque in the stator.
Therefore, torque may also be measured on the stator by means of
supporting the frame mountings on quartz pressure sensors (piezoelectric
effect). In this case there are no significant linear or angular displacements
involved and a high degree of accuracy is possible. Care must be taken to
ensure that the points of attachment are free from mechanical vibrations and
other disturbances.

Very small average torques, up to about 0.01 N cm, are measurable when
the motor stator is restrained by a torsional transducer. Alternatively, stator
frame extensions can be fitted with resistance strain gauges at their points of
attachment. The same problems involving vibrations occur.

In the test bay, the speed/torque characteristic during run-up is mostly
recorded automatically. The results may not be over valued owing to system
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vibratons during the acceleration. This means that the run-up must be
protracted so that the angular acceleration can be kept constant. This can be
achieved satisfactorily by coupling the test machine to a relatively large fully
controllable (four-quadrant) machine, or more simply by fitting a suitable
flywheel.

11.5.3 Indirect methods

In the case of independently excited DC motors, there is a strong linear
relationship between armature current and torque. Therefore, it suffices to
measure the current or the voltage drop across a calibrated series resistor to
determine the torque. This method may also be used with other motors,
where the speed/torque characteristic is single-valued. Because the
relationship between current and torque must be known in advance, this
method is only applicable to plant supervision.

An inexpensive way of measuring torque starts with deriving the
speed/time curve during run-up. Given motor torque M and moment of
inertia J, the dynamic torque/angular acceleration law is

M= ]y 271'512 or dn __M
dt dat  2njy,
where 7 is the speed and ¢ is the time at which the speed has reached n.
Because J, is constant, Mo dn/ dt. If the function n(#) is known, then M can
be derived by differentiating this function with respect to the time (see Figure
11.15). It is the acceleration torque that is being measured. Therefore, in
machines in which the friction torque M, is not negligible, this M, must be
known and the total torque must be corrected by this amount. A prerequisite
for accurate measurement is that a fast recording instrument (e.g. a storage
oscilloscope) is available. Vibration torques cannot be picked up by this
method of measurement.

The necessary upper frequency limit of the speed measuring system is derived
approximately from the run-up time:

(11.18)

T o _;7

1/
/

\ A

\ h

M= —1

Figure 11.15  Derivation of M(n) from n(t)
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Figure 11.16  Simple differentiating circuits

a passive; b active
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fe=— or w, (11.19)

y
Differentiation with respect to time can either be done digitally via a
calculator or by means of a simple passive CR circuit, or by an active op-amp
differentiating circuit as shown in Figure 11.16.

Given the input voltage U as shown in Figure 11.164, the output voltage U,
is derived from:

Up=U —F |- _J®RC g (11.20)
R+1/jwC ;| 1+ joRC

Let U be derived from the speed n, such that U = Kn; and replacing jon with
dn/ dt gives
Uy =KRC 1
dt 1+ joRC
This equation simplifies to U, ~ dn/ dt for frequencies below the boundary
frequency w, = 27f, .
For the circuit Figure 11.165 and the conditions @R,C;« 1, wR,C <« 1 and
WRC,«< 1,
U, . dn
—& =—joR,C or U,=-R,C;K—
U JOR Ly A dat
C, and R, give the circuit lowpass properties.
In this way the specified values for R and Care chosen.

11.6 Mechanical power

The mechanical power P, is derived from P, = 27nM. Speed n and torque M
are measured as proportional direct voltages by the methods discussed in
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Sections 11.4 and 11.5. The necessary multiplication of the two voltages is
then effected simply in an analogue multiplier chip.

11.7 Temperature

The thermal performance of a system is an important consideration in the
planning of layouts and running conditions. In general, winding
temperatures are derived by observing changes in resistance in a DC circuit
test. If specific regions within a winding must be examined, e.g. in winding
end turns, or in slots, or other parts, temperatures must be measured, so
thermocouples are usual.

The thermocouples are usually iron-constantan with a sensitivity of
5837 mV/100 K or copper—constantan with sensitivity 4.25 mV/100 K. The
reference temperature is most conveniently that of melting ice (0°C) in a
thermos flask. On account of the possible conductivity of the water, the
thermocouples are placed in thin-walled oil-filled tubes. It is also possible to
hold the reference temperature source at 0°C by application of the Peltier
effect or, in the case of measuring higher temperatures, to hold the reference
temperature point at a steady 50°C above ambient temperature.

Direct-reading thermocouple meters are calibrated with 10 Q or 20 Q total
loop resistance (symbol e.g.<f)> 10). If the loop resistance is lower, then it
should be ‘padded’ to the specified value. More accurate measurements are
made by using comparator, zero current circuits, and are thus independent
of the connecting conductor lengths. For multi-point measurement and for
time-dependent temperature measurement, the thermocouple elements are
connected to an appropriate compensated recorder.

11.8 Interference field strength

Accurate interference field strength measurement can be achieved by
placing measuring equipment at the source and at the affected area.
Qualitative judgement of the effects of screening can be adequately achieved
by simply observing the induced voltage in a search coil on an oscilloscope.
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Chapter 12
Vibration and noise problems
in small drives

Jurgen Draeger

12.1 Introduction

An electric motor, with its magnetically generated parasitic torques,
magnetostriction, radial forces of attraction, rotor imbalance and turbulent
air flow, is a source of noise and vibration which is transferred via its
mountings and couplings to its surroundings. Reduction of vibration transfer
and noise propagation in a drive is seen as a figure of merit. It is therefore
necessary as a part of quality assessment and control to measure noise and
vibration.

The following discussion will therefore concentrate on:

the definition of sound field quantities
oscillation measurement

noise measurement

vibration excitation and propagation, and also
vibration and noise reduction.

12.2 Sound field quantities

When parts of an elastic medium are caused to vibrate, then these vibrations
are propagated as pressure waves through the medium and, owing to
redistribution at boundaries, the waves penetrate into neighbouring media.
The pressure waves constitute an acoustic field which spreads out at the speed
of sound in the medium. The speed of sound depends on molecular coupling
and is dependent on the material. Typical values at 20°C are in air: 343 ms™,
in water: 1440 ms™! and in steel: 5850 ms'.

Pressure wave propagation in air and liquid is entirely longitudinal. Solid
materials contract transversely when they are stretched and hence transverse
waves appear as well and, depending on the excitation, also torsional waves.
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Pressure variations in the acoustic field from 2x 107 to 60 Nm™
superimposed on the static pressure (e.g. 1.101325 x 10> Nm™ for standard
atmospheric pressure) and at frequencies between 16 Hz and 20 kHz are
recognised by the human ear as:

® tone, when the pressure variations are purely sinusoidal
e musical sound, when harmonically related tones are superimposed, and
® noise, when there is a broadband random set of frequencies.

So that the acoustic field may be discussed and analysed, the variables
s = particle displacement, v = particle velocity and p = pressure variation are
introduced. Given these, the acoustic power density / may be determined.

For simplicity, the discussion is restricted to one dimension, i.e. to a
plane wave normal to the direction of propagation and remote from the
source.

The movement of the wave in the xdirection is derived by considering the
state of the slice of the medium as shown in Figure 12.1. The net force on the
slice, in the direction of x, is

X

pA—[pA+—§—P-AxAJ=—a—prA
X

The mass of the slice is pAxA.
In accordance with Newton’s second law:
Force = Mass X Acceleration
it follows that

op ds
— - AxA = pAXxA X —
Py P Py (12.1)
or
op d%s v
il S il 12.
Ew Patg [ E (12.2)

In the case of a sinusoidal tone, variables s, v and p may be replaced by
phasors s, vand p, and the operation d/0t may be expressed as multiplication

by jw, giving

oP
/ P+ 5% dx

<——AX—J —» X

Figure 12.1  Acoustic pressures on an element of mass
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4 P
-—==—0"ps — jo
e ps = jwpv (12.3)
In particular v = jws, and the particle displacement lags the particle velocity
by 90°.
From eqn. 12.3 and given that s = s exp(—j wx/c) where ¢ is the speed of
sound,

p= prsJ. exp[—ja) ij dx
¢

p = jwpcs (12.4)

The pressure is 90° phase advanced on the particle displacement, and is in
phase with the particle velocity. It follows that the acoustic power density is

I=1pl vl = *s*pc (12.5)

It should be noted that the RMS value of s is used in this equation.
The threshold of acoustic power density, for it to be audible at f=1 kHz, is
I,=10"2Wm™2,

The relationship, sound pressure/ particle velocity, is a constant for a given

medium and is
expressed as:

z,=L=pc (12.6)
v

and is called the acoustic impedance. It governs the reflection of sound waves
at interfaces. For air at standard atmospheric pressure Z, = 408 Nsm™.

When a plane sound wave arrives at the plane surface connecting two
media with different acoustic impedances, Z,, and Z,, reflection occurs, with
reflection factor

p=02 0L (12.7)

This is the relationship between reflected and incident wave pressure. Power
density is proportional to the square of the pressure. The proportion of
incident power that is reflected is

2
K.=[Z()2_Zo1j (12.8)

Zyo+Zy

The sensitivity of the human ear to sound pressure extends over seven
decades, and direct comparisons of pressure or power density produce
very large numbers. Therefore these quantities are expressed in logarithmic
form as ratios, the reference level being the 1kHz threshold values of
o =2x%10° Nm2and I, = 102 Wm-2 The sound level L has the unit Bel (B)
defined as



266  Small electric motors

I 1 I
L=log—B log—=1 — 12.9
og I, [og Io 0810 I(,) (12.9)
or, because /= p?,
2
L =1og(—”—) B (12.10)
Po

It is usual to express the interval between two levels in the smaller unit, the
decibel. Thus

L=10logL =2010g-L-aB (12.11)
Iy Po
for example, when p = p,, L =0, and when p =107, L= 140 dB.

Because of the logarithmic way of representation, a doubling of the
acoustic power does not imply a doubling of the sound level. Furthermore,
the rise in sound level is independent of the starting point, and
-21—1010g—1—=1010g2=3dB (12.12)
Iy Iy
When several sources of sound are working together, the resultant sound
level at the point of observation is

PRE
Ly, =101o0g VI (12.13)
0
Thus, the influence of a single noise source with L < 0.5 dB is negligibly small
when it is more than 9 dB quieter than the rest of the noise. This means, for
example, that the disturbance caused by the noise-measuring equipment
must lie at least 9 dB below the level of the noise being measured.
To access the total acoustic power emission from a source in given
surroundings, the applicable formula is

P=jlds (12.14)
S

AL =10log

in which §is the closed surface surrounding the power source. The acoustic
power level L is defined as

L, =1010g£— dB (12.15)
B
where Py=10"12W.
L,, and consequently the radiated acoustic power
LW

P=F 101 (12.16)
may be determined from measurements when the sound level is measured at
as many points as possible on a defined closed surface § around the source.
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Then

1
V2l S
L, =10log—*——+10log —dB
1y So

where §;=1m?

12.3 Subjective sensitivity to noise

To create a hearing stimulus, a2 minimum acoustic pressure is necessary and
its magnitude must increase at the lower frequencies. The sensitivity of the
ear, therefore, increases with frequency at first. This means that two tones at
different frequencies but with the same acoustic power give different
impressions of loudness. The impression of the loudness is also dependent on
the acoustic power level. A measure of the subjective impression of the
loudness, is the phon. By general agreement the physically measured power
density and the subjective loudness scales coincide at frequency 1000 Hz.
Through tests on many people, the curves of equal loudness, as shown in
Figure 12.2, as functions of frequency and power density, have been
recorded. From these we can see, for example, that a 100 Hz tone compared
with a 1000 Hz tone at ~50 phon has an extra power density of about 8 dB,
which means that the acoustic intensity is 6.3 times larger.
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a8 130 N y,
— 1
120 ¢ = =
=33
110 ™ N . ;\ ; N //
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A AN NITTT T A
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—
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Figure 12.2  Curves of equal loudness level for pure tones
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From 40 phon upwards, an increase in loudness of 10 phon is interpreted
subjectively as a doubling in loudness. Two equally loud sound sources acting
together, therefore, are not interpreted as a doubling in the loudness. A
linear relationship between loudness sensitivity and the scale of measurement
is given in the loudness unit Nsones. The unit sone, N= 1, is set at 40 phons
and N doubles for each increase of 10 phons. The relationship between
loudness sensitivity and loudness is shown in Figure 12.3.

12.4 Noise measurement

The double dependence of loudness level on acoustic pressure and
frequency leads to difficulties in the construction of measuring equipment.
To simplify matters, a constant displacement independent of frequency is
assumed to exist between any two phon curves. Also, to relate measuring
equipment readings and human ear response, three measuring ranges, 4, B
and C are specified and their corresponding weighting curves are defined as
shown in Figure 12.4.

Appropriate weighting filters, in the form of electrical networks, are then
included in the measuring system, and selected by switching. Curve A
corresponds to the phon range up to 60 phon, curve B covers the range
60-90 phon, and curve C is for loudness values beyond 90 phon. When the
phon range is known definitely, the appropriate weighting curve can be
selected. Curve A is used exclusively for motor loudness measurements,
independent of the noise level.

Capacitor microphones are the normal sound measurement transducers.
Because of their high internal impedance, they are connected directly to an
impedance changing preamplifier.

sone

128
64

)
74

16
8
4

o
P4

1

40 60 80 100 120 T Ln
phon

Figure 12.3  Loudness N as a function of the loudness level Ly
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Figure 12.5 shows a perspective cutaway view of a capacitor microphone
capsule with direct voltage polarisation. Pressure variations cause propor-
tional membrane movement relative to the reference electrode and
corresponding capacitance and charge variations.

Taking distortion and mechanical strength into account, microphone
membranes can range in diameter from 25 mm (1”) for measurements to
145dB and 18 kHz, to 3 mm (1/8”) for measurements to 170 dB and

AL
dB
10
10 14 A 1A N
V' B A N
Y
30 // /
50
70
102 % 103 104 108
—
A
Hz

Figure 12.4 Weighting curves for measuring perceived loudness in measuring
apparatus in accordance with DIN 45633

Silver wire for setting
the pressure equalisation

Spring

Membrane

Capillary tube for
pressure equalisation

Symmetrical
protection grid

Reference
electrode

Quartz insulator

Gold plated
output terminal

Figure 12.5  Cross-section view of a microphone capsule
(Courtesy: Briiel & Kjaer)
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140 kHz. Moving coil microphones may be used for simpler measurement
purposes. They have the advantage of a low source impedance but are
somewhat frequency-dependent. Piezoelectric microphones have particularly
uniform frequency/sensitivity characteristics but are easily permanently
damaged by overload.

Every microphone distorts the acoustic field in which it is placed, mainly
owing to reflections at wavelengths corresponding to the microphone’s
dimensions, in particular the diaphragm diameter. Therefore, the slimmest
possible microphones should be used for high frequency measurements.
Microphone sensitivity decreases with decreasing diameter.

In a sound level meter the microphone signal is amplified, weighted, and
can be separated into its component frequencies (frequency bands) with in-
built or external filters. A simple evaluation is possible by recording the
magnitudes on a plotter.

Tape recorders provide a convenient means for reproducing the sounds at
will. Sound level measurements may be carried out in anechoic rooms, as
shown in Figure 12.6, or —when the objects are small — in cabins with specially
treated surfaces. The background noise level must be at least 10 dB below the
noise to be measured.

Noise power measurements may be measured in rooms with hard reflective
surfaces or in any room with a known reverberation time. Meaningful
measurement procedures for the purposes of testing to a specification are
laid down in the appropriate national standards (BSS, NBS, DIN, etc.). Micro-
phones being used for measuring purposes, together with their processing
equipment, must be calibrated from time to time against laboratory standards
(e.g. piston microphone).

12.5 Vibration (oscillation) measurement

Vibration measurement takes the form of structural-borne noise measure-
ment by means of piezoelectric accelerometers. Figure 12.7 shows cutaway
views of two different accelerometers in which seismic masses produce
acceleration-derived pressure variations in piezoelectric crystals, which in
turn produce proportional measurable electric fields at the crystal surfaces.

The lowest measurable frequency in a transducer for measurements in
small drives with a mass of 0.7-30 g is ~0.1 Hz, and its resonant frequency lies
between 25 and 85 kHz. Attachment to the point of measurement is by
adhesive, screws or magnetic feet. A preamplifier is directly connected to the
high impedance transducer. The signal is then passed via coaxial cable to
amplifying equipment which includes integrators for deriving velocity and
displacement at the input.

An adequate frequency analysis of the vibration source being examined is
achieved by in-built or external octave or third-octave bandpass filters.
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Figure 12.6  Anechoic room

Vibration measurements are normally carried out in order to assess the
types of vibration and to determine their resonant frequencies and their
transmission. To this end, the various resonances (modes) may be
determined with the aid of FFT and mode analysis in a single series of
measurements. In addition, a number of impacts are applied to a network of
input points and the effects measured at the hammer head as well as the
vibration accelerations in the excited modes at a fixed reference point. Both
measured values at the various excited resonance frequencies are processed
in a computer and displayed as natural resonant frequencies on a monitor.

Particular interest is taken in the examination of vibration transmission
from the feet of a motor and the mounting points on, say, the bedplate
between which some form of vibration absorption device is fitted. The
amplitudes and relative phase of the two vibrations need to be determined.
This is achieved with two vibration accelerometers whose outputs are filtered
down to two harmonic signals at the same frequency. The two signals may
then be compared on a two-beam oscilloscope, or applied to the X and Y
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Figure 12.7  Cross-section pictures of acceleration transducers
(Courtesy: Briiel & Kjaer)

deflection inputs of a single-beam oscilloscope to produce the Lissajous
figure ellipse, from which the relative amplitudes and phase angle may be
determined.

From Figure 12.8,

-‘i—sin
b ¢

..-1a
or ¢ =sin >

When:

¢o=0,nm, ...,
the figure is a straight line; when
3z
=5 g
(resonance) the figure is an ellipse whose major and minor axes lie on the X
and Y axes.
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4

o

Figure 12.8  Determination of the phase shift from a Lissajous figure

12.6 Vibration and noise excitation

Causes of noise generation in electrical apparatus are deformations and
angular oscillations in the motor and its load, which are transferred to
neighbouring structures through couplings. In some circumstances, fans add
to the noise. Their origins — through radial forces of attraction in the airgap,
vibrating torques which are developed electrically or in the driven load,
magnetostrictive induced changes in dimensions, imperfect dynamic
balance, brush vibrations and bearing noises — are many and various. Causes
and effects are listed and described in Table 12.1.

The radiation properties of a noise generator are strongly influenced by
the possibility of pressure equalisation tangential to the generator’s outer
surface. They are dependent on the forms of vibrations from the source and
the relationships between the wavelengths A of the sounds generated and the
dimensions L, of the generator’s surroundings. Figure 12.9 shows the
vibration modes of order r (rbeing the number of nodal axes) of a cylindrical
vibrator. Pressure balance occurs at the nodal point between pressure
maxima and minima. Therefore the noise resulting from flexural vibrations
in a freely suspended motor is very little. The situation is less favourable when
the noise-radiating surface of the driven load is significantly increased by
coupling to a larger structure or by a relatively large outer case area.

The motor housing as well as the components that are mechanically
coupled to the motor, with their various elasticities and mass distributions,
form a configuration susceptible to mechanical vibrations. Any correspond-
ence between the vibration frequencies generated and the natural vibration
modes of a flexible system, whether approximate or exact, results in greatly
increased vibration amplitudes and consequently a clear increase in the noise
radiated through resonances, as is shown in Figure 12.10.

In the resonance region, the phase relationship of a vibrating damped
system relative to the excitation, rises steadily from ¢ = 0 below the resonant
frequency f,to ¢ = wabove the resonant frequency. At the resonant frequency

foo=m/2.
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Table 12.1 Noise excitation and its causes

Cause Resultant noise Deformation

1 Radial tensile forces Periodic stator deformation.
Dependent on speed and number of
poles. Excitation of L, and L, over
the foot mountings.

2(a) CElectrically developed Periodic concentric torsion in the motor frame, N
vibrating torques dependent on speed and ripple current w/// N\
{elliptic rotating field frequency in DC machines. In AC machines, —_ : /L -
of ripple current) the torques are at double the mains frequency. N\ 7

Excitation of L,, over the foot mountings ==

{b) Vibrating lorques Vibrations in sympathy
owing to uneven
load torque

3 Magnetostriction Periodic stator deformation owing to
magnetostrictive strains. Excitation
of L, and L,

4 Imbalance Periodic frame displacement dependent
on speed. L,,and L, via the foot
mountings

5 Bearings Bearing vibrations, only partially
dependent on speed. Transmission as
structural borne noise as L, in the
machine in general and as L, over the
bearing housings. f= 1-10 kHz

6 Brushes Brush vibrations transmitted via the
brush holders as structural borne noise
into the machine in general, and as L,
via the bearing housings.
Characterised by the product of speed
and number of commutator bars. In
general, only partially dependent on
speed and in the frequency range
600-16,000 kHz,

7 Fan Development of air-borne noise at the
fan as L, Speed-dependent.
f=200~-6000 Hz

8 Slots Siren noise L, owing to turbulent air flow.
Frequency = speed x number of slots

L, = sound level radiated from the motor
L, = sound level from the structures connected to the motor
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Figure 12.9  Vibration modes of a cylindrical radiator
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Figure 12.10  Noise increase of a simple damped vibrator and its phase angle ¢
relative to its excitation at resonance
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12.7 Vibration and noise reduction

12.7.1 Methods at the noise source

All considerations regarding the manufacture of a low noise drive begin at
the noise source, first with the selection of a suitably dimensioned motor and
then with special attention to noise generating component parts.

For every type of machine an effective way of reducing causes 1-3 of
Table 12.1 is to keep the airgap and stator fluxes as low as possible. This
leads, however, to relatively large machine dimensions. Vibration torques
induced in the motor are avoided through the choice of machine in which
the torque developed is independent of the rotor position. This is achieved
with a symmetrical polyphase supply connected to a symmetrically built
multiphase induction motor, and to almost the same extent in a DC
machine whose number of slots is not too small. It is not so successfully
achieved in a single-phase csar induction motor which runs symmetrically at
one working point only, nor for a brushless DC motor on account of its
limited number of stator coils. Where ball bearings must be used instead of
plain bearings, the use of specially selected low noise bearings must be
considered.

Commutator noise may be reduced by chamferring the commutator bar
edges and ensuring that the brush mass/spring system is excited at well below
its mechanical resonant frequency. It is very difficult to limit the airspeed-
dependent airborne noise generated in motor fans.

All measures taken at the noise source demand an increase in the quantity
and quality of the construction materials. Such measures are generally
expensive and require (in as far as the choice of machine and its noise-
generating parts ~ for example, the commutator — permits) further noise-
reducing means of preventing the sound from spreading. When such
supplementary means of noise reduction become necessary, it is often more
economical to replace what appears to be a bargain-priced motor by a more
expensive but better one. An example is the replacement of a less than ideal
shaded-pole motor in an audio recorder by a simply controlled single-
winding commutatorless motor for the same purpose.

Supplementary means of preventing the spread of noise are discussed in
the following sections.

12.7.2 Insulation and vibration isolation

Techniques by which the reduction of radiated noise or vibration energy
results in no conversion of mechanical energy into another form of energy
are called insulation.

As discussed in Section 12.2, a reflection of sound energy occurs at the
interface between two media with acoustic impedances Z, and Z, in
accordance with the power reflection factor (egn. 12.8)
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9
K=(Z()2—Z(,,] (12.17)
Zyg+Zpy

when Z, # Z,.
Kk is large when Z, > Z;, or Z,>> Z,,.
In accordance with eqn. 12.6,

Z,=pc (12.18)

so suitably heavy walls (steel, stone, etc.) around an airspace or a soft layer
(air, elastic padding) around a solid filled space act as sound barriers.
The factor for sound insulation R depends on the relationship between the

energy incident on an interface and that which penetrates into the adjacent
medium:

1
1-x

R=10log dB (12.19)

At, for instance, an air-steel interface, for which
Z, .. 408 Nsm™ 2, see = 45.6 X 106 Nsm®
K =0.999964

and hence R= 44.4 dB.

The thickness d of the insulating (steel) wall is usually much less than the
wavelength A of the incident sound waves (d << A), so that the wall vibrates
practically in phase with the sound (simple wall). In this case the wall can be
considered as a homogenous vibrating mass which has mass M per unit of
surface area. The resulting factor for sound insulation for an arbitrarily deep
air compartment in front of the wall is shown in Figure 12.11 as R(f) with
M given as a parameter. The quoted values are not achieved in practice
because:

e a thin flexible wall experiences vibration modes that reduce the sound
insulation considerably

® an in-phase vibrating wall together with the vibration source and the
intervening airspace form an oscillatory spring mass system which
produces resonance effects.

These negative influences on the effectiveness of the insulation may be
extensively countered by the use of flexible heavy walls with large internal
damping (plastic, rubber with metal inserts, sandwich plates) and by the
deepest possible air compartments. The factor for sound insulation when the
spring stiffness of the air compartment between the noise source and the
insulating wall cannot be neglected, assuming that damping may be
neglected, is:
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Figure 12.11  The factor for sound insulation R (f) of a simple wall with M as a
parameter

2
R =201log 1—[%] dB (12.20)

r

where the resonant frequency f, is

1 2
/i =§;1/% (12.21)

where p, is the specific density of air, cis the velocity of sound in air and /is
the distance between the noise source and the insulating wall.

In Figure 12.12 the function R(f/f) of eqn. 12.20 is shown graphically.
Furthermore the dimensions of small drives are generally so small compared
with the wavelengths of the vibration tones that the machine parts vibrate in
phase both radially and tangentially. Thus the stator and rotor of a machine
may be considered to be homogenous masses, each with its moment of inertia
J; the tangential vibration torques transmitting vibrations to their surround-
ings, the stator via its mountings and the shaft to the load.

If appropriate elastic elements (rubber buffers, springs) are installed
between the motor and its bedplate and its load, the components beyond
these elastic couplings are for the most part insulated (vibration insulation).

An appreciation of the effect of vibration insulating coupling members
with torsional stiffness C, is gained from Figure 12.13. J,, can be the moment
of inertia of the motor rotor and J; that of the load, or J, can be the moment
of inertia of the motor stator and J; the effective moment of inertia of the
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Figure 12.13  Equivalent mechanical system for the induced vibrations in a 2-mass
system

structure to which the stator is connected via its mountings. If the system is

undamped, then the relation between the vibrating torque m, developed in

the load and the vibrating torque m,, generated by the motor at angular

velocity w = 2xfis

C 1
M7 -2 - (12.22)

m ]Ma),'.l w

1-| =

w,

where

w, = c(,[i+—1—] (12.23)

Ju Jr

is the natural frequency of the system. Figure 12.14 shows the function
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nr| @

My \ @,
of eqn. 12.22 in graphical form. The transmitted vibration is seen to be small
when @>> w, This means that ®, must be as small as possible. This
requirement is met when the couplings are soft (C, small) and the coupled
moment of inertia J;.is large. Note that the ordinates (vertical axis functions)
of the graphs of Figure 12.12 and Figure 12.14 have inverse (reciprocal)
properties.

For example, when @= 5w, the load excitation is reduced by about 27 dB.
If the motor derived vibrating torques are speed-dependent, then, in a low
frequency tuned system when the system is accelerating through the
resonance point, greatly increased vibrations are transmitted and result in
high noise levels. Therefore it becomes necessary to use damped elastic
members in such cases (rubber elements, all metal dampers, no steel
springs). Then, for a given damping coefficient, the resonant frequency is less
noticeable.

12.7.3 Sound damping

Techniques that convert sound and vibration energy into thermal energy are
called damping. They provide sound reduction particularly in enclosed
rooms and along ducts (e.g. for cooling).

So that the sound energy can penetrate into the sound-absorbing material,
the material’s acoustic impedance should not be more than twice that of air.
The proportion of incident acoustic power a that is absorbed is related to the
power reflection factor k by the equation
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—— without damping
----- with damping



Vibration and noise problems in small drives 281

a=1-x (12.24)

The term o includes that proportion of the power that penetrates through
the damping layer. The relationship between the penetrating power intensity
I, and the incident power I, is defined as

T= £ﬁ (12.25)
I
Finally, the sound dissipation level
S=0-17 (12.26)

is taken into account for deriving the energy conversion equation. This is
now

K+T+6=1 (12.27)

In sound-absorbing material the heat arises owing to deformation and
internal friction and to external friction with vibrating air in the structure of
porous materials. Normally porous foam or mineral fibre materials are used.
If sound absorption is to be reasonably successful, the thickness of the
damping layer should be of the order of a quarter of the wavelength of the
incident sound. At the very least, the damping layer must be where the air
particle velocity is greatest, i.e. at a quarter of a wavelength A/4 from a
reflecting wall, as the standing wave pattern of Figure 12.15 shows.

Low frequency sound damping measures, therefore, demand a lot of
space. Low frequency vibrations can be reduced effectively. If one takes care
of large amplitudes by means of the resonant effects of friction within the
vibrating media, the damping effect is increased.

If openings are unavoidable, then for broadband radiated audio spectra,
damping layers can be placed along the length of the ducts as shown in
Figure 12.16. The opening width Wmust not exceed the wavelength A of the
sound components, which must be damped effectively. Where necessary the
channel must be subdivided by damping layers. The diagram in Figure 12.16
shows the frequency spectra outside a channel with various damping means
as examples. When the opening width W is too large, the damping is
ineffective at higher frequencies.

)

I

Figure 12.15  Positioning an absorbing layer in front of a wall
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Figure 12.16  Frequency response of a sound-filled channel

a Without damping material
b With wall insulation

¢ With wall insulation also on a channel divider

If the sound propagated along the channel is narrowband or a single tone,
then its walls may be lined with Helmholz resonators as illustrated in Figure
12.17. They comprise relatively large air compartments working as springs
and are open to the channel via long fine-bored holes. The relatively
incompressible air in the bored holes acts as a link, forming a vibrating system
with the air compartment acting as the spring. The vibration is in antiphase
with the excitation at frequencies above resonance. Consequently, as Figure
12.17 shows, an effective reduction in sound level is achieved through sound

pressure interference. If the walls are lined with damping material as well, the
noise reduction becomes broadband.
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a Without Helmholz resonators
b With Helmholz resonators

12.7.4 Technical solutions

After the choice of the motor for a drive application has been made, the
measures for reducing noise and vibrations are principally as follows:

e mounting the drive on the heaviest and stiffest possible frame

@ correct angular mounting on the frame plate so that the vibration
stimulus is in the plane of the plate and not at right angles to it
avoidance of resonance excitations from parts of the machine con-
struction (e.g. stator stamping shape) by the introduction of connecting

bridges in large-area parts or by the inclusion of supplementary masses
(e.g. antivibration coatings).
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Figure 12,18  Motor isolation
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interruption of the structural vibration paths by using insulation and
damping between the drive and the surrounding structures in
accordance with Figure 12.18.

Casings are connected to the support structures by elastic elements (e)
with internal damping (rubber, plastic). The natural frequency of the
motor mass/spring system should be below one-fifth of the lowest
exciting frequency.

The motor is elastically coupled (g) to its load (spring couplings, rubber
or plastic tube, rubber bands). For specific ‘below-resonance’
applications it can become necessary to increase the rotating mass of the
load through the addition of flywheels (record players, film apparatus).
In some cases, where vibrating torques developed in the load are
transferred back to the motor, the additional rotating mass should be
coupled to the motor side of the drive.

When it is not possible to use low noise plain bearings, the ball bearings
may be mounted elastically (D) in the bearing housing. In machines with
small airgaps (induction motors) this is not possible.

If necessary, the motor or the complete drive may be totally enclosed (p)
by relatively heavy sound-insulating material. The inner wall of the
capsule can be lined with damping material in order to reduce standing
waves.

The capsule should be connected to the motor in a vibrationfree
manner.

Further points to be noted are:

When brushes are used, the vibration frequency of the brush
mass/retaining spring system should be sufficiently low.

The space surrounding the drive should be closed as far as possible with
sound damping material. Ideally, flexibly soft or damped plates
(sandwich plates) should be used.
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® When openings are necessary, for cooling, for example, sound-absorbing
materials can be laid parallel with the air flow.

e Large hollow spaces should be provided with surface coverings to absorb
the standing waves.

In small drive applications, effective solutions are greatly influenced by

design solutions for larger drives, and are correspondingly many and various.



https://engineersreferencebookspdf.com



Index

accuracy of A/D conversion 244
accuracy of measurement 244
acoustic power 266
actuator 14
airgap 104
airgap
extension 68
width 24
alternating field 18, 20
tachometer 247
analogue speed measurement 246
analogue to digital converter 244
anechoic room 271
angular velocity 6
armature
current 110, 115
reaction 106,133
winding 105
auxiliary phase current 52f

balancing (two phases) 39
basic equations of the brushless
DC motor 168f

bilevel circuit 220
bipolar control switching 215
boundary frequency 242, 249
bridge circuit 158
brush

lifetime 121

sparking 111

types 115

voltage drop 108

wear 115
brushes 115
brushless DC linear motor
with moving coil 188
with unipole armature 189
brushless DC motor 165
lifetime 191
with auxiliary frequency
transformer 167
with single-coil stator winding
167
capacitive transducer 253
capacitor
microphone 269
motor 39
start motor 46, 59, 60
voltage 41, 53
carrier frequency 256
central heating circulating pump 1
characteristics
of the brushless DC motor 173
of the DC motor 133
circular rotating field 20
closed-loop operation 225
coil former 77
commutation 111
current 111
duration 111
problems in DC motors 134
commutator 103, 106, 111
bars 103
commutator machine 103



288 Index

contact voltage 113, 114
correction factor 257
csar motor

three windings 46, 55

two windings 46f, 52
current behaviour 29
current reversal voltage

(commutation) 111, 114

damping 265
DC linear motor
with armature coil 125
with permanent magnet
armature and concentrated
stator winding 127
with permanent magnet
armature and distributed
stator winding 126
with pole teeth 190
without commutator 125
DC motor
with cup rotor 139
with cylindrical iron rotor and
permanent magnet shells
129
with triple-T armature 137
DC tachometer 247
design variations on brushless DC
motors 173
differentiating circuit 260
direct drive for disc stores 184
direct field tachometer 247
direct methods 254
direction of rotation 56
discharge pump 76
discharge tube stroboscope 251
double capacitor motor 41, 46, 61
driven device 5
dust extractor hood 78
dynamic
basic law 260
measurement error 249
speed measurement 249

eddy current

brake 255

tachometer 248
efficiency 59, 73f, 110
electromagnetic transducer 252

electronic component 145
elliptic rotating field 20, 28, 47
equivalent circuit 30, 107

for a winding element 169

of the series motor 107
equivalent magnitudes 30
evaluation curve 269
externally started motor 37

FFT analysis 245, 271

field components 18

field distribution 67f

field effect transistor (FET) 150

field excitation winding 106

force on a conductor in a magnetic
field 124

four coil brushless DC motor 180

Fourier series 242

frequency changer 24

frequency spectrum 243

gramophone, disc direct drive 183

harmonic field torque 69
harmonic fields 67f

heat power 8

Helmholz resonator 283
hysteresis angle 89

IGBT 147
impulse hammer 271
incremental speed measuring
methods 246
indirect methods 259
induction
distribution 18, 106
machine 18
motor 17
input voltage selection (series-
parallel connections) 77
integrated circuit 153
interference field strength
measurement 261
interference level 266
internal rotor
with airgap winding 178
with slotted stator 181
inverse rotating field 29
iron losses 73



Kloss formula 28

leakage flux 66, 74
bridge 70
linear motor
with long stator 15
with short stator 15
Lissajous figure 273
longitudinal axis 107
loss distribution 73
loudness 269
loudness level 268

magnetic field transducer 252
main phase current 51f
main pole 66
measurement errors 249f, 257
measurement field 250
measuring
motor 142
time 249
torque 251
mechanical power 25, 108, 260
drawn from the shaft 5
microstep
control 159
drive 225
modal analysis 271
moment of inertia 6
motor
efficiency 5
speed 5
vibration torque 259
windings with varying coil
numbers 175
with disc rotor 138
with flux concentration 138
with resistive auxiliary phase coil
38
motors with disc stators 183
multicoil winding 21

natural vibration mode 271
neutral zone 106, 111
noise
excitation 273
measurement 268
reduction 276
sensitivity 267

Index 289

off-load run-up acceleration 259
oil-burner motor 1
operating characteristics 51, 70,
115
of a squirrel cage induction
motor 32

of a universal motor 115
operating performance 51, 72
oscillation form 275
oscillation free halt 213
overcommutation 112

particle displacement 265
particle velocity 265
permanent magnet 83
material 84
circuit 83
phase changer 24
phase-shift control 154
phasor diagram of a loaded
universal motor 109
phon 267
photocopiers 64
photoelectric transducer 253
plastic coil former 77
pole, distribution 19
pole-pair number 18,103
position indicator 176
power
data 71
distribution 25
factor 116
pressure sensor 258
primary current diagram 31
production quantities of small
motors 5
production value of electric motors
4
PTC (positive temperature
coefficient) resistors 57
pull-out (stall)
slip 28
torque 28

radiated acoustic power 266
radio and TV interference
suppression 120
reflection coefficient 365, 277
reflection factor 265



290 Index

refrigerating apparatus 77
reluctance rotor 90
resistive auxiliary phase motor 46,

resonance 273

resonant frequency 257, 278
RMS value 244

rotating field 18f

rotating field speed 24

rotor resistance 75

rotor rotating field power 25
run-up 258

saddle torque 27
sampling
frequency 242
theorem 242, 246
secondary winding 77
self-holding torque 203
shaded pole 65f
contour 76
motor stampings 69
resistance 76
short-circuit rotor motor 24
Siemosyn motor 90
single-phase
capacitor motor 1
motor 37
synchronous motor with shaded
poles 94
slip 25
slip-ring rotor motor 24
small motor function principles 11
sound
absorption coefficient 281
alternating pressure 265
characteristic impedance 265
dissipation coefficient 281
field magnitude 264
insulation 276f
intensity 265
level 265
transmission coefficient 280
space vector 19
speed
control 176
of sound 263
setting 117, 135, 176
possibility 34

spinner 78
split casing 61
staircase function 244
starting torque 27, 38, 41, 72
static load angle 203
static torque curve 199
stator rotating field power 25
Steinmetz circuit 42, 55
step angle division 225
structural-borne noise microphone
272
switching control drive 219
symmetrical components 48f
symmetrical drive 51
synchronous motor
types 81, 90
with external hysteresis rotor
96
with hysteresis rotor 838
with permanent magnet rotors
and capacitor auxiliary
phase 91
with permanent magnet rotors
85

tachometer 247
temperature 261
temperature coefficient 246
thermo element 261
threshold value 265f
thyristor 146
torque 6, 109

development 25

during run-up 170

saddle 74

transducer 256
torque-speed characteristic 115
torsion measuring shaft 259
torsional resonance 256
total loss methods 254
transformation ratio 39
transistor 148f
transverse axis 107
travelling wave motor 14
two-coil motor 185
two-level winding 103
two-pole alternating field

synchronous motor 96

under commutation 112



unipolar
control circuit 214
generator 247
universal motor 103

vibrating torque 29, 41, 72
at double the mains frequency
50
vibration
excitation 273
isolation 51, 76, 276, 278
isolation methods 278

Index 291

measurement 271
reduction 276
torque 38

voltage change 70

washing machine drive 61

winding and commutator of a DC
motor 129

winding conformity 74

winding path current 26, 29

winding tapping 77



Users of small electric motors face the difficult task of selecting
the best motor for their particular drive application. The technical
requirements of the drive, the level of safety needed and the cost
factor must all be considered. The choice is made more difficult by
the continuous arrival of newly developed types of motor. This book,
a translation from German, aims to help those involved in specifying,
developing, manufacturing and marketing small motors by reporting
the current state of the art.

The various types of motor, together with their differing
characteristics and their relationship to small drives are covered.
Developments such as brushless DC motors and stepper motors are
discussed, as well as the use of electronic control which widens the
spectrum of small motor applications. Also covered are measurement
and noise problems.

This book will be of interest to engineers, physicists and technicians
involved in the design, manufacture and application of small motors in
the laboratory, the factory and in service.

The Institution of Electrical Engineers
Michael Faraday House, Six Hills VWay
Stevenage, Herts., SGI 2AY ISBN 978-0-85296-921-X

United Kingdom
ISBN 0 85296 921 X “‘ H
97780852"969212">

Printed in the United Kingdom

https://engineersreferencebookspdf.com



	Half-title
	Title
	Copyright
	Contents
	Foreword���������������
	Acknowledgments����������������������
	1 Drives with small motors H. Moczala��������������������������������������������
	1.1 Economic significance of small motors������������������������������������������������
	1.2 Small motors and driven devices������������������������������������������
	1.3 Demands on small motors����������������������������������
	1.3.1 Compatibility with the energy source�������������������������������������������������
	1.3.2 Torque�������������������
	1.3.3 Speed������������������
	1.3.4 Efficiency�����������������������
	1.3.5 Maintenance������������������������
	1.3.6 Motor construction�������������������������������
	1.3.7 Mechanical vibrations����������������������������������
	1.3.8 Interference fields��������������������������������
	1.3.9 Price������������������

	1.4 Function principles of small motors����������������������������������������������
	1.5 Overview of small motors�����������������������������������

	2 Operation of the multiphase induction motor J. Draeger���������������������������������������������������������������
	2.1 Introduction�����������������������
	2.2 Operation of the induction machine���������������������������������������������
	2.2.1 Rotating and alternating fields��������������������������������������������
	2.2.2 Derivation of a rotating field from a polyphase winding��������������������������������������������������������������������
	2.2.3 Torque generation������������������������������
	2.2.3.1 Uniform rotating field�������������������������������������
	2.2.3.2 Elliptic rotating fields���������������������������������������

	2.2.4 Current characteristics������������������������������������
	2.2.5 Speed control possibilities����������������������������������������

	2.3 Single-phase motors������������������������������
	2.3.1 Externally started motor�������������������������������������
	2.3.2 Motor with a resistive auxiliary winding�����������������������������������������������������
	2.3.3 The capacitor start and run motor (csar motor)�����������������������������������������������������������
	2.3.3.1 The two-winding motor������������������������������������
	2.3.3.2 Three-winding motors�����������������������������������



	3 Operation and application of polyphase induction motors S. Tillner���������������������������������������������������������������������������
	3.1 Introduction�����������������������
	3.2 The two-winding csar motor�������������������������������������
	3.2.1 Theoretical principles�����������������������������������
	3.2.2 Operating characteristics of a two-winding csar motor������������������������������������������������������������������
	3.2.3 Motors with input voltage selection������������������������������������������������

	3.3 The three-winding csar motor���������������������������������������
	3.4 Choice between the two-winding and three-winding motor�����������������������������������������������������������������
	3.5 In-service supply voltage tolerances�����������������������������������������������
	3.6 Comparison of csar motor and 3-phase motor�����������������������������������������������������
	3.7 Motors with starter windings���������������������������������������
	3.7.1 Run-up characteristics of the resistive auxiliary phase motor��������������������������������������������������������������������������
	3.7.2 Starting characteristics of capacitor-start motors���������������������������������������������������������������
	3.7.3 Double capacitor motors������������������������������������

	3.8 Application of multiwinding induction motors�������������������������������������������������������
	3.8.1 Motors for central heating circulating pumps���������������������������������������������������������
	3.8.2 Washing machine drives�����������������������������������
	3.8.3 Main drives for photocopiers�����������������������������������������
	3.8.4 Oil-burner motors������������������������������


	4 Shaded-pole induction motors S. Tillner������������������������������������������������
	4.1 Introduction�����������������������
	4.2 Operation of the shaded-pole motor���������������������������������������������
	4.3 Field distribution and harmonic fields�������������������������������������������������
	4.4 Construction of shaded-pole motors���������������������������������������������
	4.5 Operational performance of shaded-pole motors��������������������������������������������������������
	4.5.1 Operating characteristics and technical data���������������������������������������������������������
	4.5.2 Comparison of the operating characteristics of the shaded-pole motor and the capacitor start and run induction motor (csar motor)����������������������������������������������������������������������������������������������������������������������������������������������
	4.5.3 Losses and efficiency����������������������������������

	4.6 Design and dimensioning of shaded-pole motors��������������������������������������������������������
	4.6.1 Winding conformity�������������������������������
	4.6.2 Influence of the rotor resistance����������������������������������������������
	4.6.3 Shaded-pole arc and shaded-pole winding resistance���������������������������������������������������������������

	4.7 Applications of shaded-pole motors���������������������������������������������
	4.7.1 Applications of shaded-pole motors with unsymmetrical construction�������������������������������������������������������������������������������
	4.7.2 Shaded-pole motors as fan motors���������������������������������������������
	4.7.3 Shaded-pole motors for washing machine spinners������������������������������������������������������������


	5 Synchronous motors H. Moczala��������������������������������������
	5.1 Summary of possible synchronous motor constructions��������������������������������������������������������������
	5.2 Permanent magnets����������������������������
	5.2.1 The permanent magnetic circuit�������������������������������������������
	5.2.2 Permanent magnetic materials�����������������������������������������

	5.3 Principles of synchronous motor function���������������������������������������������������
	5.3.1 Motors with permanent magnet rotors������������������������������������������������
	5.3.2 Motors with hysteresis rotors������������������������������������������
	5.3.3 Motors with reluctance rotors������������������������������������������

	5.4 Construction of synchronous motors���������������������������������������������
	5.4.1 Motors with permanent magnet rotors������������������������������������������������
	5.4.2 Motors with hysteresis rotors������������������������������������������
	5.4.3 Motors with reluctance rotors������������������������������������������

	5.5 Characteristics��������������������������
	5.6 Applications�����������������������

	6 Universal motors j Draeger�����������������������������������
	6.1 Introduction�����������������������
	6.2 Construction�����������������������
	6.3 Operating principles�������������������������������
	6.3.1 Magnetic flux distribution���������������������������������������
	6.3.2 Induced voltages and terminal voltage��������������������������������������������������
	6.3.3 Torque and power�����������������������������
	6.3.4 Commutation������������������������
	6.3.5 Brushes��������������������

	6.4 Operational performance����������������������������������
	6.4.1 Operating characteristics��������������������������������������
	6.4.2 Speed control��������������������������
	6.4.2.1 Variation of the terminal voltage U��������������������������������������������������
	6.4.2.2 Changing the supply frequency f
	6.4.2.3 Changing the excitation flux Φth through field winding taps
	6.4.2.4 Changing the series resistance RA + RE�����������������������������������������������������


	6.5 Radio-TV interference��������������������������������
	6.6 Applications�����������������������

	7 Direct current motors H. Moczala�����������������������������������������
	7.1 Basic principles���������������������������
	7.2 Direct current linear motors without commutators�����������������������������������������������������������
	7.2.1 Operating performance����������������������������������
	7.2.2 Types of construction����������������������������������

	7.3 Rotating direct current motors�����������������������������������������
	7.3.1 Principal construction�����������������������������������
	7.3.2 Operating performance����������������������������������
	7.3.3 Armature reaction������������������������������
	7.3.4 Commutation������������������������
	7.3.5 Speed control��������������������������
	7.3.6 Rotating direct current motor designs��������������������������������������������������
	7.3.6.1 Motors with standard forms of construction���������������������������������������������������������
	7.3.6.2 Motors with flux concentration���������������������������������������������
	7.3.6.3 Motors with cup rotors�������������������������������������
	7.3.6.4 Motors with disc rotors��������������������������������������


	7.4 Properties���������������������
	7.5 Applications�����������������������

	8 Electronic circuits for small electric motors H. Schock����������������������������������������������������������������
	8.1 Introduction�����������������������
	8.2 Active electronic components for driving motors����������������������������������������������������������
	8.2.1 Diodes�������������������
	8.2.2 Thyristors�����������������������
	8.2.2.1 The thyristor����������������������������
	8.2.2.2 GTO (gate turnoff thyristor)�������������������������������������������
	8.2.2.3 MCT (MOS controlled thyristor)���������������������������������������������
	8.2.2.4 Triac, diac��������������������������

	8.2.3 Transistors������������������������
	8.2.3.1 Bipolar transistors����������������������������������
	8.2.3.2 Unipolar (MOS) transistors�����������������������������������������
	8.2.3.3 IGBT�������������������

	8.2.4 Integrated circuits��������������������������������

	8.3 Motor control������������������������
	8.3.1 Circuits with alternating voltage����������������������������������������������
	8.3.2 Direct current circuits������������������������������������

	8.4 Examples�������������������
	8.4.1 Control circuit for a bipolar two-winding stepper motor��������������������������������������������������������������������
	8.4.2 Washing machine controller���������������������������������������


	9 Brushless direct current motors H. Moczala���������������������������������������������������
	9.1 Technical solutions for brushless direct current motors������������������������������������������������������������������
	9.2 Principal construction and behaviour�����������������������������������������������
	9.3 Types of construction��������������������������������
	9.3.1 Design variants����������������������������
	9.3.2 Motor windings and energising circuits���������������������������������������������������
	9.3.3 Position indicators��������������������������������
	9.3.4 Speed setting and control��������������������������������������

	9.4 Motor designs and constructions������������������������������������������
	9.4.1 Internal rotor motors and airgap windings������������������������������������������������������
	9.4.2 Internal rotor motor with slotted stator�����������������������������������������������������
	9.4.3 Motors with disc stators�������������������������������������
	9.4.4 Two-coil motors����������������������������
	9.4.5 Linear motors��������������������������

	9.5 Properties���������������������
	9.6 Applications�����������������������
	9.7 Outlook������������������

	10 Stepper motors - principles and applications H. Krauss����������������������������������������������������������������
	10.1 Introduction������������������������
	10.2 Modes of operation������������������������������
	10.2.1 Principle of function�����������������������������������
	10.2.2 Static performance of stepper motors��������������������������������������������������
	10.2.2.1 Static torque curve�����������������������������������
	10.2.2.2 Step angle accuracy�����������������������������������

	10.2.3 Dynamic performance���������������������������������
	10.2.3.1 Torque/step frequency performance�������������������������������������������������
	10.2.3.2 Acceleration and braking����������������������������������������
	10.2.3.3 Optimal frequency for average velocities��������������������������������������������������������
	10.2.3.4 Single step and step sequence���������������������������������������������
	10.2.3.5 Stopping the stepper motor������������������������������������������


	10.3 Electrical control circuitry����������������������������������������
	10.3.1 Methods of control��������������������������������
	10.3.1.1 Unipolar drive������������������������������
	10.3.1.2 Bipolar drive�����������������������������
	10.3.1.3 Five-phase motor drive��������������������������������������

	10.3.2 Semiconductor power switch with inductive load������������������������������������������������������������
	10.3.3 Control circuits������������������������������
	10.3.3.1 Switching stages��������������������������������
	10.3.3.2 Circuits for producing the switching sequences��������������������������������������������������������������
	10.3.3.3 Control circuits for acceleration and braking�������������������������������������������������������������
	10.3.3.4 Digital step sequence control���������������������������������������������
	10.3.3.5 Stepper motor with closed-loop drive����������������������������������������������������
	10.3.3.6 Step division - microstep drive�����������������������������������������������


	10.4 Basic system for stepper motor drives�������������������������������������������������
	10.4.1 Drives with the facilities of acceleration, braking, variable stepping frequency and reversibility����������������������������������������������������������������������������������������������������������������
	10.4.2 Positioning drive in combination with a counter�������������������������������������������������������������
	10.4.3 Drive with step frequency variation via a voltage/frequency converter�����������������������������������������������������������������������������������
	10.4.4 Drive with microprocessor control�����������������������������������������������

	10.5 Choice criteria for stepper motors����������������������������������������������
	10.5.1 Forms of construction�����������������������������������
	10.5.1.1 Two-stator motor��������������������������������
	10.5.1.2 Hybrid stepper motor������������������������������������
	10.5.1.3 Construction of a 5-phase hybrid stepper motor��������������������������������������������������������������
	10.5.1.4 Disc magnet stepper motors������������������������������������������

	10.5.2 Example of choosing a stepper motor�������������������������������������������������

	10.6 Summary of important stepper motor concepts�������������������������������������������������������

	11 Measurements in small drive systems J. Draeger��������������������������������������������������������
	11.1 Introduction������������������������
	11.2 Sampling functions������������������������������
	11.3 Current, voltage, power�����������������������������������
	11.4 Speed of rotation�����������������������������
	11.4.1 Analogue speed measurement����������������������������������������
	11.4.2 Incremental rotation measurement����������������������������������������������

	11.5 Torque������������������
	11.5.1 Total loss methods��������������������������������
	11.5.2 Direct methods����������������������������
	11.5.3 Indirect methods������������������������������

	11.6 Mechanical power����������������������������
	11.7 Temperature�����������������������
	11.8 Interference field strength���������������������������������������

	12 Vibration and noise problems in small drives J. Draeger�����������������������������������������������������������������
	12.1 Introduction������������������������
	12.2 Sound field quantities����������������������������������
	12.3 Subjective sensitivity to noise�������������������������������������������
	12.4 Noise measurement�����������������������������
	12.5 Vibration (oscillation) measurement�����������������������������������������������
	12.6 Vibration and noise excitation������������������������������������������
	12.7 Vibration and noise reduction�����������������������������������������
	12.7.1 Methods at the noise source�����������������������������������������
	12.7.2 Insulation and vibration isolation������������������������������������������������
	12.7.3 Sound damping���������������������������
	12.7.4 Technical solutions���������������������������������


	Index������������



