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A Novel Calculation Method for Iron Loss Resistance
Suitable in Modeling Permanent-Magnet
Synchronous Motors
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Abstract—This paper proposes a calculation method for
iron loss resistance, suitable for modeling permanent-magnet
synchronous motors. The proposed method is based on the linear
feature between semi-input power and square of speed electromo-
tive force. The iron loss resistance is calculated from the slope of
this linear function in the offline manner. The advantage of the
proposed method is that the iron loss resistance can be calculated
directly without any measurements related to mechanical loss.
In addition, the proposed method can be executed at any load
conditions. The validity of the proposed method is experimentally
confirmed by the comparison between the actual torque and the
calculated torque containing the iron loss resistance.

Index Terms—Iron loss resistance, modeling, parameter cal-
culation, parameter mismatch, permanent-magnet synchronous
motor.

I. INTRODUCTION

N RECENT YEARS, vector-controlled ac motors, such
I as induction motor, permanent-magnet synchronous motor
(PMSM), and synchronous reluctance motor, have become
standard in industrial drives and their performance improve-
ment is an important issue. Particularly, improvement of control
performance and drive efficiency is essentially required for
drives used in electric vehicles. Conventional vector control
strategies have been implemented under the assumption that
there is no iron loss in motors. However, in reality, there
is a certain amount of iron loss, now small it may be, that
mfluences the flux linkage and output torque of the motors. In
order to improve not only the drive efficiency but also control
performance, it is necessary to compensate for this iron loss
influence on vector-controlled drives [1]. For this reason, sev-
eral authors have made an attempt to consider the iron loss in
vector controlled ac motor drives [2]-[16]. These methods use
an equivalent circuit, in which iron loss resistance is inserted in
parallel with the magnetizing branch and speed electromotive
force (emf). According to this mathematical model, the output
torque is strictly proportional to magnetizing currents. From
the perspective of improving the torque control, the output
torque should be controlled by the magnetizing currents. Since
the magnetizing currents cannot be detected directly from the
terminal quantities, they are indirectly calculated using the
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line currents and the iron loss resistance [3], [5], [9], [17]. On
the other hand, from the improvement of the drive efficiency
point of view, the iron loss resistance is indispensable for the
efficiency control strategies [17}-[20]. Thus, it is necessary to
compute the iron loss resistance to achieve the accurate vector
control performance. '

An online identification of the iron loss resistance [11] and
adaptive iron loss compensation techniques [12], [13] are devel-
oped for induction motor drives. However, in the online identi-
fication methods, it is difficult to include mechanical loss. As a
result, the accuracy on the iron loss resistance is degraded. It is
well known that the iron loss is a part of no-load loss in an ac
motor drive and it is obtained by subtracting a mechanical loss
from the no-load loss in the offline manner. A general method
for dividing the no-load loss into the iron loss and mechanical
loss uses the characteristic curve of the no-load loss versus input
voltage. In this method, the no-load loss at zero input voltage is
assumed to be the mechanical loss and the iron loss is calcu-
lated by subtracting the mechanical loss from the no-load loss.
However, since the no-load loss at zero input voltage cannot
be measured directly, it 1s estimated by the interpolation of the
characteristic curve in low input voltage area. The iron loss re-
sistance is calculated from the obtained iron loss. The disad-
vantage of this method is that the interpolation is undetermined.
Further, any error involved in the measurement of mechanical
loss (offset the estimated iron loss) leads to over or underes-
timation of iron loss resistance. Although this problem can be
resolved by using an auxiliary motor [21], it is restricted only to
the particular application.

This paper proposes a novel calculation method for the iron
loss resistance useful for modeling of PMSM. The iron loss re-
sistance is calculated based on the linear feature between semi-
input power and square of speed emf in the offline manner.
Here, the semi-input power means the power which is calcu-
lated by subtracting the copper loss from the input power (i.e.,
the semi-input power is equivalent to the sum of the no-load
loss and the mechanical output power under load conditions),
while the semi-input power is equivalent to the no-load loss
only under a no-load condition. As compared with the conven-
tional method, the measurement data are the same (i.e., the input
power, input voltage, and input current), while the manipula-
tion of the measurement data is peculiar. First, the semi-input
power and the square of speed emf are calculated from the mea-
surement data. Then, the characteristic of the semi-input power
versus the square of speed emf is plotted. The characteristic
appears as a linear and its slope is equal to the inverse of the
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iron loss resistance and its vertical axis (y-axis) intercept corre-
sponds to the sum of the mechanical output power and loss. Of
course, the mechanical output power is not included in the in-
tercept under the no-load condition. Since the proposed method
uses only the slope, the iron loss resistance can be directly cal-
culated without the measurement of mechanical loss. In addi-
tion, the proposed method can be used for any load conditions
as long as the load is kept constant during measurement. As the
conventional method, the proposed method also suffers from the
parameter mismatch of the armature resistance. In this paper,
the possible countermeasures, which could be taken to relieve
the influence of the parameter mismatch, are investigated. The
validity of the proposed method is confirmed by the comparison
between the actual torque and the calculated torque containing
the iron loss resistance.

This paper is organized as follows. Mathematical formulation
of PMSM including iron loss is presented in Section IL. The
proposed measurement method is explained in Section HIL
Experimental results are discussed in Section IV. Influence
of the armature resistance mismatch and its countermeasure
are investigated in Section V. The validity of the proposed
method is confirmed in Section VI. Conclusions are given in
the final section.

1. MATHEMATICAL FORMULATION OF PMSM TAKING IRON
Loss INTO ACCOUNT

In the synchronous reference frame (d—q), the voltage equa-
tions for PMSM are expressed as

vg = Rig+p¥y —w. ¥, } "

vy = Rig +pV, +w.Vy

where the first term on the right-hand side represents the voltage
drop for the armature resistance 12, and the second and third
terms represent the transformer emf and speed emf, respectively.
Fig. 1 shows the d—¢ axes equivalent circuits of PMSM [18]
which are traditionally used when the iron loss is considered. In
this circuit, an iron loss resistance I?; is inserted in the parallel
fashion. Thus, the d—q axes line currents (24, %4) are divided
into iron loss currents (14:, i4:) and magnetizing currents (¢gm.,
i4m). In this equivalent circuit, the iron loss P; due to iron loss
resistance is modeled as an equivalent copper loss as

Pi= Ri(i%; +iy)- (2)
In the steady state, the iron loss currents are expressed as
P wW,
hdi — R, (3
. we\Dd )
TR,
Substituting (3) into (2) results in the following equation:
w‘z \DQ + \I,‘Z
P = M )

I
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From (4), it can be noted that the iron loss depends on the elec-
trical angular velocity w, and flux linkages (¥4 and W,). The
flux linkage equations for PMSM are given as

¥, :Lidm+Ke}

: &)
U, = Ligm

where L is the armature inductance and K. is the emf constant.

The output torque is calculated from the vector product of the

flux linkages and magnetizing currents as

T = P(\I’diqm - \I’qidm)

=PKelgm (6)
where P is the number of pole pairs. As can be seen from (6),
the output torque is proportional to the g-axis magnetizing cur-
rent. Thus, it is necessary to control the magnetizing current in
order to control the output torque exactly. However, since the
magnetizing current cannot be obtained directly from the ter-
minal quantities, this paper uses the following procedure [22].

The magnetizing currents are the difference between the line
currents and iron loss: currents given by

. . we[/ .

Tdm =14 + R lgm (7
. wel (. K.

lgm T g — T (l(lm + 7/‘) - (8)

Substituting (7) into (8), gives the g-axis magnetizing current as

we ,+Kﬂ 9
r A\t ) O

Here, an assumption, iron loss resistance [?; is much greater
than reactance w. L, is used

We I 2 < 1

I; )
The validity of this assumption is confirmed in Section I'V. Ap-
plying (10) to (9) results

. . wr’,” . KF:
zqm:zq—~R—_ 2,1—|——’7 .

Here, the line currents (i4 and 44) can be obtained directly from
the terminal quantities, then the g-axis magnetizing current can
be easily calculated from (11).

On similar lines, the d-axis magnetizing current can be ob-

tained, and it is expressed as
( o w. K. )
g — .
1 R;

As can be seen from (11) and (12), the iron loss resistance I7;
is necessary to calculate the magnetizing currents in addition
to the conventional PMSMs’ parameters, such as the armature
inductance /. and emf constant K. This paper proposes a cal-
culation method for this iron loss resistance.

: 1 :
tgm = — Fo N2 iq
1+ (%)

3

(10)

n

We L
R;

tdm = ta +

(12)
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Fig. 1. d—q axes equivalent circuits for PMSM taking iron loss into account.
(a) d-axis. (b) q-axis.
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TH. CALCULATION METHOD FOR IRON LOSS RESISTANCE

In the steady state (p = 0) and from (1)}(5), the input power
P;n 1s expressed as

P =vatq + vy,
wg(\v?, + \I'g)

.2 ]
:R((l’d+{"q)+ Rﬂ-

+weKelgm (13)
where the first term is the copper loss F., the second term is
the iron loss P, and the third term is the output power Pp:.
According to this formulation, the semi-input power Ps;, which
is defined as the power calculated by subtracting the copper loss
from the input power, corresponds to the sum of the iron loss and
output power as

Psi :R + Paut

1
== Wi (W5 + U2) + Poy. (14)
In practice, the output power essentially includes mechanical
and stray losses. In the proposed method, measurements of the
mechanical loss and stray loss are not required because the iron
loss resistance is calculated using only the first term in (14).

Note that the proposed method implicitly includes the mechan-
ical loss and stray loss although the mechanical loss and stray
loss are never expressed explicitly.

When both the rotor speed and load torque are constant, the
output power Py, is also constant, it is because the mechan-
ical, stray losses, and the pure mechanical output power terms
are constants. Then, the semi-input power can be regarded as the
linear function of the square of the speed emf (w2(¥3 + ¥2)),
emphasized in (14). In this situation, the slope of this linear
function corresponds to the inverse of the iron loss resistance
(1/R;) and the intercept corresponds to the output power Pyys.
The iron loss resistance F; is calculated, employing the fol-
lowing procedure.

1) Operates the PMSM under constant speed and load con-

ditions.

2) By changing the d-axis current ¢4, set of input power F,,
input voltage V,.,,s, and input current /,.,,,s measurements
were recorded. Note that the change in d-axis current will
influence only the flux linkage but not the output torque;

3) Using the measured data obtained in step 2, the semi-input
power and the square of speed emf are calculated from the
following expressions:

Py = Py, — R(i3 +12)

=P, —3RI%,, (15)
wa (U + U3) = (vy — Rig)® + (v — Rig)?
=V —2RP,, + 3R,  (16)

where Vs = (/0% + U2, Irms = 4 /12 + 73/\/3

4) The linear characteristic semi-input power versus the
square of speed emf is plotted as shown in Fig. 2.

5) The slope of this linear function is obtained with the least
squares method. The neighborhood of operating point
tq = 0 1s linearized in order to avoid the influence of
the armature resistance mismatch and magnetic satura-
tion. (Discussion is given i Section V.)

6) The iron loss resistance I?; is calculated from the inverse
of the slope obtained in step 5.

The advantage of the proposed method is that the iron loss
resistance can be directly calculated without measuring the me-
chanical loss. In addition, this method can be used at any load,
provided the load is kept constant during measurement. The dis-
advantage of this method is that the parameter mismatch in the
armature resistance I?. The influence of this armature resistance
mismatch and its countermeasures are discussed in Section V.

1V. CALCULATION RESULTS FOR IRON L0OSS RESISTANCE

Fig. 3 shows the experimental setup for the proposed method.
The specifications of the tested PMSM employed in this exper-
iment are listed in Table I. The electrical input power applied to
the tested PMSM is supplied through the voltage source inverter
(VSI) [1.e., dc-link voltage, carrier frequency, and dead time are
150V, 5kHz, and 5 ps, respectively]. The electrical input power
Py, input voltage V,.,,5, and input current /.., are measured
with the help of a digital power meter (DPM). In order to keep
the rotor speed constant, a speed feedback control is used.
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Fig. 3. Experimenta] system.

TABLE 1

" MOTOR SPECIFICATIONS

rated power P, 160W

rated torque Tn 0.5Nm

rated speed N,  3,000rpm
armature resistance R 2,149
armature inductance L 0.0079 H

emf coefficient Ke  0.0658V-s/rad

number of pole pairs P 2

Fig. 4 shows the semi-input power versus the square of speed
emf for the no-load condition at speed of 2000 r/min when the
d-axis current is changed from +3.5 A to —3.5 A. As can be con-
firmed from Fig. 4(a), the square of speed emf decreases with
decreasing the d-axis current. Since the square of speed emf is
a quadratic equation with variable d-axis current, variation in
the square of speed emf is enlarged by magnetizing operation
(24 > 0) and reduced by demagnetizing operation (i < 0).
In addition, it confirms that the output torque is almost kept
constant irrespective of changing the d-axis current, it is be-
cause the ¢-axis current is kept constant. As can be seen from
Fig. 4(b), the semi-input power is almost proportional to the
square of speed emf. Thus, the characteristic of the semi-input
power versus the square of speed emf can be approximate as
a linear function. This characteristic is linearized in the neigh-
borhood of nominal operating point for PMSM [ie, 7q = 0
(minimum copper loss, P., condition)], because the influence
of the armature resistance mismatch and magnetic saturation is
serious at the extreme demagnetizing and magnetizing points.
After linearization, the iron loss resistance R; for no-load condi-
tion at 2000 r/min is straightforwardly calculated from the slope
of this linear function.

Fig. 5 shows the semi-input power versus the square of speed
emf for various load conditions at 2000 r/min. All of the char-
acteristics are linear and their slopes are almost the same (i.e.,
the iron loss resistance is almost the same, irrespective of load
conditions). Of course, the intercept increases with increasing
load torque, because it corresponds to the output power.

Similar calculations have been made for different rotor speeds
from 750 to 3000 r/min. Fig. 6 shows calculated results for the
iron loss resistance obtained for different rotor speeds. As can
be seen from Fig. 6(a), the iron loss resistance is almost pro-
portional to the rotor speed. The linear characteristic of the iron
loss resistance qualitatively agrees with the results obtained in
the literature [ 12]1-[14]. Fig. 6(b) shows the square of impedance
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Fig. 5. Semi-input power versus square of speed emf for various load
condition.

ratio (w. 1./ R;)? versus rotor speed. The ratio is calculated by
using the iron loss resistance shown in Fig. 6(a). Since the order
of the ratio is 10™%, the relation introduced in (10) is valid.

Fig. 7 shows the iron loss P; and output power Fo,. for the
flux linkage under the no-load condition. The iron loss is cal-
culated by using (4), while the output power is calculated by
subtracting the iron loss from the semi-input power. The iron
loss increases with increasing the flux linkage, while the output
power is almost constant with respect to flux linkage. Note that,
because of the existence of mechanical loss and stray loss, the
output power P, is not equal to zero, despite the no-load con-
dition. It can be confirmed from Fig. 7 that the semi-input power
indicated in (14) is appropriately divided into the iron loss and
the output power.
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Fig. 6. Characteristics of iron loss resistance for rotor speed. (a) Iron loss
resistance. (b) Square of impedance ratio.

V. INFLUENCE OF ARMATURE RESISTANCE MISMATCH

In the proposed method, the armature resistance I? is used in
the calculation of both the semi-input power and the square of
speed emf. Then, the parameter mismatch of the armature resis-
tance leads to wrong characterization of the semi-input power
versus square of speed emf. As a result, error is involved in the
calculation of the iron loss resistance. In this section, the influ-
ence of the armature resistance mismatch on the calculation of
the iron loss resistance is investigated.

When the error for the armature resistance is AR, the semi-
input power is expressed as

P

st

=Py, —3(R+AR)I?

TS

(17)

From (15) and (17), the calculation error for the semi-input
power E,.;,(=P.; — Ps;) is obtained as
Fpsi = —3ARI?.

rms*

(18)

It can be seen from (18) that the error F,,; increases with in-
creasing the input current /pp,s.

On the similar lines, the square of the speed emf with the
armature resistance mismatch A K is expressed as
WP+ = V2, — 2R+ AR)Pp+3(R+ AR)’I

rms-

(19)
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Fig. 7. Iron loss and output power with respect to flux linkage under no-load
condition. (a) Tron loss. (b) Output power.

From (16) and (19), the calculation error for the square of speed
emf Eqqe (=w2(V] + ¥2) — w?2(W3 + ¥2)) is obtained as

E... = AR{32R + AR)I?, . — 2P} (20)

It can be seen from (20) that the error F,. also increases by
increasing the input current I,p,5. ’

Fig. 8(a) and (b) shows the characteristics of semi-input
power versus the square of speed emf for no-load condition
and 0.2 N - m at 2000 t/min, respectively. The error £10%
of the rated armature resistance is considered. As can be
expected from (18) and (20), the calculation error increases
with increasing input current (i.e., the absolute value of the
d-axis current. As a result, the characteristics are no longer
linear. However, the neighborhood of 24 = 0 operating point
yields a linear characteristic. In addition, the slopes are almost
the same despite the parameter mismatch. Accordingly, the
influence of the armature resistance mismatch can be relieved
by linearizing the characteristic in the neighborhood of i = 0
operating point.

VI. VALIDITY OF CALCULATION RESULTS

In order to confirm the validity of the calculation for the
iron loss resistance, the calculated torque containing the iron
loss resistance is compared with the actual torque. To verify
the accuracy of the iron loss resistance, the calculated torque
ignoring the iron loss is also plotted.

Fig. 9 shows the electromagnetic torque versus g-axis current
at 2000 r/min. In this figure, measurements denote the actual
torque which is obtained with the help of torque transducer. The
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Fig. 8. Semi-input power versus square of speed emf under +10% armature
resistance error. (a) No-load condition. (b) Load condition (0.2 - m).

two lines denote the calculated torques and these are calculated

by
N K
Teal = PKF‘ {'Lq_wR <7d+f>}

where I?; = oo, when the iron loss is ignored. In all cases, the
d-axis current ¢4 is kept at zero. As can be seen from Fig. 9,
the calculated torque with proposed calculation method (solid
line) agrees well with the actual torque, while the calculated
torque with I?; = oo (dotted line) is larger than the actual torque
by 2.6% of rated torque. In respect of other rotor speeds, sim-
ilar results have been obtained. These comparisons confirm the
validity of the proposed calculation method for the iron loss re-
sistance used in modeling the PMSM.

(21)

VII. CONCLUSIONS

This paper has proposed a novel calculation method for the
iron loss resistance useful for modeling PMSM. The proposed
method is based on the linear characteristic between the semi-
input power and the square of speed emf. The iron loss is
directly calculated from the slope of this linear function in
the offline manner. The advantage of the proposed method is
that the iron loss resistance can be directly calculated without
measuring mechanical loss. In addition, the proposed method
can be used for any load conditions. Although the proposed
method suffers from the parameter mismatch of the armature
resistance, the countermeasure of this problem has also been
investigated. The validity of the proposed method has been

IEEE TRANSACTIONS ON ENERGY CONVERSION, VOL. 18, NO. 1, MARCH 2003

0.6
O : measurements
057
047

0.3

02 e -

0 1 2 3 4 5
g-axis current ¢ [A]

———: R; (proposal)

Electromagnetic torque T [N-m]
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experimentally confirmed by the comparison between the actual
torque and calculated torque containing the iron loss resistance.
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