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Small Electric Machines
H. P. Kreuth

Small machines account for about 25% of
the total production value of electrical
machines. The paper presents a survey of the
main development fields with an accent on
magnetic materials, on the stability problems
ofpermanent-magnet motors and on the

torque of brushless DC motors.

Kleinmaschinen machen etwa 25% des

gesamten Produktionswertes der elektrischen

Maschinen aus. Der Aufsatz gibt einen
Uberblick über die wichtigsten Entwicklungsgebiete

mit Schwerpunkten auf den magnetischen

Materialien, auf den Stabilitätsproblemen

von Motoren mit Permanentmagneten
und auf dem Drehmoment von kollektorlosen
Gleichstrommotoren.

Les petites machines font environ le quart de
la valeur de production de toutes les machines

électriques. L'article présente une vue
d'ensemble des champs de développement
principaux, en mettant l'accent sur les matériaux

magnétiques, sur les problèmes de
stabilité des moteurs à aimants permanents et
sur le moment des machines à courant
continu sans collecteur.

This paper has been presented as a survey lecture at the

International Conference on Electrical Machines ICEM'84

at Lausanne.

Author's address
Dr. H. P. Kreuth, Chef der Techn. Berechnung,
Elektromotorenwerk Würzburg, Siemens Aktiengesellschaft,
Postfach 6429, D-8700 Würzburg 1.

1. The market of small
machines
Electric machines with a power

input up to Pi 375 W are considered
as small machines or fractional
horsepower machines. In highly industrialized

countries, their production value
reaches 25% of the total production
value of electric machines. In figure 1

the production output and production
value of the Federal Republic of
Germany in 1982 are shown. Small
machines are mass-produced on a high
level of mechanization and even
automatization, they are tailor-made
products and undergo frequent redesign.
The representative life cycle is about
five years with consequently high
research and development costs.

About 60% of the produced units are
DC motors with commutator or brush-
less DC motors and have permanent-
magnet excitation. Therefore, and
because of technological problems arising

from the small physical size of
these motors, the materials constituting

the magnetic circuit play an important

role.

/ 560
commutator

DC and brushless
motors

28,0 / 125 i-Ar commutator
1 motors

//
2,0 /

595 « asynchronousl_Al' motors

18,5

I 48,5 I 1280'
million units million DM

Fig. 1 Market of small electric machines
(P\ S 375 W), FRG 1982(1]

The input range 375 W ^ Pi ^ 10 kW
covers another share of 35% of the total

production value, mostly 3-phase
asynchronous motors and DC motors
for industrial drives. Therefore more
than half of the production value of
electric machines is to be found in the
low-power area.

2. Magnetic Materials
Since 1960 the characteristics of

permanent magnets have been improved
significantly and nowadays they offer
such a level of air gap induction of
small machines that they are more
economical than electromagnetic excitation

(fig. 2). A new family of materials,
both with cobalt and iron, has recently
gone in mass production [2] and
provides remanent induction above Br
1.0 T together with extreme demagnetization

stability. The development of
cheap ferrite magnets has reached
remanent induction of Bv 0.4 T in the
vicinity of the theoretical maximum

ßr < 0.46 T).
Due to reduced dimensional

tolerances in micromotors the machining
of sintered magnets has become
expensive. A new group of RE Co and Sr

0 plastic magnets has been introduced
into mass production (fig. 3), which is
inferior in magnetic characteristics,
but which needs no final machining
even when using complex geometrical
structures.

Research efforts to substitute the
sheet iron of the magnetic circuit by
die-casted or sintered powdered material

have reached an interesting level
(fig. 4). The break-even of these new
materials will depend on reducing the
costs by mass production. Such magnetic

materials might revolutionize
machine construction in the near
future. Because of the inherent low relative

permeability of these materials (10
1 pr i 100) they will be used only in
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Fig. 2 Characteristics of permanent magnets
1 Ferrit isotropic sintered 5 Alnico anisotropic cast
2 Ferrit anisotropic sintered 6 Sm Co anisotropic sintered
3 Alnico isotropic sintered/cast 7 Nd Fe2 anisotropic sintered
4 Alnico anisotropic sintered/cast

Fig. 3

Properties of plastic
magnets

magnets

Fig. 6 Stable operation of permanent
magnets |4|

Bd, Hd direct axis field components

B

very small motors (Pi S 20 W) with
high frequencies of the magnetic field
(ft 400 Hz). Moreover, replacing the

Fj 4
sheet iron by powdered iron will re-

Characteristics of soft duce the output of these machines [3],
magnetic materials the derating reaching about 30%.

3. DC-Commutator Motors
with Permanent-Magnet
(PM) Excitation
DC motors with mechanical

commutator and ratings up to P\ 300 W
are built with shell-type permanent
magnets and tubular yoke (fig. 5). If
the B and H fields coincide with the
main (d-) axis of an anisotropic magnet

material, the characteristics of the

permanent magnet can be described in
terms of Bd Bd (Hd) according to fig.
6. A rotor excitation displaces the
working point from no-load situation

H

[kA/mJ -400 -300 -200 -100 0
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Fig. 8

Field distribution in
anisotropic permanent
magnets

Fig. 9

Quadrature axis
stability of anisotropic
permanent magnets |5|
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Fig. 7 Field distribution of a DC motor with
permanent magnet at stand-still |6b|

Ai to load situation Ay, the maximum
permissible load may be calculated
from the limiting value Hg.

Maximum demagnetization occurs
on the trailing edge of the magnet under

blocking conditions. As the
permeability of the permanent magnet is

very low and as the stator is dimensioned

for normal load only, the
assumption of fields in d-direction only
is not valid, as shown in figure 7. With
I 3 /n the ß-field begins to deviate
from d-direction, with / 6 /n the
ß-field even changes direction, thereby

irreversibly demagnetizing the
magnet.

If we consider an arbitrary situation
of field deviation according to figure
8, showing a small angle a between
flux density B\ and d-axis (fig. 8a), we
can calculate the corresponding field
intensity H\ at this point by using the
d-and q-axis characteristics of the
permanent magnet [4], Permeability being
very low, even a small amount of
q-axis flux density ßqi leads to a high
amount of q-axis field intensity Hq\
(fig. 8b). Therefore the resulting field
intensity H\ is high and has an important

q-axis or tangential component.
In order to analyse stability of the

permanent magnet at blocking rotor,
further information is required
concerning the d-axis stability behaviour

1392 (A 788)

of the permanent-magnet material
under quadrature axis field Hq > 0.

Figure 9 shows the degradation of magnetic

stability in the presence of
quadrature axis fields.

For small values of the q-axis field
intensity Hq there is no influence to the
d-axis characteristics of the magnet.
Exceeding a certain limiting value-
here about 250 kA/m —the d-axis
characteristic is rapidly degraded. For the

purpose of field calculations one has

to describe this behaviour properly.
In figure 10 a material model is

shown, which was used in a more
refined form by [6]. The well-known
d-axis characteristic with constant
parameters jtird, Br and //rq is valid only for
field intensity values below the
material-dependent limiting value Hg. This
limiting value is a function of the angle
(//between field intensity H and d-axis.
With ideal magnets the limiting value
Hg would follow the dashed line,
which means that the d-axis characteristic

is not influenced by q-axis fields.
With real magnets, this limiting value
is much lower, as shown by the full

line, because a q-axis field demagnetizes

the d-axis. Magnetic materials
with high stability against q-axis fields
therefore become important with newly

developed high remanent materials.
The design of a PM-excited commutator

motor requires a compromise
between high performance, which
leads to a PM material with high re-
manence ßr, and stability against
locked rotor currents, which leads to a

material with high coercitivity bHç.
Mass-produced ferrite magnets cannot
offer both features.

Hg (y/ / Hg (180)

Fig. 10 Permanent magnet material model

Bull. ASE/UCS 75(1984)23, 1 décembre



Fig. 11 Optimal rotor dimensions with composite

magnets [61

Index 1,2 correspond to material 1 resp. 2

M torque
(D magnetic flux
D rotor diameter

As the stability of the permanent
magnet is only a problem limited to
the trailing edge, it is possible to build
such a magnet from two different
materials [7]. Material 1, which constitutes

the greater part of the magnet,
has high remanence Br, but rather poor
coercitivity, and will provide the greater

part of the main flux. Material 2,
which has high coercitivity, secures
stability against demagnetization near
the trailing edge, contributing a minor
part to the main flux. Careful optimization

of size and properties of the
magnetic materials 1 and 2 can lead to
a 10% improvement in blocking
capability, if one is willing to adjust the
rotor diameter to the optimal point
(fig. 11).

For low-power drives in the VCR
market1) disc-armature PM motors are
widely used. Fig. 12 shows a typical
layout with resin-bonded armature
coils. Such motors provide very low
torque ripple due to the lack of a
toothed armature core, but efficiency
is fairly modest and the automatization

of the armature connections
causes problems.

Whereas the low power range (Pi ^
300 W) is exclusively equipped with
permanent-magnet excitation, higher
power levels show problems at blocking

condition because of instability
against demagnetization. Stator pole
shoes are to be used as shielding means
against armature excitation, if there is

no possibility of current limitation.
DC servomotors with ferrite-magnet

excitation and current limitation are

') VCR Video Cassette Recorder

Fig. 12 Disc-type DC motor

(Matsushita Electric Industry Co., Japan)

standard drives for machine tools [8],
even with shell-type magnets. Nominal

torques range from 1 Nm up to 120

Nm, but overload torque is limited
with increasing speed because of
commutation problems (fig. 14).

4. Brushless DC Motors
Basically a brushless (BL) DC motor

is an AC synchronous motor and
his stator currents are commutated
according to the rotor position in such a

way, that maximum output torque is
obtained at a given speed.

Accordingly the BL motor can be
investigated as a m-phase synchronous
motor with rectangular waveform stator

voltages [9]. The resulting torque
curves are given in figure 13. Torque
characteristic G is nonoptimal and
corresponds to a fixed commutation
angle, which is optimal for very low
speeds. Torque characteristic C2 is
optimal and corresponds to a speed-de-
pendent advanced commutation an-

c 2

Optimal

C1
non optimal

gle. The electrical time constant of a
small BL motor is very short (typically
reS 10 ms). So the torque characteristics

tend to become straight lines, and
the difference between nonoptimal
and optimal commutation angle is

negligible.
A major asset of the conventional

DC motor is his low cogging torque.
The BL motor normally has m 3 and
therefore tends to produce high torque
ripple if stator currents are kept
constant and the back EMF varies sinu-
soidally with time. By arranging winding

distribution and air gap field in
order to obtain trapezoidal back EMF
[10] it is possible to produce with DC
stator currents a torque with negligible
ripple at low speed. So there are virtually

no differences in the behaviour of
conventional and brushless DC motors

[1 1].

With increasing power output the
electrical time constant re of the BL
motor increases and the motor has to
be considered as a synchronous motor
fed with variable frequency [12]. If the
current vector of a BL motor is
position-controlled to magnetize in the
q-axis, maximum torque and minimum

losses occur. To extend the working

range beyond the voltage limitation

of the inverter, the current position

can be moved away from the
q-axis so that the no-load speed
increases.

Three-phase six-pole BL servomotors

are in production [13] and offer
superior performance as compared to
commutator DC motors. RE Co
segments are arranged on the rotor
surface for PM excitation, and the stator
is skewed to provide a small cogging
torque. Nominal torques range from 1

to 55 Nm. The torque characteristics of
the BL servomotor (fig. 14, full lines)

Fig. 13 Characteristics of BL motors

T Torque mean value

Fig. 14 Torque characteristics of PM
servomotors

BL Servo
DC Servo
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Fig.16
Axial flux BL motor

(Daido Corp., Japan)

el

hnn
0° 90° 180°
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tmtot C

0° 90° 180°

Fig. 15 Single-phase BL motor with additional
reluctance torque 115)

mei electrical torque
mm cogging torque

Motor Shaft
Rotor Back Yoke

Hall Element

Stator Coil
1st Phase
2nd Phase

Base Plate'

Rotor

Rotor Magnet

Stator Coil
Fixing Plate

FG-Coil

Bearing

show practically no reduction with
increasing speed, whereas the torque
characteristics of commutator
servomotors (fig. 14, dashed lines) are
restricted by commutation limits in the
overload region.

Very small BL motors frequently are
designed with a single stator phase (m

1) to reduce the cost of electronics.
To provide starting torque at every
possible rotor position and to minimize

torque ripple, a non-uniform air
gap produces a cogging torque,
according figure 15b [14], which fills the

gaps between the electrically energized
torque (fig. 15a). As the electromagnetic

torque and cogging torque have to
be aligned close-fitting, the torques of
figure 15 are valid only for a given
excitation level, e.g. the nominal load
and speed. Therefore motors of this
kind show difficulties with their starting

torque.
To avoid these disadvantages, a

constant air gap and a non-uniform
rotor magnetization [14] may be used.
Coil span and effective pole width of
the magnets are equally 120° (electrical
degrees), and a constant torque is
provided over a position angle of 240°. A
motor of this type has the desired overload

capacity, but is rather poor in his
efficiency because of the small chord-

ing factor both of winding and magnet.

In the field of floppies and VCRs an
increasing number of slim-line BL motors

is needed. Figure 16 shows an axial

air gap with a disc-type PM rotor
leading to very flat motors. The stator
windings and position sensors are
incorporated in the etched circuit board.
Sheet coil techniques have been developed

to avoid wire windings completely-

5. Step motors
Positioning devices with small load

torque (up to 0.5 Nm) are equipped
with stepping motors, which in recent
years have proved to be both economical

and reliable. Table I shows some
characteristics of three standard types:
sheet-metal PM motors with heteropolar

rotor excitation, reluctance motors
with unexcited rotor and hybrid motors

with homopolar excited reluctance

rotor [15].
Sheet-metal PM motors have two

stator phases in axially separated motor

systems (fig. 17). By applying bifi-

lar splitted stator windings the stator
voltages become unipolar DC pulses
and the cost of stator electronics is
decreased. Half-step operation is possible,
if one allows for pulsating motor
torques. As sheet-metal stators have
high iron losses, this type of motor is
used only for medium stepping
frequencies up tof sS 1000 s~'.

Hybrid or H Y stepping motors combine

the Vernier principle of reluctance

motors and the homopolar
excitation of the interference machine (fig.
18). The stator and sometimes the
rotor are laminated structures; therefore
these motors allow high stepping
frequencies up to fs 10 000 s_1 and high
torques up to Mh ^ 2...5 Nm. As the
stator and rotor yoke flux is both radial

and axial, the axial magnetic
conductivity of the yokes has to be taken
into account [17].

Operating a stepping motor near or
below its natural frequency can induce
stability problems [18]. As PM stepping

motors have no damper windings
on their rotors, stepping motors also
show an inherent instability in the slew
region [19], if external damping is very
low. Short-term operation up to T Si

Types ofstep motors Table I

Sheet-metal PM,
heteropolar excited

Hybrid reluctance motor,
homopolar excited

Reluctance motor
nonexcited

Single Stator
90° itccsi 30°
Mh £ 0,5 Nm

m 2,3

3,6°^ as> 0,9°
Mh ^ 2 Nm

m 2

15° ü as Ü 0,2°
Mh S 0,5 Nm

m= 3,4

Multi-Stator
22°^ as > 3,75°
Mh S 0,25 Nm

m 2

Os= 1,8°
Mh i 0,5 Nm

m 2

15° ü as si 1°

Mh ïî 0,5 Nm
m 3
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Phase B

Fig. 17

Sheet-metal PM
stepping motor

p 8

m 2

350°

2 p'tn
11,25°

(Nach einem Vortrag
von E. Traeger, Techn.
Akademie Esslingen,
Mai 1984)

0.5 s is feasible, but long-term stability
can only be provided with additional
mechanical damping.

Optimal stepping programs are
developed by trial and error; further
research efforts in this field are
required. Phase plan methods have been
applied to develop stepping strategies
(fig. 19), but the stability boundaries

are only valid for constant-current
drive.
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optimal stepping
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