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Abstract—Traditionally, vector controlled permanent magnet
synchronous motor (PMSM) drives have been performed under
the assumption that there is no iron loss, mechanical loss, and stray
loss in motors. However, influences of these losses on the vector
controlled PMSM drive are hardly evaluated so far. Thus, there
is a need to investigate the influences in order to evaluate whether
these losses can be neglected. This paper investigates the influences
of the iron loss, mechanical loss, and stray loss on surface-mounted
PMSM drives. In the first phase, a formulation of the electromagnetic torque taking the various losses into account are developed.
In the second phase, the influences of the various losses on the electromagnetic torque under vector control strategy are investigated
based on the developed mathematical model. These influences are
confirmed by experimental results for torque control of a tested
160 W surface-mounted PMSM.
Index Terms—Electromagnetic torque, iron loss, mechanical
loss, permanent magnet synchronous motor, stray loss.

I. INTRODUCTION

T

RADITIONALLY, vector controlled ac drives have been
performed under the assumption that there is no iron loss in
motors. As the employment of vector controlled ac motors, especially induction motor, permanent magnet synchronous motor
(PMSM), synchronous reluctance motor has become standard in
industrial drives, the improvement of ac motor drives has been
important issue. For this reason, several authors have made an
attempt to consider the iron loss in vector controlled ac motor
drives. Influences of the iron loss on the synchronous reluctance motors has experimentally been investigated [1] and various strategies which compensate the influence of the iron loss
have been proposed in [2]–[6]. Influences of iron loss on the flux
linkage deviation, its orientation error, and torque deviation of
a vector controlled induction motor have analytically been investigated [7] and various compensation strategies have been
investigated in [8]–[10]. Although, a number of papers that deal
with vector controlled ac motor drive taking the iron loss into
account have been published, only a few papers paid attention
to PMSM drives [11], [12]. In [11], an iron loss compensation
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method for PMSM has been proposed based on the basic idea
for induction motor in [9]. Although the improvement of the
control performance is demonstrated by computer simulations,
the influence of the iron loss on the PMSM drive performance
does not investigated analytically. In [12], a loss minimization
control for PMSM has been developed. Although the iron loss is
evaluated as one of the electrical losses of PMSM, there is little
mention of the influence of the iron loss on the PMSM drive
performance.
In practical situation, there are mechanical and stray losses
in addition to the iron loss. However, these losses are usually
neglected in vector controlled ac drives. For this reason, influences of the mechanical loss and stray loss are hardly evaluated
for so far. Thus, there is a need to investigate influences of these
losses as well as the iron loss on vector controlled ac drives in
order to evaluate whether these losses can be neglected. In order
to analytically evaluate the influence of the iron, mechanical,
and stray losses, the mathematical model of surface-mounted
PMSM taking these losses into account has been developed in
the previous paper [13].
In this paper, influences of the iron, mechanical, and stray
losses on PMSM drive performance are investigated based on
the developed mathematical model. In the first phase, a formulation of the electromagnetic torque taking the various losses into
account are presented. In this mathematical model, a mechanical loss torque and a stray loss coefficient as well as an iron loss
resistance are defined. The experimental determination of these
values is presented in this paper. In the second phase, the influences of the various losses on the electromagnetic torque under
vector control strategy are investigated based on the developed
mathematical model. In order to quantitatively evaluate the influences of these losses, a torque generation ratio is utilized. The
torque generation ratio is defined as the ratio of actual torque to
commanded torque when a loss is neglected [7]. Finally, these
influences are confirmed by experimental results for torque control of a tested 160 W surface-mounted PMSM.

II. FORMULATION OF ELECTROMAGNETIC TORQUE FOR PMSM
TAKING VARIOUS LOSSES INTO ACCOUNT
Fig. 1 shows the – axes equivalent circuits of PMSM which
are traditionally utilized to consider iron loss [12]. In this circuit,
an iron loss resistance is inserted in parallel with the armature
inductance. Thus, the – axes line currents ( , ) are divided
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where

denotes the number of pole pairs, and
is defined as the loss torque due to the mechanical
and stray losses in this paper, i.e., the mechanical and stray
. Because of
losses decrease the electromagnetic torque by
the presence of the iron loss, the electromagnetic torque is proportion to the -axis magnetizing current rather than the -axis
line current.
Although the magnetizing currents cannot be detected from
the terminal side, they can be obtained [13] by

(a)

(6)

where the following relation is applied:
(7)
This relation means that the iron loss resistance
.
greater than the reactance
(b)
Fig. 1.
loss.

(a) d-axis and (b) q -axis equivalent circuits for PMSM including iron

into iron loss currents ( , ) and magnetizing currents (
). The voltage equation of these circuits is expressed as

,

(1)
where the flux linkages are given as

is much

III. DETERMINATION OF IRON LOSS RESISTANCE
AND LOSS TORQUE
In order to quantitatively investigate the influence of the
various losses on the electromagnetic torque, the iron loss
and the loss torque
should be determined in
resistance
advance.
The additional loss , calculated by subtracting the copper
and mechanical output power
from the electrical
loss
, is expressed as
input power
(8)

(2)
is the emf coeffiwhere is the armature inductance and
,
cient. In steady state condition, the electrical input power
derived from (1) and (2), is expressed as

(3)
where the first and second terms in the right-hand side are the
and iron loss , respectively. The third term
copper loss
, stray loss , and
refers to the sum of the mechanical loss
, that is,
mechanical output power
(4)
is the product of the
Since the mechanical output power
and electromagnetic torque ,
mechanical angular velocity
the electromagnetic torque taking the various losses into account
can be derived from (4) as

and stray loss
are almost
Since the mechanical loss
constant when both rotor speed and load torque are constant,
the additional loss can be regarded as the linear function with
emphasized
respect to the square of speed-emf
with under line in (8). In this situation, the slope of this linear
function corresponds to the inverse of the iron loss resistance
) and the intercept corresponds to the sum of the mechan(
). Accordingly, the iron loss resisical and stray losses (
and the loss torque
is determined by the following
tance
procedure.
1) PMSM operates at constant speed and constant load
condition.
, input voltage
, input cur2) Several input power
, and the output power
, when -axis current
rent
is changed, are measured. It is noted that the change
of the -axis current makes the flux linkage vary without
change of the torque.
3) Using the measurement data by Step 2, the additional loss
and the square of speed-emf are calculated as
(9)

(5)

(10)
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(a)
Fig. 3.

(b)
Fig. 2. (a) Additional loss and (b) input current versus square of speed-emf for
various load torque at 2500 rpm.

where

4) The characteristic of the additional loss versus the square
of speed-emf is plotted. This characteristic theoretically
becomes linear.
5) The slope and intercept of this characteristic are calculated with the least squares method.
6) The iron loss resistance is straightforwardly calculated
from the inverse of this slope and the loss torque
is calculated by dividing the intercept by the mechanical
.
angular velocity
Fig. 2(a) shows the additional loss versus the square of
speed-emf obtained from various load conditions at 2500 rpm
when the -axis current is changed from 2 A to 2 A. The
additional loss decreases with decreasing the -axis current.
In addition, as can be expected from (8), the additional loss
is approximately proportional to the square of speed-emf for
any load conditions. It is noted that the calculations of the
additional loss and square of speed-emf require the information
of the armature resistance . For this reason, the characteristic
has been linearized in the neighborhood of the minimum input

Iron loss resistance vs. rotor speed.

current
in Fig. 2(b), because the armature resistance
mismatch is serious at operating points for the increased input
and the loss torque
current. The iron loss resistance
are determined from the slope and intercept of these linear
functions, respectively. In addition, since the slopes for any
load conditions are approximately the same, the iron loss
resistance is almost constant irrespective of load conditions.
By contrast the intercept increases with increasing load torque.
The increase of intercept appears to be caused by increased
stray loss.
Similar measurements have been executed in various rotor
speeds from 100 rpm to 3000 rpm. Fig. 3 shows the iron loss
resistance versus rotor speed. The iron loss resistance is calculated from the inverse of the slope of the linear functions
obtained for various rotor speeds. The iron loss resistance increases with increasing the rotor speed. The iron loss resistance
for the tested surface-mounted PMSM is determined as shown
in the Appendix.
Fig. 4(a) shows the sum of the mechanical loss and stray loss
) versus the rotor speed for various load torques. In the
(
laboratory setup, a generator is utilized as the load system. The
load torque for low speed region is limited due to the low output
of the generator, while the load torque for high speed region is
limited due to the inverter capability. The sum of the mechanical
and stray losses is obtained from the intercept of the linear function between the additional loss and the square of speed-emf.
Fig. 4(b) shows the loss torque versus the rotor speed. The loss
torque is calculated by dividing the sum of the mechanical and
. The loss
stray losses by the mechanical angular velocity
torque increases with increasing rotor speed linearly under low
speed region because the sum of the losses is proportional to
the square of rotor speed as shown in Fig. 4(a). On the other
hand, the loss torque for high speed region is almost constant,
because the sum of the losses for high speed region is proportional to the rotor speed rather than the square of rotor speed as
shown in Fig. 4(a). Since the loss torque for low speed region is
comparatively small, the mechanical and stray losses hardly affect the electromagnetic torque under low speed region. For this
reason, This paper mainly focuses on the influence of the losses
under high speed region. Thus, in order to simplify the analysis,
the loss torque is approximated to be constant with respect to
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netizing current. Thus, the loss torque is expressed as a linear
function with respect to the -axis magnetizing current as
(11)
The first term in (11) corresponds to the loss torque increasing
with load torque. This term is regarded as the loss torque due to
the stray loss. Hence, the stray loss is formulated as the product
of the mechanical angular velocity and this loss torque as
(12)

(a)

is defined as the stray loss coefficient in this paper.
where
The second term in (11) corresponds to the loss torque independent of load conditions. This term is regarded as the loss torque
due to the mechanical loss. Hence the mechanical loss is formulated as the product of the mechanical angular velocity and this
loss torque as
(13)
is defined as the mechanical loss torque in this paper.
where
and the mechanical loss torque
The stray loss coefficient
are determined from Fig. 5 as shown in the Appendix. The
parameter values listed in the Appendix are valid for the tested
PMSM. For other machines, the stray loss coefficient and/or the
mechanical loss torque may be a function with respect to the
rotor speed.
When the loss torque is formulated by a linear function as
(11), the torque equation indicated in (5) is rewritten as
(14)

(b)
Fig. 4. (a) Sum of the mechanical and stray losses and (b) loss torque versus
rotor speed.

denotes the torque coefficient. The exwhere
pression of the electromagnetic torque in (14) explicitly indicates the influence of the various losses. The presence of the iron
loss causes that the electromagnetic torque is not strictly proportional to the -axis line current but the -axis magnetizing
. The mechanical loss decreases the torque by
ircurrent
respective of load condition. The stray loss degrades the torque
. The absence of the stray loss yields that the
coefficient by
is equivalent to the emf constant
.
torque coefficient
IV. INFLUENCE OF VARIOUS LOSSES ON TORQUE GENERATION
IN VECTOR CONTROL STRATEGY

Fig. 5.

Loss torque versus q -axis magnetizing current.

rotor speed. Of course, the loss torque should be treated as the
function of the rotor speed if an accurate analysis is required.
Fig. 5 shows the loss torque versus -axis magnetizing cur. The loss torque is almost proportional to -axis magrent

In vector control strategy, the distribution of – axes currents depends on the torque equation. Then, an improper expression of the electromagnetic torque causes an undesirable torque
generation. In this paper, the influence of the iron loss, mechanical loss, and stray loss on the torque generation are investigated
based on the developed mathematical model. In order to quantitatively evaluate the influences of these losses, a torque gener) is introduced as utilized in the investigation
ation ratio (
of the influence of the iron loss for induction motors [7]. The
torque generation ratio is defined as the ratio of the actual torque
to the commanded torque when a certain loss is neglected.
for neglecting the iron loss
The electromagnetic torque
in
is obtained by replacing the -axis magnetizing current
(14) with the -axis line current . When the – axes currents
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(a)

(b)

(c)
Fig. 6. Torque generation ratio with neglecting: (a) iron loss, (b) mechanical loss, and (c) stray loss.

are distributed corresponding to the torque equation neglecting
the iron loss, the torque generation ratio is given as
(15)
for neglecting the mechanical loss is
The torque equation
from (14).
obtained by removing the mechanical loss torque
Then, the torque generation ratio is derived as
(16)
for neglecting the stray loss is obThe torque equation
in (14) with the
tained by replacing the torque coefficient
. Then, the torque generation ratio is derived
emf coefficient
as
(17)
Fig. 6 shows the torque generation ratios for the tested PMSM
in four quadrant operations. Fig. 6(a) shows the torque generation ratio for neglecting the iron loss. The iron loss decreases
) and increases in regenthe torque in motoring mode (
). In addition, the effect grows stronger
erating mode (
with increasing rotor speed. Fig. 6(b) shows the torque generation ratio for neglecting the mechanical loss. This characteristic is similar to that for neglecting the iron loss. However, this

ratio is independent of rotor speed because the mechanical loss
torque
for the tested PMSM assumed to be constant. In the
strict sense of the word, the torque ratio for 100 rpm approaches
.
1.0 because of the decrease of the mechanical loss torque
Fig. 6(c) shows the torque generation ratio for neglecting the
stray loss. This characteristic differs from that for neglecting the
iron loss or mechanical loss. In other words, the stray loss decreases the torque in both the motoring and regenerating modes
except for a very small torque command in regenerating mode.
This ratio is also independent of rotor speed due to the constant
.
stray loss coefficient
V. EXPERIMENTAL CONFIRMATION OF INFLUENCES
VARIOUS LOSSES

OF

Fig. 7 shows the system configuration for torque control of
PMSM. In this system, the block “T/C” converts the torque
command into the -axis magnetizing current command
according to the torque equation. This block is most interesting
part in this system because the torque control performance
strongly depends on the accuracy of this conversion. The -axis
is set at zero. The current
magnetizing current command
controller is made up of a PI controller. The magnetizing
” in which the
currents are obtained through the block “
calculation of (6) is implemented.
Figs. 8–11 show experimental results for torque control of
PMSM containing four quadrant operation. A symmetrical step
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Fig. 7. System configuration for torque control of PMSM.

Fig. 9. Torque control performance for neglecting mechanical loss for no-load
condition.

Fig. 8. Torque control performance for neglecting iron loss for no-load
condition.

torque whose amplitude is 0.05 N m is commanded. According
to the analytical results shown in Fig. 6, a small torque command
causes effective influences on the torque generation.
Fig. 8 shows the torque control performance for neglecting
the iron loss, i.e., the electromagnetic torque is directly controlled by the line currents ( , ). As can be seen form the
first trace in Fig. 8, the actual torque is smaller than the commanded torque in motoring (first and third quadrants) mode,
and larger in regenerating (second and fourth quadrants) mode.
Moreover, the deviation between the actual and commanded
torques grows larger with increasing rotor speed. As compared
with the commanded torque, the actual torque decreases by 30%
at around 2000 rpm and increases by 30% at around 2000 rpm.
This experimental results almost agrees with the analytical results shown in Fig. 6(a). The second trace in Fig. 8 shows the
-axis magnetizing current and the -axis line current. It can be
confirmed that the actual torque directly depends on the -axis
rather than the -axis line current . It
magnetizing current
is noted that the -axis current for the first quadrant is different
from that for the forth quadrant in spite of the same torque com-

mand, because the mechanical loss torque component is added
to the -axis current command in motoring mode and reduced in
regenerating mode. This is applied to the relationship between
the second and third quadrants. It follows from the third trace
almost agrees
in Fig. 8 that the -axis magnetizing current
with the line current . As can be seen from (6), the iron loss
causes that the one axis flux linkage interferes in other axis current. However, since the -axis flux linkage for the tested PMSM
is small, it hardly interferes with the -axis current. On the other
hand, the permanent magnet flux, equivalently the emf constant
, for the tested PMSM is comparatively large, the -axis flux
interferes with the -axis current as shown in the second trace in
. It can
Fig. 8. The fourth trace in Fig. 8 shows the rotor speed
be confirmed that the acceleration torque in motoring mode degrades, while the braking torque in regenerating mode increases.
As a result, the four quadrant speed response becomes asymmetrical against the symmetrical torque command.
Fig. 9 shows the torque control performance for neglecting
the mechanical loss, i.e., the torque equation removed the
is utilized in the “T/C” block.
mechanical loss torque
Since the mechanical loss torque component is omitted form
the -axis current command, both the -axis currents for the
first and fourth quadrants are almost the same. As a result,
the actual torque is smaller than the commanded torque in the
first quadrant, and larger in the fourth quadrant, respectively.
This is applied to the relationship between the second and
third quadrants. As indicated in Fig. 6(b), the influence of the
mechanical loss on the electromagnetic torque qualitatively
agrees with that of the iron loss. The deviation between the
actual and commanded torques for Fig. 9 is larger than that
of the tested
for Fig. 8 because the mechanical loss torque
PMSM is comparatively large. As a result, the four quadrant
speed response is severely asymmetrical.
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Fig. 10. Torque control performance for neglecting stray loss for no-load
condition.

Fig. 11. Torque control performance for considering all the losses for no-load
condition.

Fig. 10 shows the torque control performance for neglecting
is used in (14) instead
the stray loss, i.e., the emf coefficient
of the torque coefficient . As can be expected from Fig. 6(c),
the actual torque is slightly smaller than the commanded torque
in both motoring and regenerating modes. As a result, both the
acceleration and braking torques are degraded although the four
quadrant speed response is symmetrical.
Fig. 11 shows the torque control performance taking all the
losses into account. In this case, the actual torque almost agrees
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Fig. 12. Torque control performance for neglecting iron loss for load
condition.

Fig. 13. Torque control performance for neglecting mechanical loss for load
condition.

with the commanded one. As a result, the four quadrant speed
response is symmetrical without degrading both the acceleration
and braking torques. Thus, the maximum rotor speed of this
figure is larger than that of Fig. 10.
Figs. 12–15 show experimental results for torque control of
PMSM containing four quadrant operation. A symmetrical step
torque whose amplitude is 0.5 N m (maximum torque of the
tested PMSM) is commanded. From the feature of the load
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rotor speed does not reach to 2000 rpm, because the acceleration torque in motoring mode degrades slightly.
Fig. 13 shows the torque control performance for neglecting
the mechanical loss. As indicated in Fig. 6(b), since the influence of the mechanical loss is quantitatively larger than that of
the iron loss, the degradation of the acceleration torque is large.
As a result, maximum rotor speed is degraded. Furthermore, the
transition from the second to third quadrant is not a smoothness
any longer.
Fig. 14 shows the torque control performance for neglecting
the stray loss. Since the stray loss increases with increasing load
torque, the influence of the stray loss for heavy load torque is
quantitatively larger than that of mechanical loss.
Fig. 15 shows the torque control performance taking all the
losses into account. The actual torque almost agrees with the
commanded one. Since the acceleration torque is not degraded,
the rotor speed reaches to 2000 rpm.
Above experimental results practically agree with the analytical results. Thus, the investigated influences of various losses
in this paper are valid.
VI. CONCLUSION
Fig. 14. Torque control performance for neglecting stray loss for load
condition.

This paper investigated the influences of the iron loss, mechanical loss, and stray loss on surface-mounted PMSM drive
performance. Formulation of the electromagnetic torque taking
the various losses into account has been presented. In this
mathematical model, the mechanical loss torque and stray loss
coefficient as well as the iron loss resistance are defined. The
experimental determination of these values is illustrated. The
influences of the various losses on the electromagnetic torque
has been analytically investigated. The torque generations for
neglecting the various losses have quantitatively been evaluated
for the tested 160 W surface-mounted PMSM. The iron loss
and mechanical loss cause the acceleration torque to decrease
in the motoring mode and the braking torque to increase in the
regenerating mode. On the other hand, the stray loss degrades
both the acceleration and braking torques irrespective of any
operation modes. The electromagnetic torque for light load
condition is influenced by the iron loss and mechanical loss,
while for heavy load condition, it is influenced by the stray loss
rather than the iron and mechanical losses. These influences
have been confirmed by experimental results for torque control
of PMSM.
APPENDIX
MOTOR SPECIFICATIONS

Fig. 15. Torque control performance for considering all the losses for load
condition.

rated power

W

armature resistance
system, the load torque increases with increasing rotor speed. In
this experiments, the load torque is set at 0.5 N m at 2000 rpm.
Fig. 12 shows the torque control performance for neglecting
the iron loss. As can be expected in Fig. 6(a), the iron loss
slightly influences the electromagnetic torque for heavy load
condition. It can be confirmed from the fact that the magnetizing current almost agrees with the line current. However, the

armature inductance

H

emf coefficient

V s/rad

number of pole pairs
iron loss resistance
mechanical loss torque
stray loss constant

sign

N m

N m/A
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