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Design optimization for enhancing performances of integrated planar inductor for power
electronics applications

Goal. In this work, the performance of an integrated planar inductor with a square geometric shape using different materials for the
substrate: Ni-Fe, Mn-Zn and Ni-Zn have been analyzed and investigated in order to assess the impact of the substrate material on the
performance of the integrated planar inductor and to determine the optimal material in the various applications of power modules in
power electronics. Methods. To this end, we carried out an in-depth analysis of the geometric dimensions of the integrated planar
inductor, by calculating all the geometric parameters of the proposed structure, to establish an equivalent physical model of the
integrated planar inductor in order to evaluate its different electrical specifications. The numerical simulation, based on the three-
dimensional mathematical model of the system using Maxwell’s equations, was realized by COMSOL Multiphysics software. Results
show the importance of the substrate material for the performance of the integrated planar inductor, and specify that the use of Ni-Fe
ferrite as a substrate of the integrated planar inductor gives very interesting performance compared to other materials studied. The
presented results provide valuable information on the influence of substrate material on the performance of embedded integrated planar
inductor and can help to design and optimize these components for use in power electronic systems. Practical value. These results are
significant for a wide range of applications, where the integrated planar inductor performance and efficiency can have a significant
impact on the overall performance and cost-effectiveness of the power electronic device. References 37, tables 2, figures 7.

Key words: integrated square micro-coil, electrical characteristics, thermal modeling, electromagnetic phenomena, substrate
material.

Mema. Y yiti pobomi npoananizo8ano ma OOCRIONCEHO XAPAKMEPUCMUKU 60Y008aAHO20 NIAAHAPHOO [HOYKMOPA KEAOPAMHOT
2eomempuyHoi hopmu 3 GUKOpUCMAHHAM pisHUX mamepianie niokiaoku: Ni-Fe, Mn-Zn ma Ni-Zn ons oyinku eéniusy mamepiany
NIOKIAOKU HA NPOOYKMUSHICIb 80Y008AHO20 NAAHAPHO20 THOYKIMOPA MA 8USHAYEHHS. ONMUMATIbHO20 MAmepiany O Pi3HUX CUTOBUX
3acmocyéanb MoOynie y cunogitl enekmpouiyi. Memoou. 3 yicio memorw npoeedeHo No2IUONeHUll aHANI3 2eOMEMPUUHUX DPO3MIDIE
60Y0068aH020 NAAHAPHO2O THOYKMOPA, PO3PAXOBAHO BCI 2eOMempuuni napamempu 3anponoHO8aHOT KOHCMPYKYIl O 6CMAHOGNIEHHS
eKxgieanenmHol Qi3uuHol Mooeni 60y008aH020 NIAHAPHO20 THOYKMOPA MA OYIHKU 1020 eleKmpuyHux xapakmepucmuk. Yucenvhe
Mooeniogants, wjo 06a3yemvCsa HA MPUBUMIPHIE MameMamuyHiil mooeni cucmemu 3 GUKOpUCMAHHAM pieHAnb Maxkceenna, 6Oyno
peanizoeano 3a oonomozoro COMSOL Multiphysics. Pe3ynsmamu noxasyiomv 6axciugicmes mamepiany niokiaoku 011 pobomu
680Y006aH020 NIAHAPHO20 [THOYKMOpPA | 6Ka3yiomv Ha me, wjo euxopucmanus ¢epumy Ni-Fe y saxocmi niokiaoxku 60y008ano2o
NIAHAPHO20 THOYKMOpa 0ae Oydce YiKasi XapaKxmepucmuKku NOPIiGHAHO 3 HuuMuY susueHumu mamepianamu. Ilpeocmagneni pezynomamu
HAOAIOMb BANCIUBY THPOPMAYIiI0 w000 6NAUGY Mamepiany NIOKIAOKU HA XAPAKMEPUCMUKU 80Y008aAHO20 NIAHAPHOO THOYKMOpA ma
MO2ICYMb OONOMOIMY CHPOEKNYBAMU Md ONMUMIZY6amu Oani KOMROHeHmMU 0N GUKOPUCMANHS Y CUTIOBUX eleKMPOHHUX CUCTNEMAX.
Ilpakmuuna yinnicme. Ompumani pe3yrbmamu  6adCIU6i ONid WUPOKO20 CHEKMpa 3Acmocy8aib, Oe NpoOyKMuHicme ma
epexmusnicms 86y008aHO20 NAAHAPHOLO THOYKMOPA MOJICYMb ICIMOMHO 6RAUHYMU HA 3A2A1bHY NPOOYKMUBHICHL MdAd eKOHOMIUHY
eghekmusHicmb CUN08020 eleKmporHo2o npucmporo. bioin. 37, Tadn. 2, puc. 7.
Kniouoei cnosa: BOynoBaHa KBaJpaTHa MIKPOKOTYWIKA, eJeKTPHYHi
eJ1eKTPOMArHITHI IBHIIA, MaTepiaJ NiAKIaAKI.

XapaKTepUCTUKH, TeIlioBe MOJAeJIOBaHHSA,

and optimization of integrated planar inductors [11, 12],
as different materials can exhibit different electrical,
magnetic and mechanical properties which can impact on
the performance of the integrated planar inductor in terms
of efficiency, stability and response time [13—-16]. The
best choice of the substrate material and its optimal
parameters for the design of low-power converters is a
crucial factor in order to improve the energy efficiency
and the performance of the designed systems [17-23], the

1. Introduction. The advantages of integrating passive
components, in particular integrated planar inductor, in
power electronics are multiple and numerous, namely:
improved performance and better profitability in a wide
range of power electronics applications, including static
converters and power systems. The low weight and small
size of integrated planar inductor make them particularly
suitable for use in compact and lightweight power electronics
converters where they can reduce the overall size and weight

of the device while improving its performance [1-4]. The
integration of planar inductors makes it possible to add other
functions on a single chip, more efficient designs and
simplifying the manufacturing process [5, 6]. To this end,
researchers are exploring various approaches to optimize the
design and performance of integrated planar inductor,
including the use of new materials, new advanced
manufacturing  techniques and  innovative  design
methodologies [7]. These efforts allow the adoption of
integrated planar inductor in complex power electronic
systems, and further improve the efficiency, performance
and profitability of the systems produced [8].

The integrated planar inductor is particularly used in
low-power converters operating at high frequencies [9,
10]. Where they can be used to transform and transfer
electrical energy efficiently with low losses. The choice
of substrate material is an important factor in the design

integrated planar inductor must be able to transfer energy
with high efficiency and low losses, while preserving
good stability and an ideal response time [19-26].

The experimental and numerical studies during the
design phase of electronic equipment allow the
understanding of the magneto-thermal behavior of its
equipment and the optimization of their designs and
guarantee of their performance and safety. In order to
realize the circuits and electronic components with
improved performance, it is essential to know all the
electrical and thermal properties, which help to predict
and understand the local temperature conditions and
optimize the design of its components [27, 28]. In this
context, the several methods have been used to study the
electrical and thermal properties of electronic devices, for
example, the finite-element method has been used to
numerically study the thermal behavior of a circular-coil
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inductor integrated in a micro DC-DC step-down
converter [29-35]. In [32] investigated the temperature-
dependent characteristics of cryogenic planar multilayer
inductors. The autors [6, 32] predicted by numerical
simulation the thermal-magnetic behavior of a square
planar coil placed between two magnetic materials. In
[34], the authors conducted a theoretical study on the
design of an octagonal planar inductor and transformer for
use in a converter, with the aim of improving the
performance and efficiency of the conversion system.
Overall, these research efforts have contributed to a better
understanding of the electrical and thermal behavior of
electronic equipment and have enabled the development
of more efficient and better performing devices.

Goal. The work aim is to investigate, analyze and
compare the performance of an integrated planar inductor
with a planar topology of square geometric shape using
three different materials for the substrate: Ni-Fe, Mn-Zn
and Ni-Zn, in order to evaluate the impact of the best
substrate material on the performance of the integrated
planar inductor and identify the best performing material
in terms of increasing the efficiency, stability and
response time of the integrated planar inductor as well as
their optimal design parameters in order to obtain the best
performance of the integrated planar inductor.

The results of this study will undoubtedly provide
useful information to experimenters on the influence of
substrate material, the performances of the integrated
planar inductor and present the design and optimization of
these components for use in a wide range of specific
power electronics applications.

It should be noted that the various numerical models
proposed by the researchers often assume a stable state of
the ambient air and tend to focus on the electrical and
magnetic aspects of the passive components. Our main
contribution is to provide a new thermal model that takes
into account the real effects of buoyancy on the thermal
behavior of a square integrated planar inductor using
COMSOL software [36, 37]. Additionally, this study
includes the effect of coil conductor width on
electromagnetic and thermal properties by mathematically
coupled the Navier-Stokes momentum and Maxwell’s
electromagnetism equations.

The current state of research in the field of
integrated planar inductors for power electronics
applications mostly ignores the effects of air motion and
buoyancy on thermal behavior. The numerical models
proposed by researchers often assume a stable state of the
surrounding air and tend to focus on the electrical and
magnetic aspects of passive components. The aim of this
study is to provide a new thermal model that takes into
account the real effects of buoyancy on the thermal
behavior of a planar micro-coil. Additionally, this study
investigates the effect of the width of the coil conductor
on the electromagnetic and thermal properties. This
research aims to offer a more realistic view of thermal
phenomenon in electrical equipment by mathematically
coupling of Navier-Stokes momentum equations and
Maxwell’s electromagnetism.

2. Development of a physical model for the micro-coil.

2.1. Defining the study area. Micro-coil Modeling.
The current study focuses on the examination of a planar
micro inductor with a square spiral shape, the

performance of a planar inductor depends on its geometric
parameters such as the number of turns (), inner diameter
(d;,), outer diameter (d,,;), initial width (w;), final width
(w), thickness (7), and total length (Z,). This micro-coil is
placed on a ferrite substrate that also has a square shape
with a side length of L and thickness of ¢,,. Additionally,
the micro-coil is elevated by a height of AH.

2.2. Determining the geometric parameters of
inductors for calculation. In order to optimize the
geometric characteristics of an inductor, to improve its
performance, the several methods and mathematical models
have been used for this purpose. Among these methods, the
calculation method developed by Wheeler [14] makes it
possible to evaluate the inductance for coils of hexagonal,
octagonal or square shapes, which are built using discrete
methods. This theoretical model is easy to implement, thanks
to its accuracy compared to other methods and will always
remain valid even for coils with a limited number of turns.
The geometrical parameters of the micro-coil and the
substrate are detailed in Fig. 1, and the specific values used
in this investigation are listed in Table 1.

nLox a e
Fig. 1. Study area of the micro-coil deposited on substrate (a)
geometrical parameters of the micro-inductor (b)

Table 1
The recommended parameters

Inner diameter d;,, mm 3 |Spires thickness 7, pm 35
Outer diameter d,,,, mm 10 |Spires number n 3
Spires width w, mm 0.55|Turn spacing s, um 925

From a specification, we will size, using Wheeler’s
modified method, the square spiral coil, in order to minimize
losses [35]. Additionally, the physical and electrical
parameters of the different materials involved in Fig. 2 [3]
including air, copper and ferrite are also given in Table 2.

Lusg Romg  Casg

A —AB
Cs [ | +— Spiral coil
Coxa —I— —L Gy
T <— Insulating layer

:E chgi

= «— Ferrite layer

R«mgl $
Cam 1= Ram == Copz |#— Substrate of silicon
T3™w3T

<+— Ground plane
Fig. 2. The ferromagnetic inductor (@)
and cross-section of planar inductor on ferrite (b)
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Table 2
The physical and electrical parameters of different components

. . Ni-Fe| Mn-Zn [Ni-Zn

Properties Air |Copper (subl)| (sub2) |(sub3)

Density y, kg/m’ 1.225 | 8700 | 4000 | 4700 | 4800
Viscosity 7, Pa‘s 1.8-10" — — — —

Thermal conductivity £, 0.0257 | 400 30 3.9 63

Wom' K

Heat capacity C,

Jke K 1005.4| 385 | 700 1050 710
Electrical resistivity 1310175108 — 3 3
p, Q-m

Relative permittivity &, 1.0 1.0 | 11.8 270 12
Relative permeability u. 1.0 1.0 | 800 5000 1500

Thermal expansion

a, K107 343 - - — _

3. Mathematical formulation of the problem.

3.1. Basic mathematical equations. The inductance
L given by Wheeler method is represented by:
nz'ﬂ (1)
l+ky- 4,
where d,,, is the average diameter; 4,, is the form factor;
n is the number of turns; y is the vacuum permeability.

By using the Wheeler method for the square shape,
the coefficients k; = 2.34, k, = 2.75. So we have:

davg = (daut + din) / 2" (2)
Am = (dout - din) / (daut + din)~ (3)

Based on the form factor A4,,, we have the option to
create either hollow or full inductors. Consequently, the
hollow inductor exhibits higher inductance than a full one
due to the turns situated near the center of the spiral,
which help to reduce the positive mutual inductances and
increase the negative mutual inductances [12].

The electric current i flowing through the conductors
is dependent on both the current density J,, and the
cross-sectional area S, of the conductor:

i=8:Javg. 4

The cross-sectional area is determined by the width

w and the thickness ¢ of the planar coil:

L=ky-py-

S, =w-t. (5)
The spacing between turns is given by:
S:dout—dm—}w-n. ©)
2-(n-1)

The width w is equal to

Wzdout_din_z's'(n_l). (7)
2-n

And the total lengths /;:
Li=d-n-(dyy—s-(n=1)—n-w)-s. (8)
In this study, a mathematical model was developed to
understand the behavior of integrated micro-coil. The model
combines Maxwell’s equations for electrical and magnetic
phenomena with a thermal conduction equation to determine
the temperature profile in the coil conductors. Additionally,
to take into account the effect of air on the thermal
performance, a computational fluid dynamics approach was
used. This approach considers the convective heat transfer
and includes the Navier-Stokes equations for laminar flow
that are strongly coupled with the convection-diffusion
equation for air. The buoyancy term of the air is introduced
in the Navier-Stokes momentum (11) in the direction along
the vertical Z (Fig. 1,a). The resulting mathematical model is
a strong coupling between the Maxwell’s equations, the

combined convection-conduction equation of the air, and the
Navier-Stokes momentum equation.
Maxwell’s equations are:
J=VxH; B=VxA;, E=—jwA; )
J=0E + joD; V-J=0, E=-VV - joD,
where H is the magnetic field intensity; J is the current
density; B is the magnetic flux density; 4 is the magnetic
vector potential; E is the electric field intensity; w is the
angular frequency; o is the electrical conductivity; D is
the electric displacement field; V is the electric potential.
Heat equation in the air and the solid parts:
ksvas + pod ®J =0 with k, = k¢, or ks=kap, (10)
where £; is the thermal conductivity of the solid; k¢, is the
thermal conductivity of the copper; k,, is the thermal
conductivity of the substrate; 7 is the temperature in the

solid; po is the mass density of the solid.
Navier-Stokes equations in air part:

Pair(-Vu=-v-(PI)+ (Vu + (V)" )+ ’

+ Apairﬂg(T - Tc )e’
where p,;. is the mass density of the air; u is the velocity
of the flow of the air; P is the pressure in the air; I is the
identity matrix; 4 is the coefficient for the buoyancy term;
p is the thermal expansion coefficient; g is the
gravitational acceleration; T is the temperature of the air;
T, is the reference temperature; e is the unit vector in the
direction of gravitational force.

Heat equation in the air parts:

PairCPaiy - u-VT = kairvaa (12)
where Cp,;, is the specific heat capacity of air at constant
pressure; k,; is the thermal conductivity of air.

The coupling between the electromagnetic, thermal,
and Navier-Stokes equations involves several steps:
solving Maxwell’s equations to obtain the electric field
and current density, calculating heat generation in solid
materials due to Joule heating, solving the heat equation
in solid materials to determine temperature distribution,
solving the Navier-Stokes equations to find airflow
around the inductor, and solving the heat equation in the
air to account for convective heat transfer, using the
velocity field obtained from the Navier-Stokes equations.

3.2. Boundary conditions. The solving of the above

an

system equations (9)—(12) requires the boundary
conditions such as:
e For the copper conductor:
- On the input:
[:Io or J:[O/Svias (13)

where [ is the the electric current; /; is the input current at
the boundary of the copper conductor; J is the current
density; S,;, is the cross-sectional area.

- On the output:

V=0. (14)

This boundary condition implies that the electric
potential is zero at the output boundary.

o At the copper boundary:

nJ=0, —kc,oOnTy=h(T.—Ty), and T=T, (15)
where n-J — this boundary condition implies that there is
no normal component of the current density at the
boundary, meaning there is no current flowing out of the
surface perpendicular to the boundary; k¢, is the thermal
conductivity of the copper material; onT; — this boundary
condition implies that there is no normal component of
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the current density at the boundary, meaning there is no
current flowing out of the surface perpendicular to the
boundary; % is the convective heat transfer coefficient;
T. is the temperature of the surrounding air; 7 is the
temperature at the surface of the copper conductor; T is
the general temperature variable.

o At the substrate boundary:

—kgOnTs=h(T.—T;), onT=0, and u=0, (16)
where kg, is the thermal conductivity of the substrate
material; ¥ — this boundary condition suggests that the
velocity of the air is zero at the substrate boundary,
indicating a no-slip condition.

o At the study domain boundary:

onT=0, and P=0, a7
where P is the pressure.

4. Numerical and computational methods. The
system of governing differential equations (9)—(12), along
with the set of boundary conditions (13)—(17), has been
solved using the finite element method with Galerkin
discretization. For the mesh, we have employed a
tetrahedral structure with prisms at the boundary layer
(coil and substrate). The multiple tests carried out to
ensure result independence have led us to adopt a fine
tetrahedral irregular mesh for the coil conductor. The
complete mesh consists of 29,888 domain elements and
1,172 boundary elements (Fig. 3). The convergence
criterion is set to a relative error of each variable,
ensuring their values below 10°°.

x10%m

/

¥
}
Input 1B c

Fig. 3. The physical model (a), mesh of micro-coil (b),
scheme for initial conditions (c¢) and limits of the studied area (d)

To ensure the accuracy and reliability of our numerical
results, we conducted a comparison with the previous work
[34]. We added their simulation conditions to examine the
temperature distribution in the study area and along the
vertical line passing through the substrate, as depicted in
Fig. 4, 5. Upon comparing of our findings with the reference
results [34], we observed the strong agreement and
consistency, thereby validating of our mathematical model.

The simulation results obtained by solving the
Maxwell’s equations are applicable to all of the
configurations studied. Therefore, in this study we will only
focus on presenting the unique physical models and
boundary conditions for each case. Figures 3,a—d depict the
physical model of the square planar coil, the domain mesh,
and the initial and boundary conditions, respectively.

4.1. Distribution of magnetic flux density.
Figure 4 shows the 3D distribution of the magnetic flux
density in planar coil for three materials of ferrite (Ni-Fe,
Mn-Zn and Ni-Zn).
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Fig. 4. The distributions of magnetic flux density

for Ni-Fe (a), Mn-Zn (b) and Ni-Zn (c)

Figure 4 illustrates the magnetic flux density
distribution along the median line (x = y = 0) for the micro-
inductor made of materials Mi-Zn, Ni-Zn and Ni-Fe. The
decreasing of the inner width of the micro-coil results in
an increase in the flux value, it particularly evident in the
region between 2 mm and 3 mm, corresponding to the
line crossing the plane of the micro-coil. The similar
magnetic behavior is observed in the neighboring zones
with lower variance rates.

To further analyze the effect of changing the inner
width of the micro-inductance on electromagnetic
behavior, we have plotted curves that show casing
variations in key parameters like maximum flux density,
maximum field modulus, and maximum potential. The
same figure illustrates the distribution of maximum
magnetic flux density and maximum electric field for the
inner width of the inductor (w = 0.6 mm). It reveals a
evident increase in magnetic flux with decreasing w and
predominant increase in the maximum electric field. The
active zone of direct influence of the electric field is
observed when the internal width is below 0.3 mm.
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4.2. Temperature distribution. Regarding the
temperature evolution in the study area, it is essential to
plot the temperature distribution curves along the lines
defined in the next diagrams. This is evident in Fig. 5,
where we observe a rapid temperature increase in the
kapton material along the median line (x = y = 0). The
temperature is sharp until it reaching a peak at the micro-
coil plane, exhibiting a perfect fit. This behavior can be
attributed to the influence of the buoyancy force.

degC
A 395

38.2
¥ 38.2

c
Fig. 5. The temperature distributions for
Ni-Fe (@), Mn-Zn (b) and Ni-Zn (c)

As we move upward, the temperature begins to
decrease, and a slight difference between the two curves
becomes evident, indicating the minor effect of the
buoyancy force in this particular region. Along the lateral
line shown in Fig. 5, a noticeable change in the thermal
distribution shape occurs, particularly at the plane where the
coil turns are placed. The thermal peak rises at non-
availability of buoyancy, and then the curves start to diverge
by 1 °C as they move upward, with natural convection
resulting in the lowest temperatures. The temperature
distribution on the horizontal line presented in Fig. 5
confirms the earlier observation regarding the narrowing of

the isothermal lines. We observe a reduction of the
temperature values on both sides above the coil, where the
maximum temperature value is directly recorded on the area
of the inner diameter of the coil in both cases, with a higher
value for this peak when considering the buoyancy force.
4.3. Comparison between three materials on the
temperature and the flux magnetic distribution. The
flux magnetic density and temperature distribution were
compared for three different ferrite materials: Ni-Fe,
Mn-Zn and Ni-Zn (Fig. 6, 7). In terms of magnetic flux
density, it was observed that Mn-Zn exhibited the highest
magnetic flux density, followed by Ni-Zn and Ni-Fe. The
differences in magnetic flux density were attributed to the
varying magnetic properties of the different ferrite materials.
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Fig. 6. The comparison between three ferrite materials
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Regarding the temperature distribution, the results
showed that Ni-Fe had the lowest temperature, indicating
better thermal performance compared to the other two
materials. Ni-Zn had a moderate temperature distribution,
while Mn-Zn exhibited the highest temperature,
indicating relatively poorer thermal behavior.

Summarizing the comparison between the three ferrite
materials, Mn-Zn exhibited the highest magnetic flux density
but also the highest temperature distribution, indicating
potential trade-offs between magnetic performance and
thermal behavior. Ni-Fe, on the other hand, showed the
lowest temperature distribution, making a favorable choice
for applications where thermal considerations are crucial. Ni-
Zn is between the two materials, offering a balanced
compromise between magnetic and thermal properties. The
selection of the most suitable ferrite material would depend
on the specific requirements of the application, considering
factors such as magnetic performance, temperature
sensitivity and overall efficiency.
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5. Conclusions. After conducting an in-depth study
on the magnetic and thermal properties of three ferrite
materials (Ni-Fe, Mn-Zn, Ni-Zn) we have found valuable

characteristics regarding their performance and behavior
across diverse applications.

Firstly, Mn-Zn emerged as the preferential material in
terms of magnetic flux density, showing the highest values
among the three. This exceptional magnetic performance
holds immense significance for applications like
transformers and inductors, where upper magnetic properties
are crucial for optimal efficiency and performance.

Secondly, our observations of the temperature
distribution revealed significant distinctions among the
materials. Ni-Fe exhibited the lowest temperature distribution;
giving the exceptional thermal performance compared to the
other two. Its ability to efficiently dissipate heat makes it as the
best choice for applications where thermal considerations play
a basic role, such as high-power integrated circuits, where
temperature management is critical for reliability.

On the other hand, Ni-Zn displayed a moderate
temperature distribution, striking a favorable balance
between the magnetic performance of Mn-Zn and the
thermal performance of Ni-Fe. This characteristic makes Ni-
Zn a viable option for applications demanding a harmonious
convergence of both magnetic and thermal properties.

Nonetheless, when selecting the most suitable ferrite
material, the careful consideration of specific application
requirements becomes essential. Factors like the required
magnetic flux density, temperature sensitivity, thermal
constraints and energy losses should be diligently evaluated
to ensure optimal performance in the intended application.

As a conclusion, this comprehensive study facilitated an
in-depth comparison of Ni-Fe, Mn-Zn and Ni-Zn ferrite
materials, their different magnetic flux density and
temperature distribution characteristics. Each material presents
unique advantages and drawbacks, and the optimal choice
relies on the precise demands of the application. Our research
significantly contributes to advancing our understanding of
ferrite material properties and proposes the potential to
optimize the design of electronic and electromagnetic systems,
enhancing overall efficiency and performance. Moving
forward, future research can further explore the additional
properties of ferrite materials and their specific impacts on
applications, expanding the boundaries of technological
innovation to achieve even more advanced solutions.
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