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Abstract—This work proposes an improvement for the consideration of ac winding losses in the design process of inductors to be employed
in power converters, where the geometrical parameters of the inductors are not known before starting the design. The presented method
consists of the pre-computation of a homothetic multivariate regular grid surface by finite element simulations, from which the winding
resistance can be obtained by direct multivariate linear interpolation. Special attention is given to Dowell’s analytical formulations. These are
often used in the design but typically with little details given on how the final expressions are derived. The results with the new method are
shown to be more accurate than the analytical calculations over a wide range of design points and, thus, are a useful design tool.

Index Terms—Winding resistance, finite element analysis, magnetic components, air gap

|. INTRODUCTION

Dowell’s equations [1] are often used to calculate the equivalent ac resistance (Rac) of inductor windings, taking skin and
proximity effects into account. These equations are derived through a 1D approximation to calculate the window magnetic field
under certain simplifying hypotheses. However, inductors are generally gapped, and this 1D approximation is not applicable
since the fringing field of the air gap cannot be described in a 1D manner [2]. Gapped inductors can be accurately analyzed using
the finite element method (FEM) with the computation efforts and CPU time that this represents. When a fast computation of
the Racis needed, to avoid a computationally intensive finite element simulation, some works applied tuned equations based in
Dowell’s methods [3] [4]. In such works, additional coefficients are introduced through a data fitting process against FEM results.
The derived relation coefficients depend on the inductor geometrical parameters. Consequently, this approach can be used only
for specific geometries. Some analytical methods for gapped inductors are presented in [2] [5] [6]. Nevertheless, a final
validation with a FEM simulation is indispensable.Fig. 1 describes a typical power inductor design procedure.

After a fast design, using the area product approach (AwAc) [7], with the geometric parameters, the winding loss can be
evaluated through different methods. Following this evaluation, the calculated and projected power losses are compared.
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Fig. 1. Inductor design procedure.



If the error is greater than the tolerance, the design process is repeated once again, using a correction loss factor.

In this work, a general approach based on the interpolation of a surface that is pre-computed using 2D FEM is proposed to
obtain the Racof a generic E-core inductor in a reduced CPU time. Thus, generating a process that is adequate for use in iterative
and optimization design tools. The homothetic properties of these structures as well as relations between different
conductivities are explored to reduce the number of variables. Generating this surface requires a high computational effort.
Nevertheless, it can be used in the design of an arbitrary number of inductors after being computed offline.

First, the topology of the studied inductor is presented, and Dowell’s equations are derived with two different approaches:
neglecting the gap in the calculation of the orthogonal magnetic field (He) and considering the gap in the evaluation of
HE.

After describing the formulation, the homothetic and conductivity relations are studied to reduce the number of variables of
the problem. Different values of inductor geometric parameters are combined, and many FEM simulations have been run to
establish a reduced multidimensional FEM surface. Racis then evaluated through direct multivariate linear interpolation from
the FEM results. The resulting values are shown to match FEM simulations more closely than analytical formulations.

Il. CHARACTERISTICS OF THE FOIL INDUCTOR

Fig. 2 describes the cross section of the right-side corewinding window of an E-core inductor that is built with foil conductors
using air gaps in the center and outer legs.

w |

i W

; Lieg
i tlgap bF

: hi/2 hi/2

i d dx

i Lcore = hc |

; hi

Fig. 2. Cross section of the right-side core-winding window of an E-core inductor.

The following parameters are defined:

. f:excitation frequency [Hz];

« N:number of turns;

« Lcore: core leg width [m];

« W: core window width [m];

« w: winding window width [m];

« Lieg: core leg height [m];

« br: core window total height [m];

« he: foil conductor thickness [m];

« h;: insulation thickness [m];

o lgap: air gap length [m];

. dx: distance between coil insulation and vertical core legs
(dx = (W -w)/2) [m];

. o: foil conductivity [S/m];

« Ucr: core relative permeability;



« kw: winding fill factor. Ratio between the winding section area and the winding window area without spacing (kw= N -
hc/W)

[1l. CLASSICAL ANALYTICAL FORMULATION

Two different approaches for Dowell’s equations are analyzed in this section. The first approach is widely used in previous
works: it was developed for ungapped cores, resulting in the classical Dowell’s equation. The second approach considers the
gap in the expression of the orthogonal field (Hg). Usually, little details are given about the formulation and its application.

Classical methods to compute Rac are based in the orthogonality existing between skin effect and proximity effect in
conductors. This makes possible to decouple the two effects and simplifies the analysis [8]. In the next subsections, these effects
will be described in terms of losses for a sinusoidal excitation at frequency fin order to calculate Rac.
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Fig. 3. Cross section of a foil conductor that is influenced by an external magnetic field (Hg)

A. Skin Effect

The skin-effect losses for a single winding layer (including DC losses) per unit length is calculated as [2]

PS’\Z.".N = Fspin - TDo - P (1)

where Ip is the peak current flowing through the coil, A is the foil conductor thickness normalized to the skin depth (\/

he/6), 6

is the skin depth (1/ muoof), pois the vacuum permeability, rocis the single layer DC resistance (1/(obrhc)), and Fskinis the factor
that describes the rise of the conductor resistance due to the skin effect (2).
A sinh A +sin A
Fspin=——"—F—"—"+
4 cosh A —cos A (2)
B. Proximity Effect

The losses due to the proximity effect for a single winding layer are described as [2]

Pprox = Fprox + rDC * Heavg? (3) Where Fprox is a factor that describes the amount of winding losses due to the

proximity effect
sinh A — sin A

Fpp, =b2A—— 7 —
Proz = b cosh A + cos A (4)

and HEeavyg is the average value of the two magnetic fields of the two sides of the coil, illustrated in Fig. 3 and described by the
following equation
H,, +H,_
2 (5)
where m is the number of the layer, and

ch‘m,‘g =

ml — hegly
br (6)
where he is the magnetic field at the center gap. Usually, this variable is not included in the Dowell’s method demonstration,
which would lead to a better understanding of Dowell’s equations.
With (5) and (6), Heavg? becomes

Hm -
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FEavg QbF bF bF
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C. Total Losses

The total proximity losses per unit length for N turns is

N

PproxtTot = Fprox - rpc+ X HEang (8)
m=1
where
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For an ungapped core I;= 0. Thus,

N AAT3 T2
, (4N® — N)T
Z HE‘tn:_r; = T 1912

2
1262, (10)

m=1

and

N 5 (]\73 - N)?Z
Z HEru,'g - W

m=1

heg = NT/21,. for

The total losses per unit length including proximity and skin effects can be found with
N

Prot = X(PProx + PSkin) (12)

m=1

1) Ungapped Core: For ungapped cores (12) becomes
A 7/sinh A + sin A
Pro: = Rpe 22 (—
ror = Rpc 4 \cosh A —cos A +
AN? — 1 sinh A — sin A
3 cosh A + cos A

) a3

where Rpc= Nrpc. Thus, it follows that,

A 7sinh A +sin A
Rac = Rpc (m

2
AN? — 1 sinh A — sin A
3 cosh A + cos A

) a4

(11)

Equation (14) presented in [2] is equivalent to classic
Dowell’s formulation presented in several works, in particular [9]. Indeed, by applying (15) into (14), the classic Dowell’s

equation (16) is obtained.



sinh A +sin A

coshA —cosA
~sinh2A +sin2A sinh A —sin A

— |
cosh2A —cos2A  cosh A +cos A as)
sinh 2A + sin 2A
Rac = RpcA ((‘.osh 2A — cos 2A +
2(N? —1) sinh A — SiuA) (16)
3 cosh A + cos A

2) Gapped Core: For the gapped core shown in Fig. 2, (12) becomes
A /sinh A +sin A
Prot =R ;P— (—
Tot PCE 4 \cosh A — cos A
N2 —1sinh A —sinA
3  coshA +cosA

) an

the above expression gives,
A ysinh A +sin A
Rac = Rpo— (—
Ac e\ cosh A — cos /_\Jr
N2 —1sinh A —sin A
3  coshA +cosA

) as

Equation (18) differs from the classical approach (16), and it is found in the literature much less frequently, in particular
(18) is found in [3].

IV. MULTI-DIMENSIONAL SURFACE DESIGN

The construction of a regular homothetic multi-dimensional surface is proposed in this study. This surface can be used in the
Fitting Approaches described in Fig. 1, allowing a simple multivariate interpolation to evaluate Racfor generic gapped E-core
inductors. In the multivariate problem, linear multidimensional interpolation is an attractive choice due to its computation speed
and simplicity.

Throughout this section, the homothetic properties of the proposed surface, as well as relations between different
conductivities, are explored to reduce the number of variables. Finally, the surface construction is described.

A. Homothetic

A possible approach to reduce the number of variables is to consider fixed shapes of magnetic cores with dimensions that
vary according to a homothetic law [10].
According to Dowell’s equations, for two inductors with foil conductor thicknesses hc1 and hcz, to have the same

Rac/Rpc, we need to have A1 = Ay, i.e. he1/61= he2/62. For homothetic inductors, N1 = Nz and kw1 = kwz, thus,

wi/61=w2/52 (19)
Therefore, instead of working directly with the frequency in our design of experiments, we can use the foil conductor
thickness normalized to the skin depth (w/6). The geometric compensation is contained inside this relation. For the same foil
materials (o1 = 02) applying the relation (19) and the skin depth equation leads to

fo=Ffi- K (20)

where Kg12 = wi/wzis the geometric factor of two homothetic inductors.

All geometric variables must follow the geometric factor to take advantage of the homothetic property, except the w/6 ratio,
where the geometric factor is already implicit. To have a homothetic surface, we can set a geometric parameter and change the
other parameters in function of their relations with it.



B. Conductivity Relations

Another important advantage of working with the w/¢ ratio is that the same surface, constructed by fixing a winding material,
can be used for different coil conductivities. The conductive factor is also implicit in the thickness of the foil conductor
normalized to the skin depth. For two identical inductors with only different winding material, the relation (19) becomes:

62=01== f2= fiKo12 (21)
where Ks12 = 01/02is the conductivity factor of two identical inductors with different foil conductivities, o1and o2, respectively.

C. Surface Construction

The multivariate regular grid surface implies that all possible combinations between the different variables are covered. To
generate this surface, the value of the fixed parameter needs to be chosen. Upper and lower limits for the remaining variables
are defined. The discretization of the resulting intervals and a FEM simulation for each of the possible combinations are done in
the sequence. The resulting total number of points on the surface depends on the number of different discrete values of each
variable.

The flowchart illustrated in Fig. 4 describes the construction of the proposed homothetic surface. Subsequently, each item of
this flowchart will be discussed.

1) Variables of the Problem : In order to construct a regular grid surface, the relative permeability of the core is fixed to
2100, and aluminum foil conductors are used for the inductor winding. Eight variables result, namely: f, N, W, w, Lcore,

Lleg, Igap, and kw.

2) Fixed-value Parameter : The variable W was chosen to be fixed. Then the following function represents the
multidimensional surface

RAC/RDC =F; (f\f: ks, ga W ? W W) (22)
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Fig. 4. Proposed Homothetic Surface.

It can be noted that all variables of (22) are dimensionless, which is a typical characteristic of a homothetic problem.

In terms of simulation, W was fixed to a small value (0.05 m). Although the surface is constructed with a fixed W, due to the
homothetic property, as we are working with geometric normalized variables, this surface can be used to interpolate any value
of W. A reduced maximum frequency for larger topologies is identified by considering (20), which is not a problem for the design
since higher frequencies tend to reduce magnetics size.

3) Discretization of Parameters: The next step is to determine the range of the ratios between the remaining geometric
variables and the fixed-value parameter (w/W, Lcore/W, Lieg/W and lgap/W). To define upper and lower limits for the core
variables Lcore/W and Lieg/W, the E cores present in [12] were taken as reference. The minimum and the maximum air gap
normalized by the core window select for our test surface were W/200, and W/2, respectively. The winding window (w) was
set between 50% and 99.8% of W. Finally, the winding fill factor was set between 0.2 and 0.8, and the number of turns was



limited to 10, to reduce the calculation time to construct the surface test. The discretization of the variables intervals is described
below:

[N] =[1,5,10]
[Leore/W] = [0.4,0.8,1.2]
[w/W] = [0.5,0.7,0.8,0.98,0.99,0.998]
[Lieg/W] = [1.0,1.5,2.0,2.5,3.0] (23)
[Lyap/W] = [0.005,0.05,0.5]
[kw] = [0.2,0.4,0.6,0.8]
[w/5] = [0.1,10,25,100,250,500]

The total number of FEM simulations to construct a regular grid surface with the above variables intervals is: range(N)-
range(Lges=) - range(%) - range(<) - range(-E2) -
range(ky) - range( %) = 19440. L ;

4) FEM Design: The 2D FEM simulations have been carried out with the FEMM software [13]. The harmonic
magnetodynamic formulation is used to calculate the equivalent

I
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Fig. 5. Reduced FEM Domain

resistance of the windings. Details of its formulation are found in [14].

Due to the symmetry of the problem, only one-quarter of the domain is modeled as shown in Fig. 5. The application of
Asymptotic Boundary Conditions (ABC) is proposed for the FEMM model, which is a way to approximate an open boundary,
other than truncation, as described in [15]. Classical Neumann and Dirichlet boundary conditions are applied for the symmetric
axes of the model, x and y, respectively.

Mesh refinement is essential to increase the accuracy of finite element calculations. The mesh refinement must be compatible
with the skin depth (&) of the winding. Usually, 1.5 to 2 elements per skin depth are required for a correct solution [14]. In this
work, the conductors were divided into layers of §-thickness from the surface layer up to a depth of 36. Assuming the maximum
size of each triangular element is equal to /2 in these layers, and outside of these layers the finite element mesh automatically
generated by FEMM, as shown in Fig. 6, a sufficient level of refinement is achieved leading to consistent results.
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Fig. 6. Mesh Refinement Criteria
V. RESULTS

In order to test the accuracy of the new method, the Rac/Rpcvalues of 1000 randomly-chosen design points are obtained
from the constructed surface by direct multivariate linear interpolation.

The interpolation is implemented using the SciPy library, an open source scientific library for Python used for scientific and
technical computing [11]. Particularly, the interpolation is done with the scipy.interpolate.RegularGridinterpolator class, an
interpolation method on a regular grid in arbitrary dimensions. A linear interpolation method has been chosen and will be called
to interpolate each required design.

The random points are created between the upper and lower limits of the variables of the problem described in (23). For the
width of the core window (W), fixed in our FEM simulation, we explore the homothetic property with random values between
0.005 and 1 m, spanning a very wide range of applications. The random variables are described in (24).

NRrand = int(random(l,lO)) Lcore/WRand = random(0.4, 12) W/WRand= random(0.5,0.998) Lleg/WRand =
random(1,3)

(24)
lgap/Wrand = random(0.005,0.5) kwrand = random(0.2,0.8) w/6rand = random(1,500)
Wgrana= random(0.005,1)

Formulations (18), (16) and the proposed interpolation method are compared in Fig. 7 relative to FEM simulations. The errors
are respectively defined as

Rac est — Racr 2
ERRAC.’.&:SL% - 100 X ( ) v U) (25)
Racrem

where Ractest can be the Raccalculated with (16), (18) or by the interpolation method.

) 350 Interpolation
2 Dowell (16)
;‘ 300 1 Dowell (18)
J
5 250 1
)
5 200 A
>
J 150 1
) s
5 100 g '/‘
)
501 brh 7
IBABREAS 2 4
01+ : . . .
-100 -50 0 50 100
Err[%]

Fig. 7. Racerrors: Dowell (16), Dowell (18) and Interpolation.

The results with the proposed method are more accurate than analytical calculations as shown in Fig. 7. The mean absolute
error applying (16) is lower than the mean absolute error of (18). Otherwise, with (16), the data values are more spread out



from the mean. The comparison is more evident in Tab. I, with the evaluation of the mean and the standard deviation (Std) of
|ERRActest%|, maximum and minimum values of ERRactest% and variance of ERRactest%.

As shown in Tab. |, the estimated absolute error (Mean * Std) in this application of the proposed method is 6.7 £ 7.0, a lower
value comparing to 37.3 + 25.8 (16) and 73.7 £ 10.6 (18). Although the estimated absolute error is lower with the Dowell classic
formulation than with the air gap formulation, its variance is much higher when compared to the other approaches. What was
expected by looking at the Fig. 7, where the Dowell (16) distribution is more spread out than the Dowell (18) distribution.
Therefore, a correction factor would be more easily applied to (18) than to (16).

TABLE |
MEAN , STANDARD DEVIATION (STD), MIN AND MAX OF ERRORS AND VARIANCE

TER R aco | 1ER R aco] ERR ace ERR ace ERN qces:

Method Mean Sid Min Max Yar
Dowell{ 16:) 373 158 -93.3 135.4 2011
Dowell{ 18] EEN 116 -95.2 -4il.1 113
Interpolation 6.7 T REN 29,1 [

VI. CONCLUSIONS

This work proposed an improvement for taking into account ac winding losses in the inductor design process, where the
geometrical parameters are not defined before starting the design.

First, special attention was paid to Dowell’s formulations. Several works use the Dowell’s method applying (18) or (16) to
calculate inductors the equivalent resistance of the windings, but, usually, no more details are given about the equations.
However, it was shown that these equations give different results. Generally, both formulations can have significant errors
compared to FEM simulation.

A new homothetic method was proposed for E-core inductors, improving Raccalculations. The presented method consists of
the construction of a homothetic multivariate regular grid FEM surface, from which Racis obtained through direct multivariate
linear interpolation. In the surface construction, the geometric variable W (width of the core window) was set, but due to the
homothetic properties, the proposed surface can be used to interpolate any value of W. The same surface can also be used for
winding materials with different conductivities.

The results with the proposed method typically are more accurate than analytical calculations. The accuracy of the new
approach could be further improved by increasing the discretization of the problem variables, at the cost of more computational
effort. However, this computation can be performed offline once and used a posteriori for designing an arbitrary number of
different inductors.
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