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Abstract—In high power density machines, proximity loss
presents an unavoidable obstacle due to its significant impact on
thermal dissipation and insulation aging. To address the need for
rapid and accurate proximity loss prediction, this study presents a
novel methodology that employs a mesh-based magnetic
equivalent circuit (MEC) for calculating proximity loss in
electrical machines. Using an existing machine as an example, the
proposed approach is applied to various scenarios, yielding results
that demonstrate close agreement with both finite element analysis
(FEA) and experimental results, validating its effectiveness.
Notably, the technique exhibits high flexibility and can be
extended to accommodate slots of various shapes. This innovative
approach, which involves flux leakage calculation, represents a
previously unexplored avenue and could potentially serve as a
fundamental basis for expeditious AC loss calculations.

Index Terms—PM machines, high-speed machines, copper losses,
AC losses, eddy current, proximity effects, flux leakage, Magnetic
Equivalent Circuit (MEC), mesh-based MEC.

|. INTRODUCTION

HE application of high power density electrical machines
has been growing rapidly. This surge in demand is

driven by electrification such as automotive and
aerospace applications which can reach to decarbonisation of
energy supply chains and net zero goals [1].

High power density machines feature high speed or high pole
numbers, resulting in high operating frequency. Such feature
will amplify skin effect and proximity effect and consequently
causing substantial increment in joules losses. Therefore,
precisely estimating the proximity losses during the machine
design stage is crucial to ensure the efficient and safe operation
of high-frequency electrical machines. This can help to enhance
the overall reliability and efficiency of the machine while
avoiding potential issues such as insulation ageing, thermal
dissipation problems, and the risk of severe accidents. To
accomplish this goal, various methodologies have been
established to predict proximity losses. These techniques
usually employ advanced electromagnetic modelling and
simulation methods to analyse the complex interactions
between the conductors and the surrounding magnetic fields.

Generally, two main approaches are employed for predicting
proximity loss, finite element analysis (FEA) and analytical
techniques.

Substantial improvements have been made in the calculation
of proximity loss by means of FEA, particularly in studying the
influence of conductors and slots on this phenomenon. In
particular, aspects investigated include the shape of conductors
[2], size of conductors [3], slot opening geometry [4] and

innovative techniques such as partially filled slots [5], all aimed
at mitigating proximity losses.

3D-FEA has been employed to evaluate the proximity loss
and its impact on temperature rise in end-windings of a power
inductor. Also, the obtained results were compared with the 2D-
FEA maodel. It was found that the estimated loss through 2D-
FEA is overestimated the ratio of Rac/ Rac [6]. Multiphysics
FEM model, electromagnetic and thermal, has been used to
study the dynamic interaction between the proximity losses and
temperature rise. It was reported that the variation of conductor
loss with temperature is not consistent throughout the winding
[7]. Furthermore, both 2D- and 3D-FEA have been employed
to design the winding shapes with the aim of reducing the
proximity loss, producing a shape coil utilizing additive
manufacturing technology. Despite the complexity of the
winding structure, the losses reduced significantly [8].

Although the high accuracy of FEA, it requires substantial
computational time and resources. Many efforts have been
made for simplifying the model and reduce the computational
time for FEM simulations; however, this method is inefficient,
especially when utilised for the optimisation purpose [9].

Analytical methods are an appropriate alternative to FEA for
prediction of proximity losses under various conditions, and
several analytical approaches have been considered for
predicting proximity loss.

An analytical method, known as Dowell Equation, has been
developed for evaluating the effects of eddy currents on
transformer windings [10]. In detail, this technique can estimate
the variations in winding resistance and leakage inductance
with frequency for various winding configurations. Dowell
Equation was employed to calculate the AC winding losses of
a close-formed rectangular transformer with round conductors
[11]. The Dowell equation can also be applied in transformers
in the cylindrical coordinate with appropriate correction [12].
However, it should be noted that these equations are applicable
for the close-formed rectangular transformers but may not be
suitable for electrical machines [13]. In [14], the Squared Field
Derivation (SFD) method was used to calculate the proximity
losses considering complex 2D and 3D field effects along with
arbitrary waveforms. This approach can simplify the
magnetostatic  filed calculation, resulting in saving
computational resources. In addition, proximity losses were
computed for various coil conductor shapes, including rod core
[15], magnetoplated conductor [16], rectangular conductor [17],
and round conductor [18]. In these studies, the geometric
structure of the cores was not complex, allowing for the direct
expression of magnetic field in a Cartesian coordinate.
However, in the case of most rotating electrical machines, the



presence of slot openings introduces substantial differences in
flux leakage in the slot region compared to transformers.

Generally, 1-D analytical method [19] and 2D analytical
method [20] are widely used to calculate flux leakage in the
stator slot area. A 1-D analytical model can provide an
appropriate approximation of the flux leakage distribution
within the slot. However, its accuracy reduces considerably
near the slot opening area due to its underlying assumptions. In
contrast, 2D analytical model can precisely calculate the flux
leakage in the vicinity of slot opening area.

Although the analytical methods offer can provide a swift
estimation of proximity losses, their applications are
constrained to the simple core structures, like rods or close-
formed transformers. Even the most sophisticated analytical
methods employing Laplace Equation cannot accurately predict
the proximity losses of electrical machines with parallel teeth,
mainly due to the challenge in presenting the slot shape within
the coordinate system [21].

In this study, a novel method based on mesh-based Magnetic
Equivalent Circuit (MEC) is introduced to calculate proximity
losses for the complex slot geometries and conductors at
arbitrary positions. The interaction of input current and flux
leakage among different conductors is comprehensively
explained and calculated, which enables proximity loss
calculation of diverse input current all in once when the slot
shape and conductor position remain unchanged. This
characteristic makes the method highly suitable for further
development into a rapid AC copper loss calculation method for
winding optimization, where the calculation of AC copper loss
of numerous winding transposition schemes is necessary. It is
also worth mentioning that the accuracy of this method is
basically not compromised compared with FEA, suggesting the
further developed AC loss calculation method to be both fast
and accurate for sensitivity analysis and optimisation
procedures.

The paper is organised as follows: in section Il, the baseline
machine considered for modelling and validation purpose is
introduced. Section 11l outlines the proposed Magnetic
Equivalent Circuit (MEC) methodology. Section 1V compares
the flux leakage and proximity losses computed using the
proposed method and FEA. Section V presents the experimental
validation for the proposed method. Finally, Section VI
summarises the proposed approach.

Il. MODELLING OF THE BASELINE MACHINE

The geometry of an existing machine serves as the reference
model, designated as the baseline machine as shown in Fig. 1,
and its corresponding parameters are detailed in TABLE I. The
number of conductors at different positions in the slot is also
shown in Fig. 1. It is noteworthy that complete transposition
techniques were employed to effectively minimize circulating
currents within this machine. In addition, the diameter of the
copper conductor is chosen large enough to study the proximity
loss phenomena.

When calculating the copper loss of an electrical machine, it
is a good approximation to model one slot of the machine rather
than all slots in order to simplify the model [22], [23]. The

whole-machine model, stator-only model and one slot model
are simulated in FEM, and the resultant copper loss is compared
and shown in Fig. 2. It turned out that the average copper loss
error in each individual conductor in stator-only model is 2.8%
while the error in one-slot model is 2.3%. It can also be
concluded that modelling permanent magnet or not has a
minimal impact in copper loss. Due to the minor copper loss
difference in whole-machine model and one-slot model, in the
following discussion, only one slot is modeled in MEC.
Stator:
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Fig. 1. Schematic of the baseline machine model.

TABLE |
MACHINE PARAMETERS
Description Specification
Machine type 3-phase PMSM
Magnet material SmCo33E
Core material JNEX10
Rated power 300 kw
Rated speed 30000 rpm
Fundamental frequency 1000 Hz
Number of poles 4
Number of slots 24
Number of turns per slot 2
Strand nominal diameter 1.6 mm
Outer diameter of stator 235 mm
Inner diameter of stator 140 mm
Tooth tip height 0.8 mm
Slot opening 3.5mm
Yoke thickness 17.5 mm
Slot height 27.4 mm
Tooth width 10 mm
Stack length 130 mm
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Fig. 2. Copper loss of each conductor in whole-machine model,
stator-only model and one-slot model




I11. MAGNETIC EQUIVALENT CIRCUIT (MEC) MODELLING

The Magnetic Equivalent Circuit (MEC) is a simple, fast, and
effective approach to accurately calculate the magnetic flux
density in the electromagnetic systems. This method is
universally utilized for preliminary assessment of the
electromagnetic characteristics of electrical machines.

Mesh-based MEC is an advanced MEC model which
discretise the study domain by multiple magnetic networks
comprising reluctances / permeances in both radial and
tangential directions. This technique allows to estimate the
magnetic flux density as accurate as FEA.

air permeability

—|—
iron core permeability —{—

Fig. 4. An example of mesh and formed magnetic circuit.

Some assumptions were made to build the MEC model in this
study as follows:

i. The permeability of the stator is infinite.

ii. The temperature and the conductivity of the conductor are

constant.

iii. The eddy current inside conductors has no impact on the flux

leakage.

Based on these assumptions, the limitations of the proposed
method are established accordingly. Assumption i renders the
proposed method inapplicable to saturated iron core, while
assumption iii excludes its use in cases involving large-section
conductors. Proximity effect will change the current
distribution inside the conductor, subsequently impacting the
flux leakage distribution. Such effect can be neglected for
small-section conductors, but for large-section conductors the
error will become considerable.

Considering these assumptions, further simplification can be
made. Since the permeability is assumed to be infinite, the flux
leakage distribution in the slot could be regarded as the linear
superposition of flux leakage generated by each individual
conductor. Therefore, the calculation process of flux leakage

generated by one single conductor is explained as follow
section.

The initial step involves in discretising the slot domain and
building the MEC. Subsequently, by solving the MEC with one
single conductor, the magnetic field in the slot domain
generated by one conductor is calculated. This process is
repeated for all conductors and by applying the linear
superposition law, the proximity loss and leakage flux can be
computed.

A. Mesh Process and Calculation of Magnetic Permeance

The geometry of the slot could be divided by small mesh
elements. These mesh elements are achieved through radial
discretisation of the stator slot from the inner diameter of stator
to the bottom of stator slots. Consequently, each mesh element
has a circular sector shape. Inside each mesh element, there are
always two magnetic permeances in the tangential direction and
two in the radial direction as shown in Fig. 3. The boundaries
of mesh elements are represented in dotted line. It is worth
noting that the intersection points of the slot which are
highlighted in red (See Fig. 4), always coincide with the corner
of the element. This makes it possible to model different
materials inside one mesh element. In addition, the density of
the mesh in the slot area can be adjusted to obtained higher
accuracy considering the size of conductors.

Radial and tangential magnetic permeances in each mesh
element can be calculated by [24], [25]:
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Where u represents the permeability of the material, | is the
axial length of the machine, h denotes the height of the mesh
element, w; and w; are the length of inner and outer section of
the arc in the mesh element.

As can be seen in Fig. 4, when the centre of the mesh element
is within the air area, the air permeability is assigned to the
permeances. On the other hand, if the centre of the mesh
element is within the iron area, the iron permeability is
considered. In addition, when the element centre lies on the
boundary between two different materials, which represents
roughly 50 % of the area covers iron core and the remaining
part covers air, a tuning is made. In this circumstance, two of
the magnetic permeances in the mesh element is substituted
with iron core permeability and the other ones with air
permeability.

It is worth mentioning that this approach might introduce
some calculation errors at the slot edge. However, these errors
can be mitigated by increasing the number of mesh elements on
the edge area.
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Fig. 5. MMF source theory demonstration.

B. Magnetic Source Modelling

To obtain a complete magnetic circuit, it is necessary to
define the magnetomotive force (MMF) to the magnetic circuit
according to the position of the conductors.

To demonstrate the principle of incorporating the MMF
sources into the magnetic circuit, a C-shape iron core with a
conductor placed inside is considered as an example as shown in
Fig. 5 (a). Regardless of the position of the conductors and the
shape of the slot, the magnetic flux consistently forms a closed
loop around the conductor. The magnetic circuit can be defined
by assuming the conductor placed in the centre as shown in Fig. 5
(b), and the value of the MMF source corresponds to the value of
current flowing in the conductor. By further discretising the
domain into smaller sections, an equivalent circuit model with
more permeance with the aim of enhancing the calculation can
be obtained — see Fig. 5(c). Moreover, this MMF source can also
be split into multiple parallel-connected branches as shown in
Fig. 5 (d) to model filed more precisely. The sum of G1, G, G3
and G4 is equal to Go, and the value of MMF sources in each
parallel branches are identical with F.

Fig. 6. Complete magnetic circuit of one conductor in slot

Despite of the iron core shape and the conductor position, there
is always very few magnetic flux lines in radial direction between
the conductor and yoke. This is because the magnetic flux line
rotates around the conductor. So, the magnetic flux generated by
this conductor is mainly in tangential direction. Since there are very
few magnetic flux lines in radial direction branches, the branches
in radial direction can be equivalent to can be removed. Then the
magnetic circuit in Fig. 5 (d) could transferred into Fig. 5 (e). For
the same reason, the magnetic permeance is added in the radial
direction in the mesh element with MMF sources, the mesh of the
whole area is completed as presented in Fig. 5 (f). In this example,
the principle of how to build magnetic circuit according to the
shape of slot and conductor position was explained.

In summary, the process of MMF source modelling can be
described as:

1) Take the conductor centre as the starting point, draw the

shortest straight line to outer stator yoke.

2) Add MMF source in tangential direction branches which

intersect with this straight line.

Applying this methodology, the magnetic circuit of the stator
slot represented in Fig. 4 can be completed as shown in Fig. 6 by
adding the MMF sources due to the single conductor inside the slot
domain. When the conductor is at different position, the magnetic
permeance and the branches remain the same while the MMF
sources are added differently according to the position of conductor.

C. Solving the MEC

After the MEC is created according to the shape of slot and
conductor positions, the next step is to create and solve the
corresponding matrices. First, number each branch and node and
define the direction of each branch. Taking the magnetic circuit in
Fig. 6 as an example, the node humber, branch number and branch
direction are shown in Fig. 7. The slot area is divided into m rows
in radial direction and n columns in tangential direction.
Accordingly, the value of total node number Ny is (m+1)x(n+2),
while the total branch number Ny is [(m+1)-1]x[2(n+2)-1]+n+2-1.

Then, the incidence matrix should be created. The incidence
matrix A can be constructed as a NnxN, matrix. In this matrix, each
column number represents the branch with same number, while the
row number represents the corresponding node [26]. The incidence
matrix A is shown in equation (4) and the value of the elements is
shown in equation (5). In one column, the element value 1
represents that in the corresponding branch, the flux flow from this
node, while the element value -1 represents the flux flow into this
node, and the other elements in the column are 0.
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Fig. 7. Node number, branch number and branch direction of MEC
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The nodes and branches are numbered based on the nodes. The
node at row i column j is numbered as (i-1)x(n+2)+j. For each node,
the branches that flows out of this node is numbered accordingly.
The nodes can be categorized into 4 types: 1) With 2 branches
flowing out of it [Node (i1-1)x(n+2)+j1], 2) with only one branch
flowing out in radial direction [Node (i-1)xn+j,], 3) with only one
branch flowing out of it in tangential direction [Node(iz-1)xn+js]
and 4) with no branch flowing out of it. The branches that flow out
of the node are numbered as demonstrated in Fig. 7. After the nodes
and branches are numbered, fill the values in the incidence
matrix A. For example, in branch 3, the branch direction is flowing
from node 2 into node n+4. Therefore, in column 3, the value of
row 2 is 1 and the value of row n+4 is -1, while the other elements
in column 3 is 0. In this way, the incidence matrix A is built.

1 2 3 4 mx(2n+3)+n +1
1 1 1.0 0 - 0 1
2 0o -1 1 1 - 0
3 0 0 0 -1 - 0
A= s -1 0 0 0 - 0 “)
n+4 0 0 -1 0 0
Mmxm+2) Lo 0 0 0 -1

1, when branch j flow out of node i
a;=4-1, when branch j flow into node i (5)
0, otherwise

Next, the magnetic permeance matrix A should be built. The
magnetic permeance matrix is a NpXNp diagonal matrix, which
means all the elements that are not on the diagonal are 0. The value
of each element represents the magnetic permeance of the
corresponding branch. The value of the magnetic permeances in
each branch is calculated by means of equation (1)-(3). Substitute
the value of magnetic permeances into the branches accordingly,
the magnetic permeance matrix A can be obtained.

Ay ©

After that, the MMF source branch matrix Fs (an Npx1 matrix)
should be created. When solving the matrix, the input current is
assumed to be 1 A to calculate the flux leakage generated per
ampere. The flux leakage generated by input current at any
magnitude can be obtained by amplifying the flux leakage per
ampere because of the linear permeability of the MEC.
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( Start ) = Determine mesh division
I
[ Create magnetic permeance matrix A and incidence matrix A |
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“{Create MMF source matrix Fs according to the position of the conductor No.i|
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Fig. 8. Proximity loss calculation process

When the number of branches in which the MMF source are
specified, the element value at rows with corresponding number in
F is assigned with 1 while the other elements in the matrix is
assigned with 0.In this matrix, the number of elements with value
of 1 is determined by the conductor position and mesh division.

Fs= [ 1 -~ 1 | ]T (7)

Finally, knowing the incidence matrix A, magnetic permeance
matrix A and MMF source branch matrix Fs, the distribution of
magnetic flux can be determined by solving the following equation
in order of (8)-(9)-(10):

F,=(AAA") ' AAF, 8
F=A"F, 9)
®=A(F-F,) (10)

Where F, is the magnetic potential of each node, F is the magnetic
potential drop of each branch, and @ is the magnetic flux matrix.
In the obtained Npx1 magnetic flux matrix @, the value at different
rows represents the value of magnetic flux in corresponding
branches. The equation (10) could also be written in expanded
form:

(1)1 [A() A1 [ED

®(2) AQ2) FQ)|_| @

D(N,) AWN)I LF (V) s(}vb)
(11)

In this way, the flux leakage generated by one conductor is
calculated. By repeating this process and applying linear
superposition law, the overall flux leakage generated by all
conductors can be calculated.

The proximity losses can be calculated by [7], [14]:

7t10'rg(27rﬂi‘m)2
ac 128
Where | denotes the active length the conductor, ro is the conductor
diameter, o represents the conductivity of the conductor material, f
stands for the frequency of the magnetic field, By is the
fundamental magnitude of the external field.

Therefore, by calculating the external field of one conductor and
substituting the value into equation (12), the proximity loss of this
conductor could be calculated. The proximity loss calculation
process is summarised in Fig. 8.

(12)
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Fig. 9. Distribution magnetic flux density generated by a single conductor computed by MEC and FEA.

IV. FINITE ELEMENT COMPARISON

Numerical FEM simulations are carried out to validate the
proposed methodology using the structure of the baseline machine,
and flux leakage and proximity losses of the slot are calculated by
means of MEC and FEA.

In the MEC model considered for the baseline machine, the
slot area is divided into 49 columns and 90 rows to illustrate the
capability of obtaining precise flux leakage distribution and
proximity loss using the proposed method. The MEC model
was developed in MATLAB environment while ANSYS
Electronics was used for FEA. The mesh density in MEC model
and in FEA model are set to be basically the same. Using MEC,
it took approximately 7 minutes in total to compute the losses
for various input currents. When additional input current cases
need to be calculated, no extra time is required beyond the
initial 7 minutes. In contrast, in FEA, over 16 minutes is
required to calculate the losses in one case alone, and it took
about 40 minutes in total to simulate 4 cases simultaneously.

Different mesh division is also simulated, and the results are
compared with the one-slot FEM model as shown in Fig. 10. It
can be observed that the average copper loss error in each
conductor slightly decreases when the number of mesh element
increases. The maximum average error among all is
approximately 2% with a calculation time of about 9 seconds,
while the minimum average error is about 0.9% which required
170 seconds for calculation.

33
90 g5 P

(@) (b)
Fig. 10. Comparison of MEC model with different mesh element
number. (a) Average error in copper loss of each individual conductor.
(b) Computational time.

It is worth noting that the number of nodes basically depends
on the aim of the study. If the study requires detailed magnetic
flux leakage distribution, choosing higher number of nodes is
advisable while lower number of nodes is considered when the
detailed magnetic flux leakage is not required (e.g. estimation
of the proximity loss).

A. Flux Leakage

As mentioned previously, the magnetic flux in the slot
domain is calculated by superposition of magnetic flux due to
each individual conductor. In order to evaluate the accuracy of
the proposed MEC model, the magnetic flux due to different
conductors in the slot domain are calculated and compared with
the FEM model accordingly. In Fig. 9, the colour-shaded map
of magnetic flux density calculated by means of MEC and FEA
for the conductors No. 1, No. 23 and No. 44 are compared. In
addition, distribution of magnetic flux density resulted by all
conductors calculated by MEC and FEA are also compared in
Fig. 10. It can be observed that the overall estimated flux leakage
has an excellent agreement with the FEM results.

The input current in the conductors is a sinusoidal waveform,
and its RMS value and frequency are 21.7 A and 1000 Hz,
respectively.

B. Copper Loss

The copper losses consist of different components, including
dc loss, circulating current loss, proximity loss, and skin effect
loss. In the baseline machine, the circulating loss component is
mitigated by applying full transposition as stated earlier in
Section 1. In addition, the skin effect loss of the baseline
machine is calculated according to [27], [28]. The calculated
value of the skin effect loss is very small and negligible. As
result, the applicable loss components are primarily DC copper
loss and proximity loss.

The sum of DC copper loss, computed from Ppc = I°R, and
proximity loss determined through MEC is compared with
copper loss in FEA.

The copper loss of the conductors near the slot opening are
computed and compared in Table 1. The DC copper loss of each
conductor is 0.524 W, which means the proximity loss accounts
for a significant portion of total copper losses.



TABLE Il
COMPARISON OF COPPER LOSS IN CONDUCTORS NEAR THE SLOT AT 1000 Hz.

Conductor number 1 2 3 4 10 11 12 13 22
Copper loss in FEA (W) 1.812 1.519 1.229 0.993 1.839 1.374 1.100 0.890 0.981
Copper loss in MEC (W) 1.801 1.521 1.221 0.985 1.817 1.372 1.097 0.882 0.975

Deviation (%) 0.607  -0.132 0.651 0.806 1.196 0.146 0.273 0.899 0.612
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Fig. 11. Flux leakage distribution in MEC (a), and in FEA (b).

(b)

TABLE IlI
COPPER LOSS VALUES IN ONE SLOT FOR DIFFERENT
FREQUENCIES.

Frequency 400 800 1200
Copper loss in FEA (W) 25.611  33.284  46.073
Copper loss in MEC (W) 25.727  33.373  46.048

Deviation (%) -0451  -0.267 0.054

The deviation in proximity loss will be reflected in the
deviation of total copper loss. It is observed that the deviation
percentage of the copper loss for each individual conductor
computed through the proposed approach is found negligible
when compared with FEA.

In addition, Table Il compares the values of total copper
losses in one slot at different frequencies computed by MEC
and FEA. As ca be seen, the estimated copper losses computed
by proposed method closely align with FEA results.

It is worth mentioning that the input current in the conductors
is a sinusoidal waveform, and its RMS value is 21.7 A, and the
frequency varies from 400 Hz to 1200 Hz. It can be easily
observed that the deviation between the copper loss calculated
by MEC and by FEA is less than 0.5 %, which is a completely
negligible value.

V. EXPERIMENTAL TEST

For experimental validation, a segment of the machine stator
comprising two slots, referred as ‘motorette’, was constructed to
assess the viability of proposed method. The shape and
dimensions of the slots of the motorette is the same as the baseline
machine. The motorette is made of B35A250 silicon iron (SiFe)

steel with the thickness of 0.35 mm aiming to reduce the eddy
current loss.

In addition, to duplicate the identical positions of individual
conductors as considered in the MEC and FEM models, two
molds were built by means of a 3D printer [29] — See Fig. 12 (a).
These molds were composed of Nylon Fiberglass and can
withstand temperature up to 180°C. These molds then were
employed to wind the motorette as shown in Fig. 12 (b).

It is worth highlighting that using a motorette is essential to
induce flux leakage and subsequently generate the proximity
loss component within the test experimental setup.

The experiment setup and its corresponding electrical circuit
schematic are shown in Fig. 13. The instrument descriptions
and their function in the experiment are reported in Table IV.

(b)

AC power
supply
voltmeter
motorette

(b)

Fig. 13. Actual experiment setup (a), schematic diagram of the
experimental setup (b).



TABLE IV
INSTRUMENTS EMPLOYED DURING EXPERIMENT TEST.

Instrument Model Function description
AC power supply ~ Chroma 61512 Supply variable frequency
voltage
Power analyzer WT 333E Measure power loss
K-type Monitor winding
PICO
thermocouple temperature
Data logger PICO-TCO8 Collect the temperature
values
. KEYSIGHT Collect the voltage and
Oscilloscope DSOX2024A current values
Current probe FLUKE i400s Measure the current

Voltage probe KEYSIGHT N2791A Measure the voltage

It should be noted that the power losses measured by the power
analyser encompass the total copper joule losses, both DC and AC
components, and iron core losses. To derive the AC copper loss,
which represents the proximity loss within the context of this study,
it is not possible to segregate these loss components precisely
within the experiment. For this reason, an additional test was
conducted to measure the B-H curves and B-P curves of the
laminated steel used for building the motorette at different
frequencies [30], as depicted in Fig. 14. The measured B-H curves
and B-P curves are illustrated in Fig. 15. The instruments used in
this experiment and their function are presented in Table IV.

These dataset serves as the input properties during the formula
curve fitting process to determine the Bertotti’s core loss
coefficients for calculation of core 10ss Pg in 2D-FEM. In this way,
a more precise core loss data is obtained. Therefore, the measured
copper loss can be obtained from subtracting the core loss from the
experimentally measured loss. Subsequently, the measured AC to
DC resistance ratio Kac-ested Can be expressed as [31]:

P tested'P Fe

KAC—tested:P copper—tested/ P DC-tested 2 (13)
DC-tested
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Fig. 14. Experimental setup
characterization of iron core.
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Fig. 15. Measured (a) B-H curves and (b) B-P curves of B35A250.

On the other hand, the calculated AC to DC resistance ratio Kac

is obtained as follow:

1) Calculate AC copper loss Pac. As it is mentioned
previously, the skin effect loss in this case is very small
and therefore neglected. Therefore, the AC copper loss
only involves proximity loss, which is calculated by
proposed mesh-based MEC method.

2) The DC copper loss is deduced from measuring the DC
resistance of the winding Rpc and rms value of the current
injected into the winding lims (Ppc=Rpcloms)-

2
P AC +RDC[ rms

14
RDCI%ms ( )

KAC:P copper/ P DC™

The comparison of the calculated AC to DC resistance ratio
Kac and measured AC to DC resistance ratio Kac-tested is Shown in
Fig. 16. The calculated total loss and the measured total loss are
in good match. It could be observed that the error increases
along with the increase of frequency, and the largest error is
approximately 4.9%. The error may be caused by the instrument
inaccuracy such as unexpected harmonics due to AC power
source or the core loss calculation errors.

The experiment suggests that when the laminated iron core
is beyond saturation, the permeability of the iron core can be
regarded as linear and linear superposition law is applicable.
Besides, the proposed method in this paper is proved to be
feasible for proximity loss prediction, as well as flux leakage
estimation. The proposed method will be used to quickly estimate
the AC copper loss of different windings to maximize the
efficiency of the electrical machine.



15 —200Hz-cal

- © 200Hz-exp

£ 14 —400Hz-cal
] © 400Hz-exp

) 1.3 —600Hz-cal
o 19 © 600Hz-exp

X 120 o 2 : kd 2 800Hz-cal
o 1.1 5 & ° o & 800Hz-exp
Iy 1 i s 1000Hz-cal
1 it 1000Hz-exp

0.9
4 6 8 10 12 14
input current (Arms)
@)

+200Hz

+-400Hz

+600Hz
800Hz
1000Hz

Ratio (%
.=

RI)(_'

AC
[3¥]

K/\_,—I/K
4 6 8 10 12 14
Input current (Arms)

(b)

Fig. 16. Comparison of calculated and measured AC/DC resistance
ratio (a) and error percentage of AC/DC resistance ratio (b).

Error of R

V1. CONCLUSION

This study presents an innovative technique for evaluating flux
leakage and proximity loss in electrical machines. In the proposed
method, mesh-based MEC is exploited, yielding a result for both
flux leakage and proximity loss. The copper loss comparison
between the whole-machine model and the one-slot model
illustrates that the one-slot model, in which the permanent magnet
is not taken into account, can be adopted to predict the proximity
loss of an electrical machine. The individual conductor flux
leakage, overall flux leakage, and proximity loss of each conductor
calculated by the proposed method show a good alignment with
FEA, which proves the capacity of the proposed method in
achieving similar accuracy in proximity loss estimation with FEA.
In addition, an experimental test is carried out for further
verification of the accuracy of the MEC model. The calculation
error is within 4.9%, which remains in an acceptable range. This
confirms the high viability and precision of the proposed method.

The application of the mesh-based MEC model for precise
calculation of flux leakage and proximity loss of an electrical
machine has promising prospects. The concept of linear
superposition allows for fast flux leakage and proximity
analysis in different input current situations. The proposed
method has considerable potential in solving issues related to
flux leakage, including fast circulating current loss calculation
and winding optimization aiming at AC copper loss
minimization.
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