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Simplified Power Inductor Analytical Model and
Optimization with Natural Air Convection Cooling

Damien Lemaitre
Univ. Grenoble Alpes,
CEA, Liten,
F-38000 Grenoble, France
damien.lemaitre@cea. fr

Abstract— This paper presents a comprehensive, easy-to-
implement model for the design of gapped inductors. The
algorithm incorporates a complete analytical model and
includes a Litz wire sizing algorithm. The fringing effect is taken
into account for sizing and loss calculations. The proposed
inductance model uses analytical sizing, loss and thermal models
from the scientific literature, as well as a library of ETD-shaped
magnetic cores. The goal is to provide a user-friendly model that
calculates inductor losses and material volume based on input
parameters. Thermal constraints are defined for natural air
convection cooling. The application focuses on an inductor for a
boost converter, with a current having both DC and AC
components, and with a switching frequency ranging from
10 kHz to 100 kHz. The inductance of the inductor realized
differs from the theoretical value by 2.9%, while the
electromagnetic and thermal constraints are respected.

Keywords—inductor, design, model,
optimization, fringing effect, air gap

sizing, analytic

I. INTRODUCTION

The inductor design requires understanding and utilizing
four models: a model for calculating magnetic losses in the
core, a model for winding losses, a thermal model, and a
model for meeting electromagnetic constraints.

When the inductor requires low-resistance windings with
high current at frequencies reaching several hundred kHz, a
special conductor known as Litz wire is necessary [1].
However, its energy efficiency strongly depends on its
complex design, which has been the subject of numerous
studies [1], [2], [3], [4], [5]-

Furthermore, in the case of DC-DC converters, the
presence of a continuous current component makes an air gap
essential to prevent core saturation and meet thermal
constraints [6], [7], [8]. The presence of an air gap induces,
however, a phenomenon known as the fringing effect,
characterized by the magnetic flux radiating around the gap,
as illustrated in Fig 1. This has two consequences: it modifies
the inductance value [9] and increases winding losses [1], [9].
Solutions exist in the state of the art to account for this
phenomenon in both inductance value calculation [9] and
winding design [1], [10]. Although these solutions are
essential for optimizing inductor efficiency, they are rarely
used and are never combined into a unified model.

To enhance the usability and accessibility of these models,
they are integrated into a comprehensive analytical model for
inductor sizing (AMIS). In this context, the proposed model
is fully analytical and optimized for straightforward
implementation in an optimization algorithm.

Jacques Ecrabey
Univ. Grenoble Alpes,
CEA, Liten,
F-38000 Grenoble, France
jacques.ecrabey@cea.fr

SR
000 Q00 Fringing
880 ¢ 080 |~ Flux

\ §§O (munoo '/,wmdmg
8Bt LT Lo

. A __. T

Fig 1. Hlustration of the fringing flux at the central air gap of an
inductor composed of ETD-shaped cores.

The primary goal of this work is to simplify the models
used in inductor design. To support this objective, a new
algorithm for inductor design is introduced.

To this end, the context of this study is first presented in
Section I, where a review of existing models is conducted.
Section Il presents the AMIS, detailing each step.
Additionally, a new Litz wire design algorithm incorporating
the work of [1] is described. Inductor optimisation is
discussed in section 1V, and is applied to the inductor of a
DC-DC boost converter. The final solution is characterized
and tested in Section V.

Il1. CONTEXT

The application of the boost converter under consideration
is first introduced. This is followed by a review of the state of
the art on inductor design methods, Litz wire loss models,
magnetic core loss models, and thermal models.

A. Application

The case considered is a continuous conduction mode
(CCM) DC-DC hoost converter, describes in [11], with its
topology illustrated in Fig 2 (a). The input and output
voltages of the converter are denoted as V, and V,,; ,
respectively. The inductor current and inductance value are
noted i; and L, and the inductor current ripple is Al,. The
waveforms of the inductor current and voltage in CCM are
shown in Fig 2 (b). Let T represent the switching period,
which is the sum of the intervals At; and At,, as illustrated in
Fig 2 (b). The duty cycle D defined the end of the interval
At,.

The inductance value L, required to obtain the current
ripple Al is given by equation (1), where f;,, represents the
switching frequency of switch Ty, as illustrated in Fig 2 (a).
In this application, the inductor current i, consists of a
continuous current (DC) component I, . and an alternative
current (AC) component I, ,.at the frequency f;,, . This
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aspect must be considered when sizing the Litz wire, and
when calculating the RMS current [, , defined by
equation (2), where Lpcpear = Al /2.
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Fig 2. Electrical schematic of the DC-DC boost converter (a).

Example of waveform of the inductor current i, and voltage v, as
function of the time with the illustration of the current ripple Al (b).

DV,
L= 1)
fswAIL
Iers = ILACpeak/3 + IEDC (2)

Note that the model described in Section Il can be
applied to other applications by adapting the expressions to
the inductor electrical constraints. In this article, ETD-shaped
magnetic cores are considered.

The model can be adapted or extended to other core
shapes. Fig 3 illustrates the notations for the geometric
parameters of the ETD core used in the model. The geometric
dimensions of the magnetic core with the ETD shape Fig 3
(@), with an air gap a, on the central leg only Fig 3 (b).
Suppliers provide magnetic cores with specified air gap like
this. It is also possible to space the two ETD cores as in Fig 3
(c) by a distance a4 /2 to obtain an air gap equivalent to that
in Fig 3 (b). From these characteristics are deduced the
average length of the magnetic flux in the core L. (3), the
core cross-sectional area A, (4), the core volume V_ (5), and
the winding space area A,, (6) for the ETD shape.
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Fig 3. Geometric dimensions of ETD-shaped magnetic cores (a),
with an air gap: on the central leg (b), distributed over the three ETD
legs (c). In configurations (b) and (c), the total air gap is equal to a,,.

nD2
AC = TZ (4)
V. = 2Bhy(A — D;) + 2B(D; — D;)(hy — h,) (5)
+2S.h,
A, = (2hy 4+ a,/2)(D, — D,)/2 (6)

Where D, is the diameter of the ETD central leg, D; and
A are the inner and outer diameters of outer legs, B is the
width of outer leg and is equal to D,, h, is half the height of
a leg and h, is the half of the winding breadth.

With the application now defined, the state of the art on
sizing, loss, and thermal models will be presented. The
models selected for AMIS must be analytical, take into
account the fringing effect, and consider both the DC and AC
components of the inductor current i; .

B. Inductor Sizing Model

Two well know analytical methods enable to find the
magnetic core satisfying both the electromagnetic conditions
and the restriction of the core window area. These are the area
product method and the core geometry method [6], [9], [12].
The fringing effect on inductance value L can be consider in
these methods [9]. Other more recent methods allow finding
the best solutions for given specifications. [13], [14]. They
allow finding the optimal sizing, save computation time, but
imposes conditions and not consider fringing effect.

However, the inductor sizing can be simplified to the
equations (7) and (8). The coefficient F¢, which accounts for
fringing flux in the calculation of inductance L, is given by
(7). This enables then to calculate the proper winding turn
number N; in (8).

Fo=14— 0
! A

®)

With u, the vacuum permeability, u,. magnetic material
permeability, and L defined by equation (1).

C. Magnetic Core Loss Model

Among magnetic loss models, there is the Steinmetz
Equation (SE) [7]. This is easy to use analytical method with
parameters available in the material datasheet, and obtained
with measures achieved with sinus excitations. Other
improvements of the SE are reviewed in [15], [16]. It does not
take into account the influence of DC bias described in [17],
[18], [19] and characterized in [20] for N87 ferrite. IGSE
method is however selected for its ability to calculate core
losses analytically using parameters provided in the datasheet,
and takes into account non-sinusoidal current shapes [21]. The
accuracy of IGSE model is analysed in [22]. The magnetic
core losses P, are given in Watts by (9).

Npos a
L.
P. = 1000V.k;f.,, ABF~@ Z = ag ©)
=1 tiic

With V7, (m3) the magnetic core volume defined in (5), k;
is the coefficient defined by the equation (11) below, f;,,
(Hz) represents the switching frequency, AB (T) is the peak
to peak magnetic induction defined by the equation (10)
below, a, B and k are the Steinmetz coefficients. The
coefficient k is used in equation (11). During the switching
period T illustrated in Fig 1, the voltage V, across the
inductor can have several expressions depending on the
switch state. Let N,,s be the number of these states, the



voltage V; represents the inductor voltage in state j during
the interval At;. For the boost converter working in CCM,
there are two states. The first one that occurs in At, is
characterized by switch T, being closed, with V, = V;,,. The
second state is when the switch T, is open, during the interval
At,, where V, =V, — V.. Thus, for the boost converter,
the sum in equation (9) becomes (12).

AB = LAI, /N, (10)
k
ki ==
1.7061 (11)
1 -1 -
2B+1a (0.2761 + 1.354)
%S </ aAt = ey || g, [Vin = Voue)® (12)
£ [NA: =71 NAL 2 N4, |
=

During the inductor sizing process, it is crucial to ensure
the magnetic core does not saturate. The maximum flux
density B4, given by (13) must remain below the saturation
flux density B,,;, which depends on the core material.

Bmax = BDC + AB/Z (13)

With Bp. the DC component of the flux density defined
below:

Bpe = LIDC/(NtAc) (14)

D. Litz Wire Loss Model

The Litz wire used for the inductor winding helps reduce
skin and proximity losses defined in [23]. It consists of
strands with a diameter d,, which is recommended to be
smaller than the skin depth 61, calculated in equation (16)
with the copper resistivity p; given by (15) at the inductor
temperature T, . In the model, the core and winding
temperatures are assumed equal and noted T;.

pri = peu(1 +3.93 1073(T, — 20)) (15)

61, = v pri/ (o fow) (16)

Here are the key construction rules illustrated on Fig 4
below for Litz wire design [1]. This example considers a Litz
wire with a total strand number ng of 400, The rules related
to skin depth apply only when the DC current component is
negligible. The case of a current with a DC and AC
component is addressed in section 111.A. The strand number
per level-1 bundle, n,, should be less than 48,,2/d2. Let ii
represent the twisting level. The bundle number per twisting
level ng, .. must be kept below 5.

To minimize skin effect To minimize proximity effect
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Fig 4 : HNlustration of the Litz wire design, made up of 5 bundles of
level 2, each composed of 5 bundles of level 1, each composed of
16 elementary strands. This is litz wire with a total strand number ng
equal to 400 and with a construction noted 5x5x16 (ng, ,, X ng,,, X ny).

Litz wire loss models are reviewed in [3], with the model
from [1] being selected. This model outlines loss calculation
and provides a design method to optimize the Litz wire
energy efficiency. Adhering to these design rules helps
prevent significant increases in Litz wire losses [24]. As in
[1], the proposed winding shape accounts for the fringing
effect by spacing the winding away from the air gap, as
shown in Fig 5 (a). The outer contour of the winding is
elliptical, defined by r; and r, rather than circular, which
differs from the form in [1]. This allows to maximize
available space in the winding window while avoiding sharp
corners to minimize losses [10]. For a distributed air gap
across the three legs of the ETD core, the winding shape
shown in Fig 5 (b) can be used.

Q)

Fig 5. Hlustration of the winding shape proposed in the new model,
depending on the variable r; and r, . The distances h** and h*
represent half the height of the winding window in cases (a) and (b).

For simplicity, the winding loss calculations are based on
the winding shape in Fig 5 (a) for single central air gap,
illustrated on Fig 3 (b), and for a distributed air gap,
illustrated on Fig 3 (c). In the latter case, if the winding
window fill factor approaches 100%, it is recommended to
space the final turns away from the air gaps, as shown in Fig
5 (b). Note that the outer contour of the winding in Fig 5 (a)
is elliptical, not circular as in [1]. This contour depends on 1,
set during the design process, and r,, defined by equation
(17). This shape maximizes the winding window's utilization
and minimizes additional corner losses [10], while also
simplifying the winding process.

(% +7 (7‘12 - (hZ + %g) Tl)) a7

2(2hy + agy)

Where K is the total packing factor defined by
equation (23). K is the product of the Litz wire packing factor
k;y and the winding packing factor k,,. The coefficient k;,
is approximately equal to (1/1.26)"=t, where N, is the
number of twisting levels. For example, the Litz wire shown
in Fig 4 has a packing factor k,,, equal to (1/1.26)3 = 0.5.
The coefficient k;, depends on the winding method, with 0.5
being the chosen value for this study.

kLW = (1 / 126) Nint (18)
K = kiwkw (19)

The Litz wire losses P, are given in Watts by equation
(19), where E. is the coefficient defined in (21), R, isthe DC
resistance of the Litz wire provided by equation (22).

T2=T'1+

By = Ferchrms (20)
F _ (T[TlsNt)ZdS (21)
r 1925$Lb2
priL
Rac = fow7—— (22)
cuLw



With b as the height of the winding window shown in Fig
5 (a) and (b) and defined by (23) from [1]. L,, is the wire
length, Ay, is the copper cross-sectional area of the Litz
wire, fi,, is a factor accounting for the increased length of
strands due to twisting. For simplicity, f;,, is set to 1.06 [1],
[5].
b = m(0.693r; + 0.307r°1r,2-0%) (23)

The expression (23) for b above was estimated for a
circular shape with radius r,, which it depends on weakly.
Thus, the shape can be approximated as an ellipse.

E. Thermal Model

Concerning the inductance thermal model, it can be
simplified using Newton’s equation of convection [25], [26].
This model is selected for its simplicity; for greater accuracy,
the model proposed in [27] can be used.

The difference between the maximum acceptable
inductance temperature T,,, and the ambient temperature
Tamp 1S denoted as AT and defined as follows. Thus, the
maximum acceptable losses P, to avoid exceeding the
temperature T, are given by equation (25).

AT = Tnax — Tamp

(24)
Powx = ATheonyAsn (25)
With h,,, the natural air convection coefficient, A, as the
heat exchange area between the inductance and the air. A, is
the sum of the heat exchange surface of the core with the air,
A¢n,., and the heat exchange surface of the winding with the
air, Aep,,, as given by equation (26).
Aep = Agn, + A, (26)
The TABLE | below provides the values of the heat
exchange areas Ay, A:p,, and Ay, for each size of ETD,
along with the maximum power dissipated by an inductance,
considering equation (25) and for a temperature difference
AT of 50°C.

TABLE |. EXCHANGE SURFACES GIVEN IN mm? AND MAXIMAL
DISSIPATED POWER FOR AT = 50°C

ETD Athc Athw Ath Pmax
29 3348 1069 4417 1.8W
34 4225 1360 5525 23W
39 5623 1878 7501 31w
44 7 357 2413 9769 40W
49 8 964 2936 11900 49W
54 11 437 3695 15131 6.2W
59 14 330 4541 18 871 7.7 W

The following section presents the AMIS based on the
previously selected models and the modifications presented.

11l. WHOLE INDUCTOR DESIGN MODEL

The models presented above are integrated into an
algorithm that gives, based on the input parameters, the
inductor losses and inductor material volume. The aim is to
propose an automated sizing model; thus, the Litz wire sizing,
for which the rules have been discussed and illustrated in Fig
4, will also be addressed in section IIlLA. The analytical
model for inductor sizing (AMIS) will be discussed in
section I11.B.

A. Litz Wire Design Algorithm

The design of the Litz wire is carried out here by
considering an inductor current i, that has both DC and AC
components. The root mean square expression of i;, noted
I, is given by (2).

Due to the DC current component, a skin depth different
from that at the switching frequency must be used. This skin
depth is calculated at the equivalent frequency f,,, defined by
(27) [1]. The equivalent skin depth is defined by (28).

_ ZIaneakfsw
feq = (@7)
vD( —-D)2rl,,
_ PrL
Beq = ’T[.u-ofeq (28)

The sizing algorithm for the Litz wire is described in
Algorithm 1. It requires the definition of the equations above:
(27), (28), as well as the copper cross-sectional area of a
strand A, (29), the copper cross-sectional area of the Litz
wire Ag,,,,, (30), the theoretical number of strands in the Litz
wire n,,.. (31), whose real strand number ng of the Litz wire
should be as close as possible, a tolerance of 3% is tolerated
in algorithm 1. The cross-sectional area of the Litz wire A,
(32), the maximum number of strands per level 1 bundle

N4,,4, (33), and the radius of the Litz wire R, (34).
Apyg = wd?/4 (29)
AcuLW = Iyms/ILw (30)
Nspy = Acupy /Acus (1)
Aw = kLWAcuLW (32)
N = 46§q /d? (33)
Riw = \/‘W (34)

Algorithm 1 outlines the steps for the Litz wire sizing. It
utilizes a list of lists, denoted as Lg;,, defined in equation (35)
within a Python programming framework. Each list of Lg;,
describes a Litz wire design at the bundle level, including the
total number of level 1 bundles ng,, , and the number of
twisting levels n,;, such that a list of Lg;, can be represented
as follows : [ngy,,,, Mg, My, MBips> vt ] SO Mgy, 1S
the first term of each list of L.

Lsiz = [[1,1,1,1,11],[2,2,1,1,11, [3,3,1,1,'1],
[44,1,1,17, [55,1,1,'11], [6,3,2,1,21, [8,4,2,1,21,
[9,3,3,1,27, [10,5,2,1,'21,[12,4,3,1,'27,[15,5,3,1,21,
[16,4,4,1,21,[18,3,3,2,'31,[20,5,4,1,27,[24,4,3,2,31],
[25,5,5,1,'21,[27,3,3,3,'31,[30,5,3,2,'3,[32,4,4,2,'37,
[36,4,3,3,'31,[40,5,4,2,'31,[45,5,3,3,'3'],[48,4,4,3,'3],
[50,5,5,2,'31,[60,5,4,3,'31,[64,4,4,4,'31,[75,5,5,3,'37,
[80,5,4,4,'317,[100,5,5,4,'37,[125,5,5,5,'37]

A list of Lsiz allows to calculate the total number of

strands n, using the equation (36), with n, the strand number
per level 1 bundle.

(35)

(36)

The list Lsiz contains all the recommended bundle
combinations respecting the rules described in part 11.B. Let
i and j be two integers used in Algorithm 1. The index j ranges
from 0 to leny;,, where len 4, represents the number of lists
in Lsiz , i.e., the number of Litz wire combinations

Ns = Np1e, M1



considered. Let Lsiz; be the list of Lsiz at the index j. For
example, Lsiz, = [1,1,1,1,'1"], and Lsiz, = [3,3,1,1,1'].
To find a number of strands n, per bundle that meets the
required copper cross-sectional area A, ,,, a loop is used in
Algorithm 1. The integer i varies from 0 t0 ny. — 1. At
each iteration i, the total number of strands n, is calculated.

The number n, is obtained using equation (37), multiplying
the total bundles number of level 1 of Lsiz;, NB1ye0 by the

strand number per level 1 bundle considered: n;,.x — i.

Ng < nBlmt]-(nlmax - 1) (37)

Algorithm 1. Litz Wire Design Model
Input IerS']LWr feqr Tax ds
Output AcuLW‘ ALW! RLW! ng, LSiZ}'

1 Initialize Lsiz

2 Compute Seq, Acug Ngpyr Nimax

3 for j = 0 to len 4, do

4 fori=0tonyy,,x —1do

5 Ng, < n31mt1-(n1max -1

6 if 0.97n,,, <ng < 1.03ng,, then
7 ng < nsi

8 Compute Acy,,,» Arws Row,

9 Return Ay, ., Atw, Row, 1, LSIZ;
10 end if

11 end for

12 end for

13 Print "no solution found"

The algorithm 1 is implemented in the AMIS described in the
following section.

B. Model Description

The main equations used in the AMIS described below
have been defined in section Il and part I1I.A. It remains to
define the wire length Ly,. For this, the average radius R,
of the turns in the center of the winding window defined by
(38), and the average radius R, of the turns at the top and
bottom of the winding window is given by (39). The average
radii Ry, and R, are weighted according to the values of
11, hy, et ag, grouped together in the variable x, defined by
(40). The average radius of the winding turns R, is thus
given by the equations (41), and can be used to deduce the
expression for the length Ly, (42).

Ravc =D,/2+ (r, +11)/2 (38)
RavE =Dy/2+ (r, —11)/2 (39)
x = 1‘1/(h2 + ag/Z) (40)
Ray = XRgy + (1 = X)Rgyy (41)
Ly, = N¢2TR 0 (42)

The occupation of the winding window W, is given, as

an indication, by the equation (43).
Woee = NeApw /(Awky) (43)

Indeed, if the space required to wind N, turns is sufficient,
the radius r, calculated in equation (17) will be less than its
maximum value 7y;,q, = (D1 — D,)/2, as expressed by
equation (44). The three other constraints are defined by
equations (45), (46), and (47).

T2 < Tomax = (Dl - DZ)/2 (44)

Bmax < Bsat (45)
TL < Tmax (46)
Output of Algorithm 1! = "no solution found" 47)
Specification ETD library
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X
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Fig. 6 Step-by-step schematic of the analytical model for inductor
sizing (AMIS), including a summary of all equations involved in the
model as defined earlier in the article.



V. OPTIMIZATION ALGORITHM

A. Optimization Method

The model described in Fig. 6 is implemented in a grid
search optimization algorithm. This method involves varying
the input variables by manually defining the minimum and
maximum bounds, as well as the step size. The possible input
variables include f, , Tnax, Al ds, ag, Jyw, ET Dy, (an
ETD size), and r;. The algorithm returns all inductor designs
generated using the model that satisfy the four constraints
defined by equations (44), (45), (46), and (47). These
solutions are expressed in terms of the losses P, and the
inductance volume V;, as illustrated in Fig. 7.

Optimization
Variables Algorithm

[fswr max» AlL, d m} o0 "o
ag, Jiw» ETDyy, T Do
g ]lw xxr 11 ol VL

Fig. 7 Optimisation schematic with the algorithm's inputs and outputs.

B. Case Study

The proposed optimisation method and sizing model are
tested with the boost converter inductor specifications
defined in TABLE II. The ripple 41, isimposed here at 100%
of the value of I, ., although it can be left free. The permitted
temperature difference AT between T,,,, and T, is 50°C,
with T, at 20°C. The free input variables of the
optimisation vary between minimum and maximum values
defined in TABLE III.

TABLE Il. SPECIFICATIONS OF THE BOOST INDUCTOR

Pout Vm Vout Iin AIL
500 W 100V 200V 5A 54
TABLE I1l. MINIMUM AND MAXIMUM VALUES OF THE INPUT
VARIABLES FOR INDUCTOR OPTIMIZATION.
Value Value Value
min max Number
fow (kHZ) 10 100 10
ds (mm) 0.1 0.5 5
ag (mm) 0.2 4.0 20
Juw (A/mm?) 1.0 5.0 16
ETD,, ETD 29 ETD 59 7
7, (mm) 1 10 10

The optimization solutions are illustrated in Fig. 8,
showing the inductor losses P, as a function of the inductor
material volume V; . The radius r; of the solutions is colored,
ranging from 1 mm to 10 mm. It is observed that larger ETD
sizes correspond to larger r; values for solutions with low
losses P;. This is expected since the maximum outer radius
1, value, equal to 7,4, increases with ETD size, being 8.25
mm for ETD 34 and 10.75 mm for ETD 59. No solutions with
an ETD 29/16/10 were selected due to failure to meet one of
the constraints. Some solutions exist with the 34/17/11 ETD
size. For experimental validation, the solution marked with a
star in Fig. 8 is preferred, as it uses an available Litz wire.

The characteristics of the selected inductor are described
in TABLE IV. Note that the values of the wire length L, and
the wire losses P,,, take into account the additional length of
the wire prototype inductor to make the connection with the
electrical circuit.
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Fig. 8 Optimization results for the specifications defined table 11
and input variables defined table Ill. Inductor losses P, (W) are
presented as function of inductor material volume V, (cm3). The
variable r; is colored as function of its value that evolved between 1 mm
and 10 mm. The selected sizing is indicated with a star.

TABLE IV. CHARACTERISTICS OF THE SELECTED INDUCTOR DESIGN
Core ETD 39/20/13 N87

Litz wire 32x5x1,0.1mm
Acupy ALw 1.257 mm?, 1.583 mm?
Total air gap a4 1.0 mm (=0.5mm per leg)
Turn number N, 22

Inductance L 100 pH

Switching frequency fs,, 100 kHz

Current density /. 4.25 A/mm?

Radii 1,7, 5mm, 6.2 mm

Wire length Ly, 1.376 m

1.34 W, 0.84W, 2.18 W
13.1 cm3,1.5 cm3,14.6 cm?

Losses P, P.,,, P;,
Volume V,, V., V;,

To validate the design TABLE IV and the model used, the
next section presents the prototype fabrication and
characterization. The goal is to verify compliance with the
constraints and to quantify the difference between the
theoretical and measured inductance values.

V. EXPERIMENTAL RESULTS

In this section, the prototype inductor is first presented
and characterised. The test bench is then presented with the
experimental measurements.

A. Inductor Prototype

The inductor made from the optimization results is shown
in Fig 9 (a) and (b). The white piece surrounding the ETD’s
central leg, illustrated in Fig 9 (a), ensures the optimal
winding shape. The air gap a, of 1.0 mm is split between the
central and outer legs of the ETD, with 0.5 mm spacing
maintained by 3D-printed spacers made from Acrylonitrile
Styrene Acrylate (ASA) filament.



The Litz wire used has exactly the same number of strands
as the optimised inductor selected, i.e. 160. All strands are
twisted together, which differs from optimised construction,
and which may increase high-frequency resistance compared

to an optimally sized wire, as discussed in Part 11.D.

(a) (b)
Fig 9. lllustration of the selected ETD 39 core with 0.5 mm spacers,
the central piece shaped for the desired winding, and the four white
pieces for mechanical support.

The inductor resistance and inductance values were
measured as a function of frequency using the E4990A
impedance analyzer with the 16047E accessory. The
resulting curves are shown in Fig 10. The inductance value at
100 kHz is 97.10 pH, resulting in a 2.9% error compared to
the target theoretical value of 100 pH.

The resistance measured at 20 Hz is 22.87 m{, while the
calculated DC resistance R is equal to 19.73 m(), meaning
a difference of 15.9%. This difference may be link the
impedance analyser accuracy. In fact, if the impedance
analyzer has an accuracy higher than 0.08% for a
measurement of inductance values around 100 pH and at 100
kHz, the resistance measurement at 100 kHz for values
around 20 mQ can be higher than 10%, as specified in the
datasheet.

This difference may be attributed to the impedance
analyzer accuracy. Specifically, at a frequency of 100 kHz,
the analyzer has an accuracy better than 0.08% for inductance
measurements near 100 pH, while the resistance
measurement for values around 20 mQ can exhibit an error
exceeding 10%, as indicated in the datasheet. These results
are summarized in TABLE V.

4 Mia/Analysis S Instr State

M

kT ki

Fig 10. Resistance and inductance values of the inductor as a
function of frequency were measured using the E4990A impedance
bridge.

TABLE V. INDUCTOR RESISTANCE AND INDUCTANCE VALUES
CALCULATED WITH AMIS AND MEASURED ON THE IMPEDANCE BRIDGE

Theoretical Measured Error
Resistance 19.73 mQ 22.87 mf) -15.9 %
Inductance 100 puH 97.10 pH 2.9%

B. Test Bench

To test the produced inductor, the test setup shown in Fig
11 was established. The inductor is used in a boost converter
implemented with an Imperix PEB 8024 module. Keysight
34450A multimeters are employed to measure the input and
output voltages, while Fluke 287 multimeters are used to
measure the inductor and output currents. The Wavesurfer
3024 oscilloscope, equipped with a CP031 current probe, is
utilized to estimate the current ripple Al

PWM
generation

Boost converter
——

Inductor |® |

°
-

Fig 11. Test setup for the DC-DC boost converter with the sized
inductor, using an Imperix PEB 8024 module.

C. Experimental Results

The temperature of the produced inductor was measured
using a FLIR E49001 thermal camera. Several measurements
were taken over 75 min to reach the steady-state thermal
conditions. The operating conditions are an input power of
500 W, an input voltage of 100 V, a RMS current in the
inductor I, of 5 A, and a switching frequency of 100 kHz.
The temperature curve of the inductor is shown in Fig 12 on
the left, alongside a thermal image captured during the final
measurement on the right.
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Fig 12. Temperature evolution measured by the thermal camera
over a 75-minute period is shown on the left. The winding and core
temperatures are noted T, and T..The thermal camera image on the
right was taken after 75 minutes of converter operation.

The magnetic core T,temperature appears uniform, as
shown in Fig 12. The winding temperature T,, is also
relatively uniform, with a maximum temperature difference
of 8.6°C among the turns.



V1. CONCLUSION

To enhance the accessibility of inductor sizing, a
comprehensive new analytical model for inductor design
(AMIS) has been developed. Unlike traditional models, this
one accounts for fringing effects on inductance values,
winding shapes, and loss calculations in the same time. It
incorporates loss models for Litz wire and magnetic cores,
along with thermal models from the literature. to make the
model completely automatable, an algorithm for Litz wire
sizing has also been described.

The proposed inductance design model was employed in
an optimization process to size the inductor for a DC/DC
boost converter. The prototype complies with the constraints
and exhibits an inductance value that deviates by only 2.9%
from the theoretical model.
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