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Application Characteristics of Permanent
Magnet Synchronous and Brushless
dc Motors for Servo Drives
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Abstract—The permapent magnet synchronous motor
(PMSM) and the brushless dc motor (BDCM) have many simi-
larities; they both have permanemt magnets on the rotor and
require alternating stator currents to produce constant torque.
The difference in these two machines is that the PMSM and the
BDCM has sinusoidal and trapezoidal back emfs, respectively.
This means these two machines have different operating charac-
teristics and control requirements., For application considera-
tions, these two motor drives have to be differentiated on the
basis of known engineering criteria. Some of the criteria used to
assess these two machines include power density, torque per unit
current, speed range, feedback devices, inverter rating, cogging
torque, ripple torque, and parameter sensitivity. Guidelines for
the appropriate machine to be used for a given application are
given based on the results of the criteria listed above.

NOMENCLATURE

e, €, e, a,b,and ¢ phase back emfs, V
E, peak value of back emf, V

40y i, @, b, and ¢ phase currents, A
g iy d and g axis stator currents, A
I, peak value of current, A

iy vector sum of d and g axis currents, A
L, L, stator d, g inductances, H

P derivative operator

P number of pole pairs

R stator resistance, )

T, electric torque, N-m

T, load torque, N-m

T, total motor torque, N-m

Vs Vg d and g axis stator voltages

dc bus voltage, V
X4, X, stator d, ¢ reactances, ©

] angle between magnet flux and i,, rad

@, rotor speed, rad/s '

w, synchronous speed, rad/s

Ny mutual flux linkage between rotor and stator due

to magnet, Wb-turn
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Nas A, stator d and g axis flux linkage, Wb-turn

Ao air gap flux linkage, Wb-turn

8, angle between stator phase 4 and the rotor, rad
*

superscript indicating reference value

I. INTRODUCTION

HE PERMANENT magnet synchronous motor (PMSM)

and the brushless dc motor (BDCM) have many similari-
ties [1], [2]; they both have a permanent magnet (PM) on the
rotor and require alternating stator currents to produce con-
stant torque. The difference in these two machines is that
the PMSM and the BDCM have sinusoidal and trapezoidal
back emfs, respectively. This means these two machines
have different operating characteristics and requirements.
Although some of the fundamental differences [1]-[5] be-
tween these two machines are known, no guidelines exist to
help the application engineer to compare and contrast these
two servo drives for a given application. The aim of this
paper is to compare and present the application characteris-
tics of these two motor drives, Selection criteria for compar-
ing and contrasting different motor drives have already been
presented [1]. This paper uses these criteria to compare and
assess the characteristics of the PMSM and BDCM drives for
servo applications. Some of the criteria used include power
density, torque per current rating, speed range, feedback
devices, inverter rating, cogging and ripple torques, and
parameter sensitivity. Guidelines are developed to select the
appropriate machine to be used for a given application based
on the results of the comparison criteria listed above. An
attempt is made to present the results on a normalized basis
as far as possible so that the applicability of the results are
essentially independent of the particular motor rating.

There are a variety of ac servo drives on the market
f1]1-[5] competing with both the dc brush machine and other
ac servo drives. The selection process of a servo drive for a
particular application in the fractional to 30-hp range can
be represented by Fig. 1. From Fig. 1, it is clear that the
first decision to be made is whether to use a dc brush or a
brushless servo.

The reasons for choosing brushless servo motor drives
over the brush type dc motor drives are well known and

. include robustness, higher torque and speed bandwidths, and

lower maintenance. The mechanical commutator and brushgs
of the dc motor also enforce severe limitations on its maxi-
mum speed and overcurrent capabilities. Assuming that it has
been decided to use a brushless servo motor drive, the next

0093-9994/91/0900-0986$01.00 © 1991 IEEE




PILLAY AND KRISHNAN: APPLICATION CHARACTERISTICS OF dc MOTORS FOR SERVO DRIVES

APPLICATION

BRUS&.LESS

DC BRUSH

AC MOTORS SWITCHED RELUCTANCE

—

FPERMANENT MAGMET INDUCTION

PMSM BDCM
Fig. 1. Motor selection procedure.

decision to make is whether to use an ac or a switched
reluctance motor. The switched reluctance motor is inher-
ently a pulsating torque machine, although some work has
been done in an attempt to reduce the torque ripple. Hence, if
a reasonably siooth output torque is required, an induction
of permanent magnet machine is to be preferred over the
switched reluctance motor, The next decision to be made,
then, is whether to use an induction or a PM motor.

The permanent magnet motor drives have the following
advantages over the induction motor (IM) drive [1]-[10]:

1) The rare earth and neodymium boron PM machine has
a lower inertia when compared with an IM because of
the absence of a rotor cage; this makes for a faster
response for a given electric torque. In other words,
the torque to inertia ratio of these PM machines is
higher.

2) The PM machine has a higher efficiency than an
induction machine. This is primarily because there are
negligible rotor losses in permanent magnet machines;
the rotor losses in the IM, however, can be consider-
able, depending on the operating slip. This discussion
is applicable to constant flux operation.

3) The IM requires a source of magnetizing current for
excitation. The PM machine already has the excitation
in the form of the rotor magnet.

4) The need for magnetizing current and the fact that the
IM has a lower efficiency necessitates a larger rated
rectifier and inverter for the IM than for a PM ma-
chine of the same output capacity.

5} The PM machine is smaller in size than an induction
motor of the same capacity. Hence, it is advantageous
to use PM machines, especially where space is a
serious limitation. In addition, the permanent magnet
machine weight less. In other words, the power den-
sity of permanent magnet machines is higher,

6) The rotor losses in a PM machine are negligible
compared with those in the induction motor. A prob-
lem that has been encountered in the machine tools
industry is the transferal of these rotor losses in the
form of heat to the machine tools and work pieces,
thus affecting the machining operation. This problem
is avoided in permanent magnet machines.
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The induction motor drive has the following advantages
over permanent magnet motor drives [2]:

1) Larger field weakening range and ease of control in
that region

2) lower cogging torques

.3) less expensive feedback transducers such as an incre-
mental rotor position encoder for the IM instead of an
absolute position encoder that is required by the per-
manent magnet motor drives '

4) lower cost

5) much higher rotor operating temperatures that are
allowed in induction motors than in PM motors.

Depending on the application, a choice is made between an

IM or ac PM motor drive if the dc brush and switched
reluctance servos are excluded. If the choice is narrowed to
an ac permanent magnet motor drive, then there are hardly
any guidelines to differentiate the available permanent magnet
motor drives, namely, the PMSM drive and the BDCM
drive. This paper concerns itself mainly with this aspect of
the problem.

The paper is organized as follows: The similarities and
differences between the PMSM and BDCM and the drive
strategy are discussed in Section II. Power density, torque to
inertia ratio, speed range, torque per unit current, braking,
parameter sensitivity, and other criteria are used to compare
and contrast the PM motor drives in Section III. Conclusions
are given in Section IV.

II. DescrirtioN OF THE PMSM anp BDCM
Similarities Between the PMSM and BDCM

The PMSM owes its origin to the replacement of the
exciter of the wound rotor synchronous machine, which
included a field coil, brushes, and slip rings with a permanent
magnet. A distinguishing fearre of the PMSM is that it
generates a sinusoidal back emf just like an induction motor
or wound rotor synchronous motor; in fact, the stator of the
PMSM is quite similar to that of the induction machine.

The BDCM owes its origin to an attempt to invert the
brush dc machine to remove the need for the commutator and
brush gear. The commutator in the brush dc machine con-
verts the input dc current into approximately rectangular
shaped currents of variable frequency. By applying this rect-
angular-shaped current directly to the stator of the BDCM
and transferring the field excitation to the rotor in the form of
a permanent magnet, an inversion of the brush d¢ machine
has taken place with the advantage that the new inverted
machine does not have a mechanical commutator and brush
gear, hence the name brushless dc machine.

The magnets in the PMSM or the BDCM can be cither
buried or surface mounted. In the surface-mounted machine,
two variations can exist. The magnets can be inset into the
rotor ot project from the surface of the rotor. These ma-
chines will be referred to as buried, inset, and projecting PM
machines, respectively.

Buried PM machines are more difficult to construct than
either the inset or projecting serface-mounted machines. In
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addition, an epoxy glue is used to fix the magnets to the rotor
surface in the inset and projecting surface-mounted machines.
This implies that the mechanical strength of the surface
mounted machines is only as good as that of the epoxy glue,
assuming no retaining sleeve is used; hence, buried PM
machines are more robust and tend to be used for high-speed
applications, In addition, the direct and quadrature axis in-
ductances of the projecting surface-mounted PM machines
are approximately equal. This is because the length of the
airgap is equal to that of the magnet, which has a permeabil-
ity approximately that of air. This results in the direct and
quadrature axis reluctances and, hence, inductances being
approximately equal. The opposite is true, however, in the
buried PM machine. Here, the quadrature axis inductance
can be much larger than that of the direct axis since, although
the length of the airgap is the same, the space occupied by
the magnet in the direct axis is occupied by iron (and not air)
in the guadrature axis. The difference between the quadrature
and direct axis inductances in inset PM machines lies be-
tween that of the buried and projecting surface-mounted
machines. This means that in addition to the clectric torque, a
reluctance torque exists in buried and inset PM machines,
This torque can be used to increase the torque/current rating
as discussed later.

Although most machines on the market are of the radial
field design, recent research [2] indicates that the axial field
has some advartages over the conventional radial field de-
signs, especially in terms of power density and torque-to-in-
ertia ratio.

Differences Between the PMSM and BDCM

The PMSM has a sinusoidal back emf, whereas the BDCM
has a trapezoidal back emf [5]. Both have a permanent
magnet rotor, but the difference is in the winding arrange-
ment of the stator and shaping of the magnets. Sinusoidal
stator currents are needed to produce a steady torque in the
PMSM, whereas rectangular-shaped currents are needed to
produce a steady torque in the BDCM, as is shown in Fig. 2.
It is this difference that has rumerous ramifications both in
the behavior of the motor drive and in the structure of the
control algorithms and circuitry.

Permanent magnet motor drive scheme: There are a
number of similarities in the overall drive scheme of the
PMSM and the BDCM. Fig. 3 shows a schematic that is
essentially applicable to either drive system. A speed servo is
shown. The error between the reference and actual speeds is
used to obtain the torque reference, which in turn is used to
obtain the stator current reference. Rotor position feedback is
needed in both drives to convert the stator current reference
into phase current references. The position information
needed for each drive is somewhat different, and this concept
will be elaborated on in the next section. Hysteresis or ramp
comparison [11] current controllers can then be used to
maintain the actual currents flowing into the machine as close
as possible to the references during constant torque opera-
tion. Current feedback is used in order to achieve this. The
actual logic of the current controllers have been presented
[16]. The configuration of the entire power electronic stage
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Back emf of the brushless DC motor
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Current waveform required for constant torque
Fig. 2. Block emf and current waveform of the brushless dc motor.

including the current controllers and base drive amplifiers are
essentially the same for both machines. Significant differ-
ences are in the position feedback device and the manner in
which this is used to obtain the phase currents from the stator
current vector.

M. AppLiCATION CHARACTERISTICS OF THE PMSM
AanND BDCM :

The characteristics of these two machines are compared
and determined with the aid of well-known selection criteria
developed in [1]. The criteria include the following:

1) Cost
2) power density
3) torque to inertia ratio
4) speed range
5) torque per unit current
6) braking
7) cogging and ripple torques
B) choice of feedback devices
9) parameter sensitivity
10) rectifier/inverter rating
11) losses and thermal capability.

Cost

Ultimately, it is the cost that plays a crucial role in
deciding on a particular drive. However, the cost is only a
fair comparison if the engineering performance of the drives
under consideration are comparable. Some of the engineering
characteristics that should be considered are examined in the
following sections.

Power Density

In certain high-performance applications like robotics and
aerospace actuators, it is preferable to have as low a weight
as possible for a given output power. The power density is
limited by the heat dissipation capability of the machine,
which in turn is determined by the stator surface area, In PM
machines, most of the losses are developed in the stator in
terms of copper, eddy currents, and hysteresis losses. Rotor
losses are assumed negligible. Hence, for a given frame size,
the motor that develops lower losses will be capable of 2
higher power density. Assume in the first case that the eddy
currents and hysteresis losses of the PMSM and the BDCM



PILLAY AND KRISHNAN: APPLICATION CHARACTERISTICS OF dc MOTORS FOR. SERVO DRIVES . 989

Controller

| i i:
. ,_& Inverse
0 % 1#
i3 b
] Transform i*
r c
-
-
Resolver
Signal
Processor

I

TI D1 T3 D3 5 D5

; R

Hysteresis

Coptroller &

Base Drive

1

T4 D4 Ts D6 T2 D2

1Tx

- amplifiers

T1,T2,T3,T4,15,T6

Fig. 3.

are equal. Then, the relative power densities would be deter-
mined by the copper losses. The power output of these two
machines is compared based on the equality of coppet losses.

In the PMSM, sinusoidal currents of low harmonic content
are obtainable from hysteresis or PWM current controllers
such that the copper losses are essentially determined by the
fundamental component of current. If the peak current is I,
then the RMS current is Ip1/+/2, and the machine copper
losses are given by 3(J, /\/2)2R o Where R is the phase-4
resistance.

In the case of the BDCM that requires trapezoidal cur-
rents for constant torque, the losses are given by 3 (vV21,, /
V3)’R,, where I, is the peak of the trapezoidal current.
Hence, assuming that the core losses of the two machines are
equal and the power density is determined by the copper
losses

3(LyN2Y R, = 3(V21,, V3)'R, m
Ty N2 =21, /3 (2)
Iy =21, /N3 =1.151,. (3)
Now the ratio of the BDCM output power to the PMSM
output power is given by
2;!5"91},2/(3E‘,,I‘E,1 IN2N2 = 4E,N31, [6E, ],

ol

=1.15 (4)

that is, the BDCM is capable of supplying 15% more power
than the PMSM from the same frame size, that is, the power
density can be 15% larger, provided the core losses are
equal.

Torque to Inertia Ratio

Since it is possible to get 15% more power out of the
BDCM, it is also possible to obtain 15% more electric torque

PMSM or BDCM drive system.

if they have the same rated speeds. If their rotor inertias are
equal, then the torque-to-inertia ratio of the BDCM can be as
much as 15% higher than the PMSM. It should be noted that
the PMSM and BDCM have a higher torque-to-inertia ratio
than the induction motor [2].

Speed Range

Servo drives operate in the constant torque mode of opera-
tion from zero to rated speed and in the constant power mode
of operation from rated to maximum speed. In the constant
torque region, the air gap flux is held constant, whereas in
the constant power region, the air gap flux is weakened by
applying a stator flux in opposition to the rotor magnet flux.
This is also known as armature reaction and is illustrated in
Fig. 4,

During constant flux operation, i is maintained at 90° to
the rotor flux as shown in Fig. 4. In the flux-weakening
mode, i  is maintained at an angle greater than 90° from the
rotor flux. This allows a component of stator current i, to
create a stator flux that opposes the rotor flux, and hence,
air-gap flux weakening is obtained.

The magnitude of i, which is the vector sum of the direct
and quadrature axis stator currents, has a fixed continuous

- rating during steady-state operation. This can be exceeded for

short periods .of time during transients. If a higher speed
range is required, a larger negative i; is needed in order to
reduce the air-gap flux and #, should be lowered in order to
ensure that the continuous rating of I is not exceeded. The
speed capability of a permanent maghet motor drive when
this method of flux weakening is used can be determined
from the two axis equations as follows [14]:

(0.636V/X,)" = i2 + (X, (iy+ w0,/ X))/ X,) (5)
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Fig. 4. Vector diagram of the PMSM during (a) constant flux and (b}
flux-weakening operation.

where V is the dc bus voltage, X, X, are the stator d, g
axis reactances, i,, i, are the stator d, g axis currents, w, is
the inverter frequency, and A, is the mutual flux linkage
between the rotor and stator due to the magnet. By setting
i, = 0 and i, equal to the continuous current rating of the
machine, the inverter frequency and, hence, motor speed can
then be determined. Since the motor is locked in at the
synchronous speed, the actual maximum motor speed is given
by w, /P, where P is the number of pole pairs. For typical
PM motor parameters, it has been found that [15] around 1.5
times rated speed can be attained. In practice, it would be
difficult to force i, to operate at 180° to the magnet flux, and
the practical maximum speed would be less than that obtained
in (5). ‘

The above discussion applies equally well to the PMSM
and the BDCM. The practical limitation on the maximum
speed is obtained when the back emf of each machine be-
comes equal to that of thé'dc bus. Because of the difference
in the waveshape of the back emf of the PMSM and the
BDCM, the voltdrop that is available to force current flow is
different in each machine in a given period, as shown in Fig.
5. Fig. 5(a) shows the desired current relative to the back
emf in order to obtain the maximum speed in the PMSM. At
this operating point, the peak of the back emf is equal to that
of dc bus. In the BDCM, on the other hand, current can only
be forced into the motor when the back emf is less than the
dc bus voltage, as shown in Fig. 5(b). Assuming that the
forced current is rectangular in shape, with a peak equal to
the rated value of the BDCM, it is possible to find the
fundamental component of this current, which becomes i, in
(5) with i, = 0. Comparing a PMSM and a BDCM with the
same parameters, but taking into account the current wave-
forms shown in Fig. 5, from (5), it can be shown that

Wep/Wep = (}‘af — Lyizg)/(Nay— Laiyp) = 146 (6)

' for the motor parameters given in Appendix I. w,p and w,p

are the maximum PMSM and BDCM synchronous speeds,
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Fig. 5.

whereas i,p and i, are the direct axis currents of the
PMSM and BDCM, respectively. Therefore, the speed range
of a PMSM would be higher than that of a BDCM of the
same parameters. The speed range of a permanent-magnet
machine therefore depends on the motor parameters, its
current rating, the back emf waveform, and the maximum
output voltage from the inverter.

Torque Per Unit Current

Very often, servo motor drives are operated to produce the
maximum torque per umnit current out of the machine. This is
done because by minimizing the input current for a given
torque, the copper, inverter, and rectifier losses are mini-
mized. In addition, lower current ratings of the inverter and
rectifier are needed for a given output; this reduces the
overall cost of the system.

The torque-angle curve of a PM machine is shown in Fig.
6. The total motor torque consists of electric and reluctance
torque components. The electric torque is produced as a
result of the interaction of the stator current with the airgap
flux while the reluctance torque is produced as a result of
reluctance variation due to rotor saliency. As shown in the
vector diagram of Fig. 4, the  axis is chosen to be aligned
along the magnet axis. The permeability of the magnet in the
d axis is approximately that of air. If the length of the airgap
on the quadrature axis is equal to that of the magnet plus air
gap on the direct axis, then there is no appreciable reluctance
difference between the d and g axes. Hence, the reluctance
torque is approximately zero, and the total motor torque is
equal to the electric torque only, where the maximum is
produced at a & of 90°, i.e., when i, is perpendicular to the
rotor flux. This is normally true of projecting surface-mounted
machines. In buried permanent-magnet machines, however,
the reluctance variation between the d and ¢ axes can be
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significant, with the d axis reluctance normally being larger
than that of the g axis. This is so because whereas in the
magnetic circuit on the ¢ axis there is only iron, a part of the
magnetic circuit on the d axis consists of the magnet, which
has a permeability approximately that of air. This increases
the d-axis reluctance, hence, reducing its inductance. This
leads to the reluctance torque being of a negative sign to that
of a wound rotor salient pole synchronous motor as shown in
Fig. 6. This means that maximum torque is produced at an
angle greater than 90°. If a 3 of 90° is chosen for the buried
or inset machines, the reluctance torque is forced to be zero,
and maximum torque/amp operation would not be attained.
Hence, a buried PMSM is capable of producing 2 higher
output torque/amp when compared with a surface-mounted
machine that has the same magnitude of electric torque. The
buried permanent-magnet motor is, however, more difficult
and expensive to manufacture.

In order to determine the improvement in total torque
capability of a PM machine by the addition of the reluctance
to the electric torque, the following procedure is adopted.
The equation for the total torque produced by a PM machine
is as follows:

T, = 3PN\, i,siné + ((Ly - L,)i2sin28)/2)/2. (7)

The equation for the electric torque only, which is produced
at an angle of 90°, is

T, = 3P()\ﬂfissin 8)/2. (8)
Hence, the ratio of the total to the electric torque is
T,/T,= 1+ (L,—~ L,}isin28/(2\,,sin8). (9)

Since L, is always less than or equal to L, this ratio is
always greater than or equal to 1 if § is greater than or equal
to 90° and less than 180°. Defining the ratio of the quadra-
ture to direct axis inductances as X ,, a graphof 7, /T, as a
function of X, is given in Fig. 7. Values of X, up to 2.5
have been practically realized in buried permanent-magnet
machines, whereas this value is approximately 1 for surface-
mounted machines. Hence, the range of K, considered is
from 1 to 3. From the graph, it is clear that for a K, of 3,
the total torque produced from the motor can be 40% larger
than the electric torque alone. This value of X, would exist
only in buried PM machines, whereas for inset PM surface-
mounted machines, the total torque can be 10-15% larger
than the electric torque. It should be remembered that this
improvement in the torque is a result only of changing the
location of the stator current vector from 90° to a value
larger than 90° with the magnitude of the current vector
temaining constant. The actual angle that provides this maxi-
mum torque can be obtained by finding the first derivative of
(7) and setting it to zero to obtain

cosd=—X - +(X*+0.5)
X = )‘af/(4(Ld - Lq)is)' (10)

Hence, for maximum torque per ampere rating, and given the
quadrature-to-direct axis inductance ratio, the torque en-
hancement and the angular position of the stator current
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vector can be determined from the above equations and
graphs.

When comparing a PMSM and a BDCM that have the
same peak value of back emf, the torque/(unit peak current)
is higher in the BDCM by a factor of 1.33. It is assumed here
that the peak of the sinusoidal current of the PMSM equals
the peak of the rectangular current of the BDCM. The factor
of 1.33 comes from finding the fundamental component of
the rectangular current waveform of the BDCM since it is the
product of the fundamental component of current and the
fundamental component of the back emf that develops the
steady torque in the BDCM.

Braking

Since both the PMSM and the BDCM have permanent-
magnet excitation, braking in inherently easier than with
drives that face the possibility of loss of excitation due to a
power supply failure. Hence, all the advantages and disad-
vantages that apply to the PMSM also apply to the BDCM.

In both the PMSM and the BDCM, braking can be achieved
by adding a resistor in series with a transistor, which are
connected just before the inverter power circuit. During
motoring operation, this transistor is off, thus disconnecting
the resistor from the supply. During braking, the rectifier is
turned off, and the braking transistor is turned on in conjunc-
tion with the inverter power transistors. The trapped energy
in the motor forces a current to flow through the motor coils
and through the braking resistor. Braking is achieved by the
dissipation of heat in the braking resistor.
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Cogging and Ripple Torgues

Cogging and ripple torques are unwanted pulsating torques
that are produced by essentially different phenomena. In a
permanent-magnet machine, the teeth in the stator can pro-
duce a reluctance torque variation as the rotor rotates. This
reluctance torque that depends on the rotor position and
exists in the absence of any armature current is cogging
torque. Hence, cogging is space dependent. Ripple torque is
a consequence of armature current comunutation and harmon-
ics that do not produce constant torque. Hence, ripple torque
is essentially independent of cogging, and either can exist in
the absence of the other.

A design criterion for the minimization of cogging torque
has been established [13]. If the reluctance as seen from the
rotor is constant, then cogging torque would be negligible. It
is well known [13] that skewing of the stator slots or rotor
magnet by one slot pitch reduces cogging to 1-2% (peak to
average) of the rated torque [5]. Hence, there is no signifi-
cant difference between the cogging torque of the PMSM and
the BDCM.

The phase current waveforms of the PMSM and the BDCM
are intrinsically different, as was discussed previously. A
sinusoidal current is needed for the PMSM, whereas a rect-
angular current is needed for the BDCM to produce constant
torque. Although it is possibie to source a sinusoidal current
into the PMSM, it is impossible to source a rectangular
current into the BDCM because the inductance of the BDCM
resists rapid current transitions. Therefore, the input current
into the BDCM is trapezoidal rather than rectangular due to
the finite rise time. In addition, a finite time is needed for the
actual current to reach zero from its maximum value in the
BDCM. This forces the actual current to have a trapezoidal
shape rather than the desired rectangular shape needed for
constant torque. It is this deviation that causes the BDCM to
exhibit commutation torque ripples that are absent in the
PMSM drive. At high speeds, these ripples would be filtered
out by the rotor inertia, but at low speeds, they can affect the
performance of the drive severely. In particular, the accuracy
and repeatability of position servo performance would deteri-
orate, It should be noted that in addition to the current
deviating from the desired rectangular shape, the actual
current oscillates around the reference value at a high fre-
quency, depending on the size of the hysteresis bands in a
hysteresis current controller or the switching frequency of a
ramp compatison controiler. The net effect of this high-
frequency current oscillation is to produce a high-frequency
oscillation in the torque, the magnitade of which would be
lower than that produced by the commutation of the current.
This high-frequency torque oscillation is also present in the
PMSM since a hysteresis or ramp comparison current con-
troller is also needed here to maintain the current flowing into
the motor as close to sinusoids as possible. In practice, these
torque oscillations are small and of sufficiently high fre-
quency that they are easily damped out by the rotor inertia.

Figs. 8 and 9 show the starting torque of the PMSM and
BDCM, respectively. Both are subject to the high-frequency
torque pulsations due to the hysteresis or ramp comparison
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Fig. 8. Start-up toriue of a PMSM.
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Fig. 9. Start-up torque of a BDCM.

current controllers. These can be reduced by using smaller
hysteresis windows or a higher PWM switching frequency.
However, the torque pulsations in Fig. 11 due to the commu-
tation of the phase currents are clearly evident and are much
larger than that produced as a result of the current controller
action.

This phenomenon has been observed by others [5]. It is
therefore preferable to use the BDCM for lower performance
speed servos and position servos of low resolution, whereas
the PMSM should be used for high-performance speed and
position servo applications like robotics. This is a significant
advantage of the PMSM over the BDCM.

Choice of Feedback Devices

The fact that the PMSM requires sinusoidal currents while
the BDCM requires rectangular currents leads to differences
in the feedback devices necessary for the proper operation of
these machines. The current conduction pattern in the BDCM
is as follows: Each phase conducts for 120 and then remains
nonconducting for 60°. Current transitions occur every elec-
trical 60°; therefore, it is only necessary to detect these
points on the periphery of the motor to commutate the
currents. Hence, rotor position detectors are needed only















