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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. 
 

Мета. У цій роботі проаналізовано та досліджено характеристики вбудованого планарного індуктора квадратної 
геометричної форми з використанням різних матеріалів підкладки: Ni-Fe, Mn-Zn та Ni-Zn для оцінки впливу матеріалу 
підкладки на продуктивність вбудованого планарного індуктора та визначення оптимального матеріалу для різних силових 
застосувань модулів у силовій електроніці. Методи. З цією метою проведено поглиблений аналіз геометричних розмірів 
вбудованого планарного індуктора, розраховано всі геометричні параметри запропонованої конструкції для встановлення 
еквівалентної фізичної моделі вбудованого планарного індуктора та оцінки його електричних характеристик. Чисельне 
моделювання, що базується на тривимірній математичній моделі системи з використанням рівнянь Максвелла, було 
реалізовано за допомогою COMSOL Multiphysics. Результати показують важливість матеріалу підкладки для роботи 
вбудованого планарного індуктора і вказують на те, що використання фериту Ni-Fe у якості підкладки вбудованого 
планарного індуктора дає дуже цікаві характеристики порівняно з іншими вивченими матеріалами. Представлені результати 
надають важливу інформацію щодо впливу матеріалу підкладки на характеристики вбудованого планарного індуктора та 
можуть допомогти спроєктувати та оптимізувати дані компоненти для використання у силових електронних системах. 
Практична цінність. Отримані результати важливі для широкого спектра застосувань, де продуктивність та 
ефективність вбудованого планарного індуктора можуть істотно вплинути на загальну продуктивність та економічну 
ефективність силового електронного пристрою. Бібл. 37, табл. 2, рис. 7. 
Ключові слова: вбудована квадратна мікрокотушка, електричні характеристики, теплове моделювання, 
електромагнітні явища, матеріал підкладки. 
 

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 

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 
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 (n), inner diameter 
(din), outer diameter (dout), initial width (wi), final width 
(w), thickness (t), and total length (Lt). This micro-coil is 
placed on a ferrite substrate that also has a square shape 
with a side length of L and thickness of tsub. Additionally, 
the micro-coil is elevated by a height of H. 

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. 

 

 

a b  
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 din, mm 3 Spires thickness t, µm 35
Outer diameter dout, mm 10 Spires number n 3 
Spires width w, mm 0.55 Turn spacing s, µm 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. 

 

 

 
Fig. 2. The ferromagnetic inductor (a) 

and cross-section of planar inductor on ferrite (b)  
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Table 2 
The physical and electrical parameters of different components 

Properties Air Copper 
Ni-Fe 
(sub1) 

Mn-Zn 
(sub2) 

Ni-Zn
(sub3)

Density , kg/m3 1.225 8700 4000 4700 4800
Viscosity η, Pa∙s 1.8∙10–5 – – – – 
Thermal conductivity k, 
Wm-1K-1 

0.0257 400 30 3.9 6.3 

Heat capacity C, 
Jkg-1K-1 

1005.4 385 700 1050 710 

Electrical resistivity 
ρ, Ωm 

1.31016 1.7510-8 – – – 

Relative permittivity εr 1.0 1.0 11.8 270 12 
Relative permeability μr 1.0 1.0 800 5000 1500
Thermal expansion 
α, K-110-3 

3.43 – – – – 

 

3. Mathematical formulation of the problem. 
3.1. Basic mathematical equations. The inductance 

L given by Wheeler method is represented by: 
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where davg is the average diameter; Am is the form factor; 
n is the number of turns; µ0 is the vacuum permeability. 

By using the Wheeler method for the square shape, 
the coefficients k1 = 2.34, k2 = 2.75. So we have: 

davg = (dout + din) / 2;                        (2) 
Am = (dout – din) / (dout + din).                    (3) 

Based on the form factor Am, 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 Javg and the 
cross-sectional area Sc of the conductor: 

i = ScJavg.                                (4) 
The cross-sectional area is determined by the width 

w and the thickness t of the planar coil: 
Sc = wt.                                  (5) 

The spacing between turns is given by: 
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And the total lengths lt: 
   swnnsdnl outt  14 .           (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: 
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where H is the magnetic field intensity; J is the current 
density; B is the magnetic flux density; A is the magnetic 
vector potential; E is the electric field intensity; ω is the 
angular frequency; σ is the electrical conductivity; D is 
the electric displacement field; V is the electric potential. 

Heat equation in the air and the solid parts: 

00
2  JJss Tk   with ks = kCu  or ks = ksub,   (10) 

where ks is the thermal conductivity of the solid; kCu is the 
thermal conductivity of the copper; ksub is the thermal 
conductivity of the substrate; Ts is the temperature in the 
solid; ρ0 is the mass density of the solid. 

Navier-Stokes equations in air part: 
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where ρair 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; A is the coefficient for the buoyancy term; 
β is the thermal expansion coefficient; g is the 
gravitational acceleration; T is the temperature of the air; 
Tc is the reference temperature; e is the unit vector in the 
direction of gravitational force. 

Heat equation in the air parts: 

,2TkTCp airairair u               (12) 
where Cpair is the specific heat capacity of air at constant 
pressure; kair 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 
system equations (9)–(12) requires the boundary 
conditions such as:  

 For the copper conductor: 
- On the input: 

I = I0   or   J = I0 / Svia ,                    
(13) 

where I is the the electric current; I0 is the input current at 
the boundary of the copper conductor; J is the current 
density; Svia 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. 

 At the copper boundary: 
nJ = 0,   –kCunTs = h(Tc – Ts),   and    T = Ts,    (15) 

where nJ – 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; kCu is the thermal 
conductivity of the copper material; nTs – 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; h is the convective heat transfer coefficient; 
Tc is the temperature of the surrounding air; Ts is the 
temperature at the surface of the copper conductor; T is 
the general temperature variable. 

 At the substrate boundary: 
–ksubnTs = h(Tc – Ts),   nT = 0,   and    u = 0,     (16) 

where ksub is the thermal conductivity of the substrate 
material; u – this boundary condition suggests that the 
velocity of the air is zero at the substrate boundary, 
indicating a no-slip condition. 

 At the study domain boundary: 
nT = 0,   and    P = 0,                     (17) 

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 10–6. 
 

a b  
 

c d
 

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). 

a  
 

b  
 

c  
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. 

a  

b  

c  
Fig. 5. The temperature distributions for 

Ni-Fe (a), 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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b) the horizontal line y = L/2, z = 0 
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c) the horizontal line y = L/2, z = –tk–ts/2 

Fig. 6. The comparison between three ferrite materials 
(Ni-Fe, Mn-Zn and Ni-Zn) on flux magnetic density 

 

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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c) the horizontal line y = L/2, z = –tk – ts/2 
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d ) the horizontal line y = L/2, z= height air/2 
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e) the horizontal line y = L/2, z = height air 
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f ) the diagonal line z = 0 

Fig. 7. The comparison between three ferrite materials 
(Ni-Fe, Mn-Zn and Ni-Zn) on the temperature distribution 

 

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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