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Abstract—Online estimation of losses is important to improve
control, operation and monitoring of electrical machines. This
paper focuses on investigation of iron losses using a magnetic
circuit model for its accuracy and adaptability to online es-
timation purposes. A customized magnetic circuit of an IPM
machine is proposed that captures slotting, non linearity, cross
saturation and localized effect of flux bridges. A technique
is presented to compute the alternating stator and rotor flux
from the static magnetic circuit. The required computations
are reduced introducing pseudo mmf sources that avoid solving
magnetic circuit at several rotational steps. The stator and rotor
core losses are found corresponding to each harmonic component
of alternating flux density. The results are validated with Finite
Element analysis with good correlation.

I. INTRODUCTION

The high speed electric machines with reduction gears have
gained interest in transportation application as they are lighter
and smaller as compared to direct driven low speed electrical
machines of the same power. The losses which are functions of
frequency are the prevailing concerns while adopting them in
the indirect drive applications [1]-[5]. The core and AC copper
losses are the main loss components which are depended on
frequency. The latter one is due to eddy current induced in
the conductor by skin and proximity effects. They can be
estimated with analytical models [1]-[3]. On the other hand,
it is difficult to find a closed form expression for the core loss
as the flux density is distributed heterogeneously in electrical
machines [4][5].

The prediction of core loss with the help of magnetic circuit
(MC) is a method well used in rapid design process [4]-
[6]. The magnetic circuit predicts the average distribution
of flux density across a region. This information is used to
calculate the core loss. However, building a magnetic circuit
is a challenge for the machines like interior permanent magnet
(IPM) [6]-[8]. The effects of slotting, non linearity, cross
saturation and flux bridges are the main challenges. The lack
of careful modeling of these effects results in deviations from
the actual flux densities. Unlike surface permanent magnet
(SPM) machines, the rotor core loss is not negligible for IPMs
as the core directly faces the air gap. The flux in the rotor
core alternates due to slotting and PWM harmonics [7][8].
A detailed air gap circuit model is required and the circuit
has to be reconnected at each rotor positions to capture these
harmonics [7][8].

Once the flux densities of each magnetic circuit elements
are known, then the Steinmetz’s equation can be used to find
the core loss. If the flux density is not sinusoidal, then the
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core loss corresponds to each harmonic flux density is added
up to get the total core loss. The coefficients of Steinmetz
equation are treated generally as constants. Actually, they vary
with flux density and frequency [9][10]. These coefficients are
extracted from manufacture’s loss data for the given material.
The modified Steinmetz equations are used to account for
PWM and arbitrary waveforms [11][12]. The rotational nature
of the flux vector at some regions of the core creates some
additional core loss [13][14]. The loci of the flux rotation helps
to quantify this loss.

The application of MC for online estimation of the core loss
is investigated in this paper. An exclusive MC which captures
nonlinear behavior of the core, cross saturation, slotting, and
localized effect of flux bridges is proposed. The MC is solved
with the help of MATLAB nonlinear solver ‘fsolve’. The
results are used to find the flux variation corresponding to
all the time steps in an electrical cycle. An exclusive circuit
which has only harmonic mmf sources is proposed to find
the variation in rotor flux density. The Steinmetz equation is
used to find the core loss at different harmonics. The results
are compared with FE analysis at different load currents and
excitation angles (field weakening).

II. ONLINE CORE LOSS ESTIMATION SCHEME

There are different techniques available in literature related
to online estimation of core loss. The total core loss at any
operating condition is expressed in terms of the rated core
loss, ratio of operating and rated flux and frequency for a
self excited induction generator [15]. The total core loss is
modeled as resistive component and it is corrected with the
help of adaptive techniques for an induction motor [16]. The
similar techniques can also be applied to IPM machines.
However, the localized behavior due to flux bridges, cross
saturation and rotor core loss at slot harmonic orders cannot
be captured. Also, if the estimated core loss is used for
temperature estimation, then the distributed core loss would
give better estimation.

In this paper MC is chosen to estimate the core loss. The
block diagram of the scheme is presented in Fig. 1. Online
information of current and excitation (FW) angle are fed to
the MC model. Then the model estimates the flux densities of
all the regions in the stator and rotor cores. These results and
operating frequency are then fed to the core loss model which
estimates the core losses in stator and rotor at the fundamental
and the harmonic frequencies.
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Fig. 1: Online core loss estimation scheme.

III. MAGNETIC CIRCUIT MODELING

The first step in building a magnetic circuit model is
discretizing the core into several regions. The area which has
the same flux density is considered as a region. The regions
are then modeled as reluctance elements. These elements are
interconnected based on the flux path. The static FE analysis
is carried out in order to understand the flux distribution in the
core. Figure 2 shows the discretization based on FE results of
the IPM machine considered in this paper. The rotor front
island, back island and the magnet are divided into three
regions. The rotor island region has the flux in both the radial
and the tangential directions which capture cross saturation.
The tooth is divided into two regions. The hat, slot and slot
opening are single regions. The stator back iron is divided into
three regions.

The air gap spanning one slot pitch is discretized into three
regions. They are the regions above slot opening, hat, and
tooth stalk as shown in Fig. 3. The reluctance elements of
these three regions are individually connected to the elements
corresponding to their bottom regions in the stator. On the
rotor side, these three elements are shorted and connected to
the front rotor island. The air gap elements along with the
elements of hat, slot opening, and tooth stalk help to model
the slotting. Its accuracy is very important in predicting rotor
core loss.
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Fig. 2: The discretization of stator and rotor cores.

The MC is modeled for one pole pair and the end ter-
minals from one side are connected to other side to form
a continuous circuit as shown in Fig. 4. The stator mmf

& a

[ Above hat

a &

M Above slot opening [l Above tooth stalk

Fig. 3: The discretization of air gap.

sources are connected in between stator back iron and tooth
stalk elements. The mmf value corresponding to one tooth
is found by averaging mmf over a slot pitch. The magnet
source is divided into three regions. This helps to capture local
effects due to flux bridges. There are flux bridges between the
magnets and one near the air gap. The latter one is divided
into two to capture its effect on the air gap field.
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Fig. 4: The magnetic circuit model.

The steel regions are modeled as 174 nonlinear elements.
There are 120 linear elements, 24 mmf sources and total 54
flux loops. The matrix equation of the circuit is

[M]54><1 - [R]54><54 [¢}54x1 ey

where M is mmf vector, R is reluctance matrix and ¢ is
loop flux vector. The flux density distribution in the alternate
quarters of the model is similar, as shown in Fig. 2. Hence the
elements in the matrix are identical and this helps in reducing
the solving time.

The soft magnetic material used for the IPM considered in
this paper is 50CS350 (China Steel). The B-H curve of the
steel is shown in Fig. 5. The reference IPM machine has 36
slots, 6 poles, and 48 turns per phase. The machine is rated
for 10KW at 8000 rpm.

The MC model is solved in MATLAB nonlinear solver
“fslove’. The air gap flux density profile at 50Hz, 50 Ap phase
current and different current excitation angles (angel from g-
axis) 07, 30°, and 60° are respectively shown in Fig. 6, 7 and
8. In all the three cases, the results from the MC closely match
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Fig. 5: B-H curve of 50CS350.
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with the FE results. The per unit values of flux density in this
paper has the base of 1.1 T. It is challenging to accurately
predict the flux density around the flux bridges due to strong
saturation nonlinearity. However, the introduced two elements
as mentioned in the previous section significantly improved
the results as shown between 5°-15° and 45°-55° mechanical
degrees.
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Fig. 6: Air gap flux density at 0° current excitation angle.
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Fig. 7: Air gap flux density at 30° current excitation angle.

The solution of the magnetic circuit gives static values of
loop flux densities for a given operating point. The generation
of alternating flux densities and estimation of core loss come
under post processing.
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Fig. 8: Air gap flux density at 60° current excitation angle.

IV. ALTERNATING STATOR FLUX DENSITY

The flux in the stator rotates at the excitation frequency.
Therefore each stator region experiences alternating flux. The
stator elements, which are considered for core loss estimation,
are grouped as upper tooth that faces the air gap, bottom
tooth and stator back iron. The elements of hat region are
not considered as they are small. The flux in one element of
a group is the same as the flux in its preceding or succeeding
element at the previous rotational step depending on the
direction of rotation of flux. This is mathematically expressed
as

¢(n,k+1) = ¢(n—1,k) )

where, n is the element index and k is rotational step index.
This fact is used to obtain the alternating flux densities in
the stator elements. The flux densities of all the elements in
a group from static solution of MC together represent the
alternating flux density corresponds to one electrical cycle for
an element.

There are 12 slots per pole pair for the reference IPM,
which provide 12 flux density points as shown as step profile
in Fig. 9, Fig. 10 and Fig. 11 for top tooth, bottom tooth and
stator back iron, respectively. The step profile results in unreal
harmonics. Therefore, an interpolation connecting 12 points is
carried out for all the groups. The interpolated profiles show
good correlation with FE results. The FE results are average
flux densities over the discretized regions at each rotational
steps.
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Fig. 9: Alternating flux density in the top tooth element.
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Fig. 10: Alternating flux density in the bottom tooth element.
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Fig. 11: Alternating flux density in the stator back iron
element.

The alternating flux density profiles shown in Fig. 9, 10
and 11 are not sinusoidal. Therefore, the core loss are found
separately for each harmonics. The harmonic components of
flux densities along with their corresponding values form FE
are shown in Fig. 12, 13 and 14. The values show good
correlation with FE results. The harmonics at the order of 6
are negligible, but they are the main components in the rotor.
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Fig. 12: Fourier decomposition of flux density in the top tooth
element.

V. ALTERNATING ROTOR FLUX DENSITY

The rotor rotates synchronously with the stator field. Hence
the rotor magnetic field is stationary as observed from the
rotor reference frame.. However, the slotting, distribution,
non sinusoidal excitation and PWM could cause higher order
alternating fields in the rotor. These result in substantial
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Fig. 13: Fourier decomposition of flux density in the bottom
tooth element.
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Fig. 14: Fourier decomposition of flux density in the stator

back iron element.

core and permanent magnet losses. It is very challenging to
obtain these harmonics with a MC[7][8]. This paper proposes
a simple and a faster method. It provides magnetic field
density of any element for any harmonic order by solving
an exclusive magnetic circuit (ExMC). The ExXMC is similar
to the actual MC as shown in Fig. 15. However, the mmf
sources are shorted and introduced pseudo mmf sources in
the air gap having harmonic orders. The values of pseudo
mmf sources are essentially air gap mmf harmonics found by
Fourier decomposition.

Harmonic mmf
®

H Nonlinear elements
Linear elements

Fig. 15: Exclusive slot harmonic circuit.

The sinusoidal three phase excitation without PWM is ap-
plied to FEM model and the analysis shows that the dominant
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Fig. 16: Fourier decomposition of air gap mmf.

harmonics are from slotting, which are at the orders
of 6. The values of these harmonics for ExXMC are found
from the actual MC. The Fourier decomposition of air gap
mmf at 300Ap phase current and 30° excitation angle is
shown in Fig. 16. The base value of per unit mmf is 100 A.
The ExMC is solved for each slot harmonics. The ExMC is
approximated as linear as the flux density is low when excited
with harmonic mmfs. The flux density values from ExMC and
FEM at right, center and left regions of rotor front island are
shown in Fig. 17, 18 and 19 respectively. The EXMC results
are geometric sum of the flux densities in radial and tangential
elements.
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Fig. 17: Fourier decomposition of right region of front island.
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Fig. 18: Fourier decomposition of center region front island.

VI. CORE LoOsS

The Steinmetzs equation is used to find the core loss. The
loss contributed by total n harmonics and k elements are
k
Peore = Eki:l
where kh and ke are hysteresis and eddy current coefficients,
ki and ni are element and harmonic indexes.
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Fig. 19: Fourier decomposition of left region of front island.

The values of kh and ke are found from manufacture’s loss
data. The loss data for different frequencies and flux densities
for 50CS350 steel is shown in Fig. 20. The curve fitting
coefficients for each curve corresponding to a flux density are
essentially the core loss coefficients. The coefficients vs flux
density are plotted in Fig. 22 and Fig. 21.
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Fig. 20: Manufacture’s core loss data for 50CS350.
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Fig. 21: Hysteresis loss coefficient.

The core loss results from MC are compared with FE at
several operating points. The difference is in the range of
5%-20%. The per unit values of rotor and stator core losses
at 300Hz, 300Ap (causes high saturation) and 30° current
excitation angle with the base of 10 W are shown in Fig. 23
and 24 respectively.

The computation time took to solve the nonlinear circuit
is 4s in Intel Core i7-4770 CPU @3.4 GHz, 32 GB RAM
computer. Whereas, solving magneto static model by the
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Fig. 22: Eddy current loss coefficient.
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Fig. 24: Stator core loss.

commercial FE software, JMAG, takes 240s in the same
computer. The reduction of the computation time to implement
in an embedded platform is the key focus for the future work.

VII. CONCLUSION

This paper presents a customized magnetic circuit which
captures detailed effects like cross saturation, slotting and local
effect due to flux bridges for an IPM machine. The simple
and faster methods to obtain the alternating flux density in
stator and rotor regions are presented. The alternating flux
density profile and their harmonic components showed good
correlation with the FE results. The stator and rotor core losses
are estimated for each harmonic components. The core loss
results for a specific operating condition are presented and
they are in good match with the FE results. Although, the
total computation time is 60 times lesser than FE, the time
required to solve in embedded platform might take longer. The
reduction of computation time is going to be the key focus of
the future work.
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