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Abstract—Iron losses are among the most significant losses
occurring on the Permanent Magnet Synchronous Motor
(PMSM). These losses consume active power and cause heat in
the iron core. Due to this behavior, they can be represented by
an equivalent resistance to make the computations simple.
Determining the equivalent core resistance is also a major
problem. Computing these lost power is very difficult especially
in dynamic applications because these lost power varies by
partial differential equations.

This study aims to estimate the dynamic core resistance
depended on inconstant operating conditions online, and
compare the performance of the motor with dynamic versus
fixed core resistance at the designed loss minimization
algorithm. In order to obtain this estimation, firstly the finite
element calculations have been made for many different
operating speeds and lost power values were gathered for each
speed. Then corresponding core resistance for each power
value has been calculated with the dynamic model of a PMSM.
Finally, a Neuro-Fuzzy estimator has been designed by
computations on the gathered resistance values to estimate the
core resistance for different operating conditions. At the end
the obtained results are discussed with respect to feasibility of
the system.

Index Terms—Energy efficiency; loss minimization control;
neuro-fuzzy systems; permanent magnet synchronous motors.

1. INTRODUCTION

While working with systems using limited energy sources
such as electric cars, lost power is clearly a crucial
parameter to consider. It is a necessity to eliminate the
losses as much as possible. This will prevent the car’s
limited power sources from being drained. During literature
review, it was observed that many studies have been made
on investigating the electrical losses in PMSMs. In their
studies, [1] and [2] only investigated the copper losses.
Neglecting other losses, such as core losses, results in an
incomplete output. To achieve complete estimation of losses
on PMSMs, some authors considered iron losses as well as
copper losses. Authors of [3]-[8] investigated analyses on
iron losses and/or the equivalent core loss resistance for
fixed rotor speed operation conditions. In fixed speed,
operation frequency remains fixed as well. This brings some
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ease especially, on loss calculations with frequency
dependent partial differential equation components.
However, it is apparent that such types of analyses have
limited usage, so they cannot be used in variable speed
operations. There are also some studies in which speed
variance has been taken into account. Namely in [9]-[16],
authors researched different particular speed values but
revealed the results of their studies with a constant core
resistance. In those cases, they neglected the variation of the
core resistance related to frequency. As a matter of fact, that
approach makes calculations easier, but again causes some
errors by neglecting frequency effects. On the other hand,
authors of [17]-[20] have examined core resistance changes
in variable speeds. These authors, like mentioned before,
carried out the analyses on particular speed values only. So
they neglected speed variation between the selected speed
values. Finally, the authors of [21]-[24] have investigated
dynamic changes on the core resistance with variable speeds
by using very complex analytical calculations. So after
reviewing the literature, the need of an intelligent estimator
became clear to determine core resistance dynamically
according to varying speeds. In this context, this study
demonstrates a neuro-fuzzy core resistance estimator for an
interior permanent magnet synchronous motor; and it
discusses the results in comparison with operating
conditions which have fixed core resistance.

II. FINITE ELEMENT ANALYSIS OF CORE LOSSES INPMSM

In loss minimization studies of PMSMs, the primary
problem is to identify a motor’s iron loss which has great
importance in the loss minimization process. Analytical
methods to solve this problem seem quite complicated
because representations of losses include partial differential
equations [5]-[7], [19]-[26]. In this context, by
investigating the papers numbered [4], [7], [8], [13], [17],
[20], [22], [27], the use of a motor based on the Finite
Elements Method (FEM) modelling has been chosen as the
most suitable solution for this problem.

FEM is a method used in the solution of Laplace and
Poisson-type partial differential equations. Using FEM,
fluxes in a motor, torque produced by the motor and iron
loss of the motor can be calculated in detail based on the
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physical size of the motor, and various parameters of the
materials used.

In this study, a FEM analysis was carried out from a pre
made educational demonstration of a finite element model
which was created and released by Cedrat, embedded in
Flux 2D software. (For more information about the FEM
model please visit the Cedrat webpage. The analyses were
carried out under a registered trial license.

Consequently, hysteresis loss power (W), [Watt]) and eddy
loss power (W. [Watt]), which were defined in (1) and (2)
respectively [6], as two main components of total iron loss
power (W [Watt]) were found by means of running FEM
analysis for different constant speed rates and the obtained
results are shown in Fig. 1

Wy, =ky[1+c(r-1)]B*/, (1)

where B [Wb] is the peak value of the magnetic flux density,
ky is the material constant, ¢ is the magnetic flux density
ratio (Buin/Bmax), v 1s the empirical factor and f [Hz] is the
fundamental frequency

W =kee i Br% (nf)z )
n=l1

B, [WD] is the peak value of the magnetic flux density for
the harmonic order n. Herein if the skin effect of the eddy
current is neglected, k.. can be written as
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where d is the sheet thickness, p is the sheet density and p. is
the specific electrical resistance of the steel.
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Fig. 1. Core losses on PMSM.

From Fig. 1, it can be seen clearly that the change in the
eddy losses has a quadratic shape which responds to change
of frequency as defined in (1). And the change in the
hysteresis loss has a linear shape which suits the definition
given in (2).

It is possible to calculate iron core resistance R, [] in
terms of the total iron loss power obtained in Fig. 1. In this
study, the preformed lossless model was operated at each
values of speed given in Fig. 1, using I¢ = 0 control method.
Than the uo voltage values obtained from these operations
were used with W [W] values obtained from FEM analyses
used in (5) which can be derived from d and q axis
equivalent circuits given in Fig. 2 and Fig. 3 consequently
[14]. R. [Q] resistance was found for each speed point as

shown in Fig. 4. The other parameters of the PMSM are
given in Table I.
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Fig. 2. d-axes equivalent circuit of a PMSM with core resistance.
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Fig. 3. g-axes equivalent circuit of a PMSM with core resistance.

TABLE L. PMSM PARAMETERS.

Parameter (unit) Value
Py () 4
R. Q) 0.42
Yu (Wb) 0.5052
J (kgm?) 0.0637
L4 (mH) 2.11e-3
Ly (mH) 8.98¢-3
Number of stator slots (-) 48
Number of phases (-) 3
Connection type (-) wye
Magnet type (-) NdFeB
Lamination type (-) M270-35A
Outer diameter (mm) 242
Stack length (mm) 75
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Fig. 4. Core resistance variation vs speed.

For the resistors shown in the circuit, R. [Q2] stands for
iron core resistance and R, [Q2] represents phase resistance.
Currents iy, ig, ide, ige, iao and iz [A] represent stator, d and q
are axis currents which pass over the iron core resistance
and in parallel to iron core resistance respectively. In
addition, us and u, [V] stand for d and q axis voltages
respectively; Lgand L, [H] are d and q axes inductance, and
wu [Wb] represents flux density of the permanent magnets:

2 2 2

Uy =Uyg +uq0, (4)
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III. CORE RESISTANCE ESTIMATION WITH ANFIS

In order to analyze loss in variable speed drive systems,
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core resistance values of all corresponding speed values
must be known. The finite element method cannot be used
in dynamic analysis because FEM models require working
with constant values. To perform a dynamic loss control, the
core resistance values corresponding to all speeds must be
known. The core resistance information can be gathered by
a function which was defined based on values given in
Fig. 4. The function can be defined with classical probability
and statistics calculations as well as complicated
mathematical calculations. In this regard, intelligent systems
are emerging as the most appropriate solution for
dynamically determining the core resistance.

The most popular emerging intelligent systems in the
literature are based on fuzzy logic. A fuzzy system is a
system based on fuzzy logic, in which the idea is to infer
information about a variable from the information about its
relation with another variable and finally reach information
about the last one.

There are three main parts in a fuzzy system. First one is
the fuzzification interface which translates the observed
input into a fuzzy proposition (fuzzy input). Second one is
the fuzzy inference machine that applies fuzzy logic and
obtains a fuzzy output. And the last one, the defuzzification
interface which translates the fuzzy output into the
numerical output of the system [28].

A fuzzy system in process control uses rule bases for
decision support. Setting up the rules seems to be an easy
task if expert knowledge is available. However, there are
three significant issues that complicate this procedure.
Firstly, rules are not always true. Some rules fit in the
majority of cases, but some exceptions do exist in some
processes which cannot be described in detail here.
Secondly, a rule with a set of inputs can fail to obtain a
fuzzy output if a measurement involved in any input
parameter is missing. And finally, some conditions are
diagnosed by detecting patterns over time, so dynamics need
to be considered [29]. To get rid of these complexities, a
Neuro-Fuzzy system comes in handy.

The results obtained at Finite Element Method by
constant speed simulations can be used as training data in
case of creating a Neuro-Fuzzy intelligent prediction model.

In case of limited access to training data, results obtained
by ANN may not be satisfactory. In this situation, a fuzzy
logic controller can be used as an addition to improve the
results obtained by the ANN controller [30].

As defined in detail in [31], [32], an Adaptive Neuro-
Fuzzy Interference System (ANFIS) is a prediction system
that can be used in a broad range of applications. In [32],
Jang has indicated modeling of a nonlinear multivariable
function, identification of nonlinear components in the
control of dynamic systems, and identification of an
irregular time series as possible types of applications.

In general terms, an ANFIS is an algorithm that
automatically adjusts Sugeno type fuzzy logic membership
functions with the aid of training data. The output of a
Sugeno system may be linear functions or constants
obtained by weight average defuzzification in the algorithm.

An ANFIS creates A Fuzzy Logic System (FLS) by using
the input and output parameters. The parameters of the
membership function are determined solely by a
backpropagation learning algorithm or in the form of a

hybrid learning algorithm combined with the method of a
least squares algorithm.

While designing a neural-fuzzy controller for existing
problems, rotor speed values were taken as input parameters
and core resistance values corresponding to these speeds
were taken as output parameters. Design was implemented
with a Adaptive Neuro Fuzzy Interference System (ANFIS)
toolbox in Matlab. Within this design triangle, TRIMF
membership function type was used. The number of
membership functions was chosen as three. The input
membership functions were formed as shown in Fig. 5.

slow fast toofast

Fig. 5. Membership functions for core resistor estimator.

The results obtained from the Neuro-fuzzy estimation
system are shown in Fig. 6.
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Fig. 6. Comparison estimated core resistance with finite element results.

As shown in Fig. 6, the neuro-fuzzy estimation system
estimated the core resistance values with great accuracy.
Thus, this system can clearly be used in variable speed
operations with high accuracy.

IV. MINIMUM LOSS CONTROL WITH CONSTANT
RESISTANCE VS. DYNAMIC RESISTANCE

In this section, a comparison is made between dynamic
and constant core resistance circumstances. During the first
0.2 s, the motor operated at the 70 rad/s constant speed value
which is below the nominal speed (94.28 rad/s) of the
motor. Then in order to examine the effects of speed
changes on the motor between 0.2 s—0.3 s, the speed was
increased in a linear fashion with a 550 rad/s? slope value.
Between 0.3 s and 0.45 s, slop value was reduced to to
125 rad/s®. In addition to examining the motor's dynamic
response to load changes, a dynamic load torque, whose
value is defined as Ty = 3w, [Nm], was used on the motor
from the beginning of the operation.

In order to increase the efficiency of the motor, a MTPA
& FW controller was used on the motor. This controller
created in our previous study given with the reference
number [12], was created as a combination of the MTPA
(Maximum Torque Per Ampere) and the FW (Field
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Weakening) control methods. The operation of this
controller can be demonstrated with the flow diagram given
in Fig. 7. In this diagram, U, and U, [V] represent the
inverter output voltage and the maximum phase voltage of
the inverter respectively, where wr [rad/s] represents the
measured rotor speed, w, [rad/s] represents the critical
angular frequency calculated by Usw/wwm, and w4 [rad/s]
represents the maximum speed at a positive constant torque
limit.

YES NO

YES

NO

A 4 4

MTPA ¥ FW
I,

Fig. 7. Flow chart of MTPA&FW controller.

The simulation was run twice, once with constant core
resistance and once with dynamic core resistance, which
came as an output from the designed Neuro-Fuzzy
resistance estimator. 2637 ohm taken as a constant
resistance value obtained by finite element analysis,
performed at the nominal operating speed of the motor. To
be able to ensure that the loss minimization algorithm
works, the results gathered from id = 0 control, in which
core losses have be neglected, were added to the figures.

Figure 8 shows the variation of R. obtained from the
operation of the two cases.

As shown in Fig. 9, the rotor speed caught the reference
speed curve with great success in both constant and variable
resistance operating conditions.

Figure 10 shows the motor’s load torque variation. In this
figure it can be clearly seen that the load torque variations in
both constant and variable R. operating conditions fit the
desired ratio (7} = 3wm).

Motor’s d axis current component variations are given in
Fig. 11. Below nominal speed it can be clearly seen that the
current has a greater value at variable R, control. However,
in speeds higher than the nominal speed, the condition is the
opposite. Also in the phase below the nominal speed, current
ripples are reduced by the use of variable resistance.

The motor’s iron core loss variations are shown in
Fig. 12. These variations show that the control with constant
R, results in less iron loss in slow speed operation phase.
However, when the motor’s speed exceeds the nominal
speed and goes into high speed phase, the condition is the
opposite. In addition, by the use of variable resistance, the
ripple that occurs at starting point may be eliminated.
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Fig. 12. Iron loss variations.
The motor’s copper loss variations are shown in Fig. 13.
Again, it can be seen that the variation differs in two speed

phases. In low speed, phase control with constant resistor
provides less power but contain more ripples.
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The motor’s total electrical losses, as sum of the iron and
copper losses, are given in Fig. 14. Same behavior can be
seen in copper loss variation.
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Finally, the motor’s efficiency variation was obtained as
shown in Fig. 15. As shown below, the values in different
regions also vary. In the low speed region, constant R. gives
higher efficiency in contrast to the efficiency obtained in the
high speed region.

11

Efficiency at Full Range
T T T T

08
>
Q o6
2
Q2 |
% 041 Loss Control With Variable Rc
02 = =Loss Control With Constant Rc
f 1d=0 Contro
{ | : | . | . | 1
0.05 0. 0.15 02 025 03 035 04 0.45
t(s)
Zoomed Between 0.10s - 0.11s Zoomed Between 0.44s - 0.46s.
09122 ) 0.9366
— - A}
09121
» as “ 4 ¢ "“] 0.9364
Zroot21 - 3
2 | 5
3 oot | -5 00wz
-
& oo 5 -
0.936 -
09120 y—‘ .-
[, w
0911¢

935
0102 0104 0106 0108 011 044 0442 0444 0445 0448 045
1(s) 1(s)

Fig. 15. Efficiency variations in full and selected time ranges.

04

V.

In this study, an investigation is made to determine the
variation effects of the core resistor on electrical losses of
the permanent magnet synchronous motor. In this context,
firstly a Neuro-Fuzzy based core resistor estimator was
designed in order to eliminate a big deficiency found in the
literature about determining dynamic core resistance. Then
the obtained dynamic core resistance was used with a loss
minimizing algorithm. Finally, the obtained results were
compared with the results of the loss minimization
application that used constant core resistance.

It is evident from the results that loss control can be
applicable in cases of both constant and variable resistance.
On one hand, using constant resistance provides great
convenience in calculations. On the other hand, in practical
applications with variable speed, it is not possible to keep
core losses and consequently core resistance constant as a
clearly demonstrated in (1) and (2). Therefore, it can be
clearly seen from Fig. 11-Fig. 15 that taking the resistant
constant in algorithms produces quite inaccurate results.
Especially as seen in Fig. 12, applying a constant iron core
resistance, while motor operates under nominal speed,
provides a lower iron loss than usual and the results are
reversed in the high speed region. In the case of applying
estimated dynamic iron core resistance, more realistic
results are obtained, so a more accurate analysis can be
performed.

In applications such as electric vehicles, even the smallest
power loss has great importance, therefore making the
correct calculations an important requirement. This study
makes it clear that this is only possible by taking into
account the dynamic changes in iron core resistance.
Making calculations using the dynamic resistance is a major
requirement to perform more accurate loss minimization
applications.

CONCLUSIONS
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