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Abstract

This paper describes a 3D finite element (FE) based method to calculate the proximity losses for magnetic components in
power conversion system. The proximity loss is the main concern of copper loss which causes ac losses in the winding. The
FE model is built based on the definitions of the geometries, meshes, materials, electric circuits, boundary conditions, load
conditions, as well as the characteristics of the wire. The total proximity loss is the sum of the power losses of each element
calculated with the power loss density function using the obtained nodal flux densities via finite element analysis (FEA) at the
given load condition. Owing to a detailed model with all the geometric parameters and thus the flux leakage and end-winding
effects can be considered, this FEA approach can predict the flux density more accurately. In addition, non-sinusoidal current is
analyzed to calculate the actual power loss in current distortion condition. Experimental tests have been implemented to validate
the method. The approach is capable of calculating the energy consumption in power converter for efficiency approvement and
energy management.

(© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Energy conversion with power converters is one of the key enabling techniques to convert the renewable energies,
such as solar [1,2], hydro [3,4], and wind [5,6] energies, to electricity. To improve the power density of the power
converters, the magnetic components, inductor and transformer, usually operate at high frequencies. However, this
exacerbates the challenges in the energy management and efficiency estimation of power converters. Litz wires are
widely used in these components to mitigate skin effect due to the fringing fields in the windings (coils) [7,8]. Litz
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wire is usually constructed from small insulated strands, woven or twisted to distribute the current density over the
entire cross-sectional area of the wire [9—11]. Thus, improvement of the power converter efficiency can be achieved
as the skin effect can be reduced and homogeneous distribution of the conducted current is expected [7,12].

On the other hand, although the skin effect can be reduced owing to the twisted structure, the proximity loss
is still considerable owing to the high external magnetic fields generated by adjacent strands [13—15]. Thus the
accuracy of quantifying the achievable losses in a power converter is challenging since the ac resistance cannot be
obtained directly but can only be estimated [16-21].

Since the proximity loss is caused by the external magnetic fields generated by adjacent strands if the magnetic
field can be modeled with a reasonable accuracy, the proximity loss can be evaluated [22,23]. Several methods have
been proposed to characterize the losses in magnetic components. In [9] a computational procedure was proposed to
predict the losses in the realistic wire constructions by computing the equivalent ac resistance of a straight litz wire.
However, the wire is only considered in the free air and the influence of the core winding effect in the actual inductor
or transformer has not been considered. In [24], the squared-field-derivative method is proposed to calculate the
proximity loss in round-wire. A frequency-independent matrix is derived to describe the transformer and inductor,
by the use of a numerical magneto-static field calculation. However, it is still challenging to obtain the flux density
since the geometries, structure and materials need to be taken into account. In addition, the analysis above mainly
can be used in the applications where the current waveform is close to sinusoidal. Less study has been seen in the
condition of large distortion where the current is non-sinusoidal.

This paper presents a 3D FEA method suitable for inductor proximity loss estimation in power converter. The
FEA approach can predict the flux density in the core more accurately because FEA allows a detailed model with
all the geometric parameters and thus the flux leakage effects can be considered; Therefore, the proximity loss can
be predicted more accurately using FEA. This paper is organized as follows. Section 2 presents the 3D FEA method
employed to characterize the inductor proximity loss. In Section 3, power loss is calculated based on the power
density. Section 4 presents the results from which the methods have been verified with experimental measurements.

2. Proximity loss prediction approach

2.1. Proximity loss calculation procedure

The flow chart of the copper loss calculation with FEA is shown in Fig. 1. First, the 3D FE model is built with the
definitions of its geometries, meshes, materials, mechanical motion, electric circuits, boundary conditions and load
conditions. Subsequently, the flux density of each node in the core can be calculated via 3D FEA at the given load
condition. Then, the flux density of each element is obtained using the nodal flux densities and the element-nodes
relationships. Thereafter, calculate the weighted arithmetic mean of all the element flux density squares by weighting
element volumes. After this, the winding proximity loss is calculated using the weighted arithmetic mean of all the
element flux densities. Finally, the winding proximity loss can be obtained by summing the DC loss and AC loss
which is the proximity loss because the skin effect is negligible.

Wi
Calculate Calculate flux Calculz}te cighted Calculate Add up ac
’ . ; arithmetic mean of all
Build flux density density of each the element flux the loss and dc
Start —» FE |[—» ofeach [—» elementusing [ . > winding [—» lossto | Finish
. density squares by o .
Model node in the node flux Lo proximity obtain total
. - weighting element
winding densities loss copper loss
volumes

Fig. 1. Flow chart of the calculation procedure.

2.2. FE model

The FE tool FLUX 3D developed by Altair [25] is employed to build the 3D FE model of the inductor and
subsequently perform the proximity loss calculation. Fig. 2. shows the inductor geometries built in the 3D FE
model. It can be seen that the end-winding part is also modeled. The electric circuit model is shown in Fig. 3.
and the winding current is determined by the current defined in the current source. The core material used in this
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Fig. 2. Inductor geometries in the 3D FE model. (a) Winding and core. (b) Core. (c) Winding.
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Fig. 3. Inductor electric circuit model.
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Fig. 4. B-H curve of the core material 3C95. (a) Datasheet. (b) Rebuild with uniform scale.

application is 3C95 whose datasheet B-H curve is illustrated in Fig. 4. (a). Its B-H curve with uniform scale at
100 °C is presented in Fig. 4. (b).

Given that the magnetic field in the full model satisfies the symmetry conditions along the XOY, YOZ and ZOX
planes, the full model can be simplified and represented by one eighth of the model as illustrated in Fig. 5(a). The
definitions of XOY, YOZ and ZOX planes can also be found in Fig. 5. The boundary conditions along XOY and
YOZ planes are with tangent magnetic field and normal electric field while that along ZOX plane is with normal
magnetic field and tangent electric field.
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Fig. 5. Inductor 3D FE models (a) Full model. (b) Core, winding and airgap. (c) Core. (d) Winding.
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Fig. 7. Flux density contours of the inductor core and winding at 6A(RMS). (a) Core and winding. (b) Core. (c) Winding. (d) Winding.

Subsequently, the geometry built in Fig. 5 is meshed and Fig. 6 illustrates the mesh densities on the core and
winding. It should be noted that the mesh in the 3D FE model cannot be as dense as that in the 2D model due to
a much more computation needed in 3D FEA.

2.3. Nodal flux density

The FE model is run at 6 A RMS (assumed nominal current as sinusoidal waveforms for the sake of analysis)
load condition with the static analysis. Subsequently, the resultant flux density contours of the inductor core and
winding are illustrated in Fig. 7.

As can be seen, the flux densities over the inductor are non-uniform, particularly at its geometrical corners in
which the localized effects are considerable. These localized effects cannot be captured by the conventional magnetic
circuit-based method. In addition, from Fig. 7(c) and (d), it is clear that the flux densities at the winding corners
close to the airgap, particularly the inner layer, are relatively higher than those in the other parts. This is because
most of the flux leakage occurs in this area due to the presence of the airgap.

Subsequently, the flux density at each node of the winding is exported before the winding proximity loss
calculation which will be discussed in next section.
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Then, the flux density at each node is exported before the core loss calculation which will be discussed in the
next section.

3. Proximity loss calculation

The proximity loss in the wire of the inductor can be calculated using (1) derived in Sullivan [24].

b _ wLNyd* [ (dB\’ 0
P = o b dt

where P, jnq is the inductor proximity loss, L, represents the average length of one turn, Ny, is the product of the
turn number per coil and the strand number per turn, d, is the strand diameter, p. is the wire resistivity, d By /dt is
the time derivative of average flux density in kth element of the winding, (-) is the spatial average operator and (-)
is the time average operator.

The current fed into the winding can be expressed as (2), neglecting the current harmonics.

i =1,sin 2nft + @) 2

where i is the winding transient current, [, is the current amplitude, f represents the frequency, and ¢ represents
the current initial phase angle.

Given that winding permeability is constant, the flux density By in the winding obtained at a given current with
I,, amplitude can be calculated by linearly scaling the flux density By at the reference current with I, amplitude,
as described by (3). Therefore, only one 3D FEA with the reference current Iy, is needed to generate the nodal
flux densities and thereafter the element flux densities.

Im
By = — Buk 3
IOm
The flux density By at the reference current with Iy, amplitude can be expressed as (4)
Bor = Bown sin 2t ft + ¢) 4

where By, is the average flux density amplitude in kth element at the reference current Iy, .
Based on (2), (3) and (4), the derivative of B; against time is derived and shown in (5).

dBy  Boym di

— o 5
dt Iy, dt ©)
Substituting (5) into Eq. (1), the proximity loss in the inductor can be expressed as (6)
7L, Nyd.* | (dBi\*
P x.ind = T, . 6
px-ind 64p. dt ©

Therefore, the average flux density square over all the elements (B()kmz) at the reference current Iy, needs to be
obtained. However, since the mesh sizes of the winding elements may be non-uniform, the average flux density
square over all the elements (BOkm2> may not represent the true spatial average flux density square. Therefore, the
weighted arithmetic mean of all the element flux density squares by weighting element volumes are employed to
calculate the spatial average flux density square, as described in (7)

Proing = LNl 2V)<di>2 )
px_ind — 64pc[0m2V0[ Okm Vik dt

where V; is the volume of the kth element in the winding and V,; is the total winding volume. The above equation
implies that 3D computation of magnetic field and the resultant mean flux density over the winding volume only
needs to be performed once with excitation of the reference current. Proximity loss at any current waveforms can
be scaled accordingly as long as the conditions stated in [24] are satisfied.

The winding DC loss Pp¢ in the inductor can be calculated with the conventional equation shown in (8). where
Rpc is the winding DC resistance which can be calculated with (9).

1
Ppc = ElmzRDC (®)
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€))

Thus, the inductor copper loss is obtained by summing the proximity loss P, j,s and the DC loss Ppc.

4. Experimental validation

To validate the calculation method, experimental tests are performed in the test rig. And the series inductor
current and voltage are obtained with a YOKOGAWA oscilloscope.

4.1. Resistance measurement

The HIOKO LCR meter is used to measure the R, and R;. of the inductor coil. When the inductor has the
core on, the measured R, is 138.79 m{2. In contrast, when the core is removed, only the coil is wound around the
bobbin, and then the measured R; is 69.20 m{2. By changing the core area to air, the FE model can be employed to
estimate the proximity loss in the coil without the influence of the core and then the corresponding ac resistance. In
this case, the resultant ac resistance at 6.50 A is 71.09 m{? and agrees well with the measured value of 69.20 m{?
in the air-cored inductor. From the resultant ac resistance above, it is clearly that the FE model has good accuracy
with the measured resistance.

4.2. Power converter verification

To further verify the FE method for ac loss prediction, experimental tests have been implemented in a power
converter. In the experimental DC-DC resonant power converter, the input DC link voltage is 383.70 V, the output
side nominal battery voltage is 238.33 'V, the nominal output current is 9.00 A. With the measurement of the inductor
voltage and current, the actual losses in the inductor can be calculated and compared with the FEA result in the
same condition. The measured voltage and current of the series inductor are obtained from the waveform data from
the oscilloscope and plotted in Fig. 8 .

As can be see, inductor current waveform is close to sinusoidal, despite of a small distortion in the period
immediate after the zero-crossing. The instantaneous power loss at each sampling time is calculated with the
instantaneous voltage and current, and then the averaged power loss in one switching cycle is calculated. In this
condition, the entire power losses of the inductor is 10.02 W, including 2.40 W core loss and 7.63 W copper loss.

800 10
8

6

{

InductorVoltage (V)
o
Inductor Current (A)

-200

-400

-600

-800 -10
Time (s)

Fig. 8. Measured inductor voltage (in blue) and current (in red) waveforms.

The conventional prediction method described in Inoue and Akagi [26],Krismer and Kolar [27] is also applied
to calculate the power loss. The measured R, (no core in the inductor but only the coil winding in the bobbin) is
60 m{2, the copper loss is 2.17 W, core loss is 2.60 W and the total loss is 4.77 W. The comparison of the three
methods is shown in Table 1.

As can be observed from Table 1, the resultant copper loss from FEA model is 7.54 W, 1.18% less than the
test results. However, the loss predicted by the conventional method is 2.17 W with 71.9% less than the measured
results. The large error can be explained by the inaccuracy of the component datasheet, such as the ac resistance
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Table 1. Summary Comparison of different methods.

Method Measured (W) FEA (W) Conventional (W)
Total loss 10.02 9.92 4.77

Core loss 2.40 2.40 2.60

Copper loss 7.63 7.54 2.17

Error percentage N/A 1.18% 71.9%

from the curve fitting, due to the lack of values in different temperatures. Overall, the FEA is clearly more accurate
than the conventional prediction methodology, despite of the inaccuracy caused by the phase delay between the
inductor voltage and current.

4.3. Non-sinusoidal current in high current distortion

The analysis above can be used in the applications where the current waveform is close to sinusoidal. However,
when large distortion occurs in the current, the current used in the FEA method is not the RMS of the current
anymore. Thus FFT needs to be applied and all the current distortions at each frequency are used to calculate the
power loss with the magnetic field and then add up to get the total power loss.

In the experimental test system, the measurement in higher power is run at 3.5 kW power rating at 95.69 kHz.
In this case, the battery voltage is 351.791 V, the DC link voltage is 387.835 V, and the discharging current is 8.984
A. The current in the inductor, ILs RMS, is 7.443 A. With the measured voltage and current from the experimental
inductor, the actual power loss in the inductor can be calculated and compared with the FEA result in the same
condition. The measured voltage and current of the series inductor is obtained from the waveform data from the
oscilloscope and plotted in Fig. 9(a).

1500 15
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2 T oz
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& 0000005 / 0000007 / 0000009 0000011  0.00001 0.000015  0.000017 § o
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Fig. 9. Measured waveforms at 3.5 kW. (a) inductor voltage (in red) and current (in blue); (b) Harmonics of the current with current
distortion.

As can be seen, the current of inductor is lagging the voltage, with a large distortion with flat area during DCM.
The sampling rate of the oscilloscope is 100MS/s (corresponding resolution 1E-8). The switching frequency is
95.69 kHz, and thus 1045 sample points are recorded in one switching cycle. The instantaneous power loss at each
sampling time is calculated with the instantaneous voltage and current, and then the averaged power loss in one
switching cycle is calculated. In this condition, the total power loss is 26.06 W.

Then, the FEA method is also applied with the same condition. First the FFT analysis is carried out to find out
the harmonic current values, as shown in Fig. 9. (b). The resultant copper loss, including DC copper loss, is 19.21
W. With core loss 6.22 W, the total loss in the inductor is 25.44 W. The conventional prediction method is also

applied to calculate the power loss, and the total loss in the prediction is 11.22 W. The comparison is listed in
Table 2.
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Table 2. Comparison of three methods.

Method Measured (W) FEA (W) Conventional (W)
Total loss 26.06 25.44 11.22

Core loss 6.22 6.22 6.22

Copper loss 19.83 19.21 4.99

Error percentage N/A 2.30% 56.95%

As can be observed, compared with the measured copper loss 26.06 W, the resultant power loss from FEA model
is 25.44 W, 2.30% less than the test results. This error may be caused by the inaccuracy in the phase measurement
of the inductor voltage and current. However, despite of the inaccuracy in the phase measurement, the FEA method
is clearly more accurate than the conventional method which is 11.22 W with 56.95% less than the test results.

5. Conclusion

In this paper, a 3D finite element (FE) method is presented to calculate the proximity losses for magnetic
components in power conversion system. The design process is summarized for general use. The FE model is
built based on the definitions of the geometries, meshes, materials, mechanical motion, electric circuits, boundary
conditions and load conditions. The total proximity loss is the sum of the power losses of each element calculated
with the power loss density function using the obtained nodal flux densities via finite element analysis (FEA) at
the given load condition. In addition, this method also shows high accuracy with non-sinusoidal current when large
distortion occurs in resonant converter. Measured results and experimental tests in a resonant power conversion
system have validated that the calculation method is more accurate than conventional methods, and it is a suitable
candidate for power loss analysis in power conversion systems. Future work will be focused on the transformer
power loss estimation approach in power converter which enables the energy management for power converter.
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