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ABSTRACT High-frequency and high-power density converters are essential for many applications such as
automotive and more electric aircraft. To improve power density, planar magnetic components are increas-
ingly used in power electronic converters owing to their advantages, such as less high-frequency losses,
repeatability, and better thermal performance compared to conventional wound components. Considerable
attention has been paid to their electrical performance. However, the thermal aspects are essential for
enhancing completely their performance. Currently, there is an increasing interest in these critical aspects
of high-density power converters. This paper presents a literature review of studies on the thermal modeling
of planar magnetics. The papers were organized according to the model type and analyzed to highlight their
merits and limitations. A multicriteria comparison of the studied papers was performed. Moreover, the key
points and issues related to the thermal modeling are addressed to guide designers in enhancing the thermal
aspects of planar magnetic components.

INDEX TERMS Planar magnetics, high frequency magnetics, thermal modeling, high power density.

I. INTRODUCTION
Magnetic components play a vital role in power conversion.
They ensure key functions, such as energy transfer, storage,
filtering, voltage adaptation, and galvanic isolation. However,
their significant volume exceeded 50% of the total volume of
the power converter. Moreover, magnetics can be a source of
a considerable amount of power losses [1]. In applications
where volume or weight constraints are critical, such as
automotive, aeronautics, avionics, and portable equipment,
the need to increase power density and efficiency is a major
concern for designers [2]. To achieve this goal, it is necessary
to increase the frequency and current density. Even if wide
band-gap (WBG) semiconductors, such as silicon carbide
(SiC) and gallium nitride (GaN), can reach frequencies up
to several MHz [3], [4], [5], [6], [7], [8], passive components,
in particular magnetics, remain the main limitation of power
converter integration.

In this context, planar magnetic components (PMCs) have
gained importance because of their electrical and thermal
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properties. These components are based on a flattened mag-
netic core and winding, as shown in Fig.1a, conversely to the
conventional magnetic components (Fig.1b).

FIGURE 1. High frequency transformer: (a) planar, (b) conventional.

Planar magnetics present many advantages compared to
conventional wound components, which make them suitable
for high-frequency (HF) and high-power density applica-
tions, such as lower HF losses, easier winding interleaving,
repeatability, and better thermal performance. owing to their
high surface-to-volume ratio. However, PMCs present some
limitations, such as a low copper fill factor, limited number
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of turns, and higher parasitic capacitances [9], [10]. Planar
magnetics is a relatively recent technology for HF magnetics.
One of the first papers to introduce PMCs was published by
Estrov in 1986 [11]. A literature review of the electrical and
electromagnetic aspects of PMCs is presented in [9], [10],
and [12].

Most publications have focused on the electrical and elec-
tromagnetic aspects to optimize PMC design. However, ther-
mal aspects have been less studied in the literature, even
though thermal management and cooling strategies are essen-
tial in the design process of PMC. Indeed, the increase in
frequency and current density, combined with size reduction,
generates strong thermal constraints on the magnetics.
To maximize the power density, components often operate
near their thermal limits. Consequently, appropriate thermal
modeling of PMCs is required to optimize their planar mag-
netics and improve their thermal performance.

In addition, the temperature had a significant effect on the
electrical performance. It affects the physical properties of
the various materials composing the PMCs, which impact the
loss values and other electrical parameters, such as induc-
tance and capacitance. These effects must be considered in
a global study of the power converter performance based on
accurate thermal models. The latter can be used to verify the
thermal integrity of the PMC and to study the thermal aging
linked to the reliability of the component.

To help designers with the thermal modeling of PMCs,
this study presents a literature review of different thermal
models of planar magnetics. Some key points for the accurate
modeling of PMCs were also discussed.

The remainder of this paper is organized as follows.
In Section II, the heat transfer fundamentals are presented.
In Section III, various PMC thermalmodels are reviewed, dis-
cussed, and compared based on multicriteria. Finally, in the
last section, the key points and issues related to the accurate
thermal modeling of PMCs are highlighted to establish an
effective thermal modeling.

II. THERMAL MODELING FUNDAMENTALS: HEAT
TRANSFER MODES
In this section, the heat transfer modes are discussed to
understand the basis of the thermal modeling. Heat can flow
inside a component or be exchanged with its environment in
three heat-transfer modes: conduction, convection, and radi-
ation. These three modes of heat transfer must be considered
in thermal modeling to accurately predict the temperature
of PMCs.

A. THERMAL CONDUCTION
Thermal conduction is the heat transfer mechanism inside
solid and opaque regions, without material deformation,
under a temperature gradient. The vibrations of molecules
and atoms as well as the movement of free electrons in the
material are the origin of this phenomenon.

In the case of an isotropic material with two different
temperatures, T1 and T2, at its ends (Fig.2), the unidirectional

FIGURE 2. Unidimensional thermal conduction.

conduction heat transfer can be expressed by Fourier’s law:

ϕ = −λ
dT
dx

(1)

where T is the temperature in K, ϕ is the heat flux density
in W.m−2 and λ is the thermal conductivity in W.K−1. m−1.

Fourier’s law can be generalized in three-dimensional:

ϕ = −λgradT (2)

Fourier’s law (2) was used to link the power losses (heat
generation) of a solid to its temperature field. The heat
equation was derived as follows:

ρCp
∂T
∂t

= qg + λ1T (3)

where qg is the volumetric heat generation in W.m−3, Cp is
the specific heat in J.kg−1. K−1, and ρ is the material density
in kg.m−3.
Equation (3) is a partial differential equation with a first-

order temporal derivative and a second-order spatial deriva-
tive. To solve this problem, specifying boundary conditions
(BC) in the limit of the studied domain is mandatory. Two
types of BC can be used:

• Dirichlet boundary condition where a temperature value
is specified.

• Neumann boundary condition, where the temperature
derivative is fixed, such that the heat flux leaves the
domain (e.g., with convection and radiation).

In the case of a transient study, initial conditions must also
be specified.

B. THERMAL CONVECTION
Thermal convection is the heat exchange inside a fluid or
between a solid and a fluid owing to fluid movement. Analyt-
ical modeling of convection is a difficult task. Such a model
requires the resolution of heat transfer equations coupled with
fluid mechanical behavior equations.

Empirical Newton’s law is often used to model the heat
exchange between a solid and a fluid interface (Fig.3):

8conv = hconvS(Ts − T∞) (4)

where φconv is the heat flux due to convection inW, hconv is the
convection transfer coefficient in W.m−2◦C−1, S is the con-
tact area between solid and fluid in m2, Ts is the temperature
at the fluid surface in ◦C and T∞ is the temperature far from
the solid surface in ◦C.
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FIGURE 3. Convection heat flux.

If fluid movement is only due to the temperature gradient,
the phenomenon is called natural or free convection. If fluid
movement is caused by an external force (e.g., pump or fan),
it qualifies as forced convection. Table 1 lists the range of
convection heat transfer coefficients for air and water in the
cases of free and forced convection.

TABLE 1. Convection heat transfer coefficient Wm−2C−1.

Many expressions and empirical formulas enable compu-
tation of the convection heat-transfer coefficient for several
geometrical configurations in free and forced convection.
These expressions can be found in most heat transfer engi-
neering resources [13], [14], [15].

C. THERMAL RADIATION
Thermal radiation refers to heat transfer in the form of elec-
tromagnetic waves without any contact between the external
surface of a body and its thermal environment. Radiation does
not require a material medium. Heat transfer by radiation
can be described by the Stefan-Boltzmann law for a solid
surrounded by a thermal environment (Fig.4), as follows:

8rad = σεS(T 4
s − T 4

∞) (5)

where φrad is the heat flux due to convection in W, ε is the
surface body emissivity, σ is the Stefan Boltzmann constant
(5.6710−8 W.m−2.K−4), Ts is the surface temperature in K
and T∞ is the ambient temperature far from the body in K.

For more complex geometries, the heat exchanged by radi-
ation can be computed using the form factors or numerical
models [13], [14], [15].

III. THERMAL MODELING OF PLANAR MAGNETIC
COMPONENTS: LITERATURE REVIEW
This section presents a review of the relevant literature. The
objective was to present an overview of the models employed
in scientific publications since the emergence of PMCs. The
models were classified into three groups.

• Equivalent thermal resistance
• Thermal resistance network models
• Semi-analytical and numerical models

FIGURE 4. Radiation heat flux.

FIGURE 5. The equivalent circuit of a global thermal resistance model.

In the following sections, the publications are organized
according to the thermalmodeling types for each group. Their
merits and limitations were highlighted before providing a
multicriteria-based analysis and global discussion.

A. EQUIVALENT THERMAL RESISTANCE MODELS
The thermal resistance represents the global thermal behav-
ior of a component. This is derived from an analogy with
Ohm’s law (6), where the temperature rise is linked to power
losses (Fig.5):

1T = Tmax − Ta = RthPloss (6)

where 1T is the temperature increase; Tmax and Ta are the
maximal temperature of the component and the ambient tem-
perature, respectively; Rth is the thermal resistance; and Ploss
is the total loss.

The thermal resistance, Rth can be obtained from the
magnetic component or core manufacturer. It can also be
computed from the physical and geometrical properties of
components. Analytical formulations are generally based on
extensive data fitting usingmeasurements or intensive numer-
ical simulations. Generally, the concept of thermal resistance
is very useful and practical, particularly for the early design
stage, where a simple and fast calculation of the temperature
rise is required. Consequently, equivalent thermal resistance
is widely used in the design of HFmagnetics. In the following
section, some Rth models dedicated to PMCs are introduced.

A commonly used expression for computing the thermal
resistance of planar magnetic components is given in the
Ferroxcube note application (old Philips) [16].

Rth_Fer = 24 · V−0.5
e (7)

where Ve is the effective volume of the core in cm3.
A similar expression was used in the Ferroxcube soft

ferrite design tool [17] with a difference in the volume
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superscript coefficient.

Rth_Sfd = 24 · V−0.54
e (8)

In [18], the authors suggested the following expression for
the thermal resistance of the magnetic component based on
the effective volume of the core:

Rth_Hur =
0.06√
Ve · 10−6

(9)

Another expression (10), which depends only on the com-
ponent’s external area,Aext , expressed in cm2, was introduced
in [19]. It is used in Magnetics Designers software [20] to
design magnetic components.

Rth_Mag =
1

14 · Aext
(10)

The main advantage of the presented expressions for ther-
mal resistance [16], [17], [18], [19], [20] is their simplicity;
each expression uses only a single parameter, that is, the
volume or external area, which can be easily extracted from
the manufacturer’s datasheets. Despite a lack of information
regarding the methods used to derive these expressions and
their application conditions, they remain a suitable starting
point in the design of PMCs.

Other thermal resistance expressions have been pro-
posed [21], [22], [23] as a function of losses to consider the
non-linearity linked to the effect of the component tempera-
ture. For example, in [21], the authors suggested an empirical
equation to link the power loss, temperature increase, and
external area of a component. The equivalent thermal resis-
tance can be derived as follows:

Rth_Bos (Ploss) = P
−

1
11

loss

(
0.1
Aext

) 1
1.1

(11)

Two similar expressions, (12) and (13), were provided
in [22] and [23], respectively. Considering the power loss
level, the latter allows for greater accuracy in PMCs design,
particularly under strong thermal and volume constraints.

Rth_Mcl (Ploss) =
450

P0.174loss

(
1

Aext · 104

)0.826

(12)

Rth_Zha (Ploss) =
1

P0.167loss

(
0.1
Aext

)0.833

(13)

To enhance accuracy, in [24], the authors introduced an
analytical expression for all sizes of E/PLT (plate) and EE
planar cores (14). The particularity of this equation is that
the model considers the effect of ambient temperature Ta in
the case of natural convection in addition to power losses.
An increase in ambient temperature reduced the thermal
resistance of the PMCs.

Rth_Bak (Ploss,Ta) = a3P3loss + a2P
2
loss + a1Ploss + bTa + c

(14)

where a3, a2, a1, b and c are coefficients given in [24].

FIGURE 6. Dimensions of planar magnetics under study (a) 3D view,
(b) E/PLT core in XZ plane, (c) EE core in XZ plane.

The use of the thermal resistance expressions (7)-(9)
requires the core volume value which can be found in the
manufacturer datasheet, or can be also computed from the
core dimensions. The later are illustrated in a 3D view of
a planar component in Fig.6a. Fig.6b and Fig.6c show the
dimensions for E/PLT and EE combinations respectively.
Table 2 lists the different lengths and the core volume for
the standard E/PLT and EE planar cores combinations [17]
to allow a fast and straightforward use of thermal resistance
formulas.

For expressions (10)-(13), they require the external area of
the transformer, including core and winding external areas
as illustrated in Fig.6a. This external area can be computed
by adding the different external areas of the transformer as
expressed in (15) using the transformer dimensions (Fig.6).

Aext = 2S1 + 2S2 + 2S3 + 4S4 + 4S5 + 2S6
= 2Ll + 2hl + 2hL + 8L2w+4cLw + 4Lwhw (15)

The expression (14) does not require core geometrical param-
eters, but the coefficients needed for its use are given for every
standard core [24].

The eight thermal-resistance models are plotted in Fig.7
as functions of the losses for an E/PLT 38 planar core. Four
of the models presented were constant with respect to losses.
The other three thermal resistances decreased as power loss
increased. The last one varies with the power loss and ambi-
ent temperature. The thermal resistance value varies from
20.6 ◦C/W (Rth_Hur ) to 12 ◦C/W (Rth_Zha) for 1W losses,
whereas for 6W, models give values between 8.9 ◦C/W
(Rth_Zha) to 20.6 ◦C/W (Rth_Hur ).
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TABLE 2. Planar E/PLT and EE core typical lengths, core volume, and component external area [17].

FIGURE 7. Comparison of equivalent thermal resistance models for
E/PLT38 planar core.

Regarding the difference between the various thermal
resistance formulas noticed in Fig.7, the expressions (7)-(13)
are based in fitting data. Then, the difference can be explained
by the different datasets used in one hand, and the difference
between the mathematical description used for the every ther-
mal resistance expression. In addition, the use of two different
parameters (volume for (7)-(9) vs external area for (10)-(13))
leads also to some difference in the resulting thermal resis-
tance value. Morever, expressions (11)-(14) consider also
power losses as a second parameter to take into account the
non-linearities of the thermal resistance.

As an example, for this E/PLT38, the difference between
the minimum thermal resistance value and the maximal one
leads to 8.6 ◦C difference for 1W and 70.2 ◦C for 6W. The
range of variation in the models is wide, and consequently,
can lead to significant errors in the thermal design of planar
magnetics.

Thermal resistance models are very useful for computing
the temperature increase in a design procedure; however, they
define only one temperature value, which can be the mean or

FIGURE 8. Example of a thermal network with node i connected to three
others (j, k, l).

maximal value. To address this problem, more complex ana-
lytical models such as lumped-element thermal networks are
required. Such a model can provide access to the temperature
at several points in a component (e.g., windings, core, and
insulator).

B. LUMPED THERMAL NETWORKS
Thermal networks (TN) based on lumped elements are com-
monly used for thermal modeling in electrical engineering.
Indeed, it benefits from the electrical and thermal analogies.

1) INTRODUCTION TO THERMAL NETWORKS
In this type of model, heat conduction is modeled by thermal
resistance, heat storage by thermal capacitances, and power
losses by current sources. To apply such a model, the compo-
nent is divided into several elements, where nodes are placed
and linked by thermal resistances (Fig.8) and then solved by
applying Kirchhoff’s laws.

Two types of thermal networks can be defined according
to the choice of model elements and nodes:

• Behavioral thermal networks: These refer to the com-
ponent parts (core and windings), but do not reproduce
their physical geometry. Fig.9a shows an example of
a planar-component behavioral TN. The windings and
core were modeled by two thermal resistances, while
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the third resistance was introduced to represent the link
between the two parts. This type of model typically
contained fewer nodes. In general, the elements were
computed from experimental identification.

• Structural or geometrical thermal networks: Node place-
ment and thermal resistance follow the geometry of the
component. In Fig.9b, an example of a planar magnetic
2D lumped-element thermal model is shown. One can
note A strong link can be observed between the thermal
resistance and component geometrical elements. This
type ofmodel containsmore nodes than behavioral mod-
els. It can then provide the temperature values for several
points on the component.

Thermal equivalent networks are easy to implement in
an electrical circuit software. In the case of a large number
of nodes, the problem can be solved using mathematical
software in matrix format. The main limitation of the TN
is the difficulty in accurately modeling complex geometries.
Moreover, there are no fixed rules for setting the number of
nodes or splitting components into simple elements.

The TN-reviewed models are classified into three cate-
gories: unidimensional (1D); multidimensional TN, which
corresponds to structural/geometrical models; and compact
TN, which falls into the behavioral TN type.

2) UNIDIMENSIONAL THERMAL NETWORKS
Unidimensional TNs are extensively used in the thermalmod-
eling of PMCs. Indeed, their multilayer structure illustrated in
Fig.10a and Fig.10b makes the use of this type of model very
suitable.

In the majority of the reviewed papers, every type of
layer is represented by a thermal resistor, and losses are
injected as a current source in the copper and ferrite lay-
ers. Two thermal resistances can be added to represent the

FIGURE 9. Thermal networks of planar magnetic components:
(a) behavioral, (b) structural/geometrical.

heat exchange with the exterior via thermal convection or
radiation (Fig.10c).

One of the first papers dealing with the thermal model-
ing of PMCs was published by Sayani et al. in 1991 [25].
The authors have suggested thermal and electrical analyt-
ical models to design printed circuit board (PCB) trans-
formers called printed sweating board (PWB) transformers.
The transformer was designed for a 70 W push-pull con-
verter, working at a frequency of 250 kHz. The component
was made of a custom core because commercially avail-
able standard planar cores were unavailable. The authors
introduced a simple steady-state 1D nodal TN to evaluate
temperature increase. This model assumes that the domi-
nant thermal cooling mode is conduction and that the main
heat flow path is downward to a heat sink attached to the
core bottom. The nodes were placed at the center of each
layer and linked by thermal resistance. Finally, the losses are
injected as current sources. To validate the model, the trans-
former windings were excited using DC current without core
loss.

Two thermocouples were used to measure the tempera-
tures at the bottom of the core and top of the windings.
However, the temperature of the inner layer could not be
measured. Themodel results were in good agreement with the
measurements.

A similar model was developed in [26] to compute the
temperature of a passive integrated power electronics module
by combining all the passive elements in one component.

Linde et al. [27] proposed another 1D thermal model,
in which each layer (ferrite, copper, resin, and epoxy insu-
lators) is represented by one thermal resistance. The nodes
were placed at the layer interfaces rather than at their centers,
as in [25]. These losses were introduced as a current source
inserted into the nodes of the copper and ferrite layers. The
model was applied to a 200 W planar transformer at 1 MHz
based on a modified RM14 core associated with multilayer
PCB windings.

Two case studies have been reported: single- and double-
sided cooling. These two configurations correspond to a fixed
temperature on the top or bottom surface if the component is
attached to a heat sink and a zero heat flux in the absence
of a heat sink. According to the results of this study, the
temperature rise of double-sided cooling was three times
lower than that of one-sided cooling.

A 1D thermal model of a 4 kW inductor-capacitance (LC)
integrated planar component was studied in [28]. This com-
ponent was designed to replace the discrete components in
the power-resonant converter at a frequency of 100 kHz. The
magnetic cores were manufactured by cutting and assembling
commercial I-type ferrite cores. As in [27], nodes were placed
at the junctions between the layers of the component. The
thermal problem was solved in matrix format. The devel-
oped model is applied to a planar-component iterative design
process. The component was cooled with a heat sink on its
bottom face and natural air convection and radiation on its
top surface.
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FIGURE 10. Planar magnetic component (a) 2D cut, (b): model’s multilayer structure, (c): 1D thermal network.

Another 1D TN of the PMC was proposed in [29]. This
model is similar to those presented in [25], [26], [27],
and [28]. However, it considers non-linearities introduced by
convection and radiation in the external area of the compo-
nent. The significant contribution of this study is complete 1D
modeling, including magnetic and thermal effects. The mag-
netic model allows loss computation for each layer by using
a 1D lumped equivalent magnetic model. For this model,
good accuracy was obtained compared with the finite element
analysis (FEA) and measurements.

In a more recent paper [30], an electrothermal PMC design
was developed. The objective was to optimize a 10 kW planar
transformer with a liquid cooler integrated into the windings.
A 1D steady-state model is used for the optimization process.
The optimization objective was to determine the liquid inlet
temperature to limit the core temperature to 100 oC while
maximizing the efficiency of the transformer. Two variables
were used in this optimization process: the number of turns
and the height of the cooler inserted in the core window. Even
if the thermal model is not the principal outcome of the study,
the cooling system remains original, and the presented solu-
tion is very interesting for achieving a compact high-power
and high-efficiency PMC.

To improve existing 1D models, Escribano et al. estab-
lished a unidimensional thermal model for windings [31].
This study aimed to accurately consider the spacing between
conductors in existing 1D thermal networks. This spacing can
be large compared to that of conductors in planar windings.
Thus, it can strongly affect the 1D heat transfer hypothesis
owing to the thermal spreading effect, as shown in Fig.11.

FIGURE 11. Spaced conductors’ equivalent 1D thermal resistance as
modeld in [31].

Therefore, the multiconductor layer was replaced with a sin-
gle equivalent layer, represented by a single thermal resis-
tance, considering the spacing effect (Fig.11).

The results of the model were compared with the mea-
surements and 2D FEA results. For this purpose, five test
cases of planar transformers with PCB windings with differ-
ent numbers of layers and conductors were considered. The
model showed good agreement with the FEA results andmea-
surements. Although this model can improve the accuracy
of 1D models, it cannot overcome other limitations linked to
the 3D nature of the heat flow in the entire component.

Steady-state 1D thermal network models introduced
in [25], [26], [27], [28], [29], and [30] have the advantage of
being fast and straightforward. This can be useful for design
purposes. They can also be easily implemented in circuit
simulation software, such as PSPICE, PSIM, SABER, and
LTSPICE [32], [33], [34], [35]. However, in such a model,
the 3D aspect of the component was neglected. Moreover,
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the effects of convection and radiation are rarely considered.
Therefore, a more detailed and complex thermal network is
required.

3) MULTIDIMENSIONAL THERMAL NETWORKS
Multidimensional thermal networks are applied to access the
temperature in many parts and locations of the PMCs. For
example, to reproduce the 3D shape of a planar transformer,
Lewaiter and Ackermann proposed an eight-node thermal
resistance network, as illustrated in Fig.12 [36]. The trans-
former was made of an E-PLT22/16 core with a 4-layer PCB
winding. Owing to symmetry, only half of the components
were considered for the TN. The model considered half of
the PCB winding (Fig.12b), and half of the core (Fig.12c).
Eight nodes were allocated as follows: three nodes were
placed in the PCB, four on the ferrite core, and one in
the gap between the PCB and core. All these nodes were
linked by 19 thermal resistances computed analytically from
the geometrical and physical properties of the component.
The winding was considered homogenous with two effective
thermal conductivities: the first was in the direction parallel
to the PCB layers, whereas the second was in the normal
direction. The model was compared with the FEA results for
many case studies based on power dissipation and cooling
methods. The heat transfer coefficient value was modified to
model different cooling methods. The results were then com-
pared with measurements in the case of natural convection.
For the measurements, copper losses were generated by a
DC current in the windings and core losses were generated
by an additional heating wire around the core. This model
has the advantage of reducing the number of nodes, while
reproducing the 3D shape of the component. The main reason
for this is winding homogenization, which limits the results
to the mean winding temperature.

A similar model was used in the design process through
optimization in [37]. The results were validated by FEA
performed using the COMSOL Multiphysics software [38]
and experimental measurements.

A thermal equivalent network that follows the component
geometry was established in [39] to investigate the ther-
mal behavior of a planar integrated Inductor Capacitor and
Transformer (LCT). The TN was built around four nodes
linked with six resistances representing the thermal con-
duction between the component elements and four thermal
resistances to model the heat exchanged by convection and
radiation. The formulas used to compute the convection and
radiation heat coefficients are described in detail. Two cases
were treated: a linear case with a fixed heat exchange coeffi-
cient and a non-linear case where heat exchange coefficients
depend on temperature. The last case requires iterative cal-
culation. The LTC planar magnetic component was studied
in horizontal and vertical positions for various loss values.
The model agrees with the measurements for both the linear
and non-linear cases. However, the results showed that the
linear model was more accurate. This can be explained by
the fact that the heat exchange coefficients were fitted from

FIGURE 12. Thermal network of planar magnetic component as
introduced in [36]: (a) 3D geometry, (b) winding model,
(c) 8-nodes core model.

measurements in the linear model, whereas in the non-linear
model, they were computed using empirical correlations.
The proposed model has a reduced number of nodes and
can consider the non-linearity of the boundary conditions
(i.e., convection and radiation) that depend on the external
surface temperatures. Such a model can be interesting for
design or optimization processes; however, it requires more
nodes and good knowledge of the heat exchange with the
environment to increase its accuracy.

Shafaei et al. introduced, in [40], a 3D frequency-
dependent thermal model. Only a quarter of the transformer
was considered because of its symmetry. The 3D lumped
element model contained 15 nodes, as shown in fig.13. The
part under the core is presented using a 2D thermal network.
4 three-dimensional thermal resistances were added to the
core. Every winding layer was modeled by two parallel resis-
tances to complete the 3D aspect of the component. Finally,
three frequency-dependent thermal resistances were added to
consider the frequency effect on thermal behavior. Finally,
to complete the model, convection and radiation thermal
resistances were added to the external area to model the heat
exchange with the ambient, while losses were injected into
the nodes placed in the core and winding copper layers.

The values of these thermal resistances were computed
analytically from the component frequency and physical and
geometrical properties. According to, the thermal surface
resistance decreases with frequency and can significantly
affect the temperature of the component. This model was
applied to study the transient temperatures of two planar
transformers designed for an LLC converter with a resonance
frequency of 200 kHz. The two transformers were cooled
using a heat sink attached to the bottom of the core and natural
convection on the remaining external surfaces. To validate
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FIGURE 13. Frequency dependent thermal network as proposed by Shafei et al. in [40].

this model, a 3D finite element electrothermally coupled
model was simulated using Flux software [41]. The con-
vection and radiation effects were included in the numerical
model. In addition, experiments were conducted using an
infrared thermal camera. The results showed a good agree-
ment between the frequency-dependent TN model, finite ele-
ments, and measurements. The two main advantages of this
model are that it considers the 3D shape of the PMC and
requires fewer nodes.

Another 3D TNwas introduced in [42]. The TATPMmodel
for a thermally automated tool for planar magnetics is auto-
matically generated from a matrix description of the geomet-
rical parameters of the windings and planar core (Fig.14).
The model considers the 3D aspects of geometry. Three
heat-transfer modes (conduction, convection, and radiation)
were considered. Additionally, the model can be solved for
transient and steady-state analyses. In this study, the model
was applied to two planar transformers (360 VA E/PLT38
core-based and 2 kVA E/PLT58 core-based), and the results
were compared with FEA and temperature measurements of
the prototypes. One of the main advantages of this model,
in addition to automation, the possibility of transient analysis,
and short computation time, is the set number of elements that
can allow a detailed thermal distribution. TATPM represents
a good trade-off between the FEA and conventional thermal
networks.

A planar inductor designed for high current and ripple was
studied in [43]. Advanced thermalmanagement was deployed
by combining many actions: an aluminum liquid cooling
cold plate and an aluminum bracket completely covering
the inductor. In addition, a thermally conductive ceramic
shim was used to ensure good thermal contact between the

FIGURE 14. Thermal automated tool for planar magnetics [42].

windings and baseplate. Finally, thermal vias were added to
the center and sides of the winding PCB. A thermal model of
the planar inductor and various thermal management compo-
nents was implemented based on a 2D thermal network.

The TN results showed good agreement with the FEA
applied to the complete component and one eight (1/8).
TN was then used to study the effect of each thermal manage-
ment action. The results indicate that the thermally conduc-
tive ceramic shim significantly contributed to the temperature
reduction. A detailed study of advanced thermal manage-
ment, in addition to the 2D TN model allowing its mod-
eling, is beneficial for achieving high-power density planar
inductors.
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4) COMPARISON BETWEEN 1D AND 3D THERMAL
NETWORKS
To compare the effectiveness of the thermal resistance net-
works, the unidimensional TN illustrated in Fig.10 and the
3D TN introduced in [42] are compared in a planar trans-
former case study. The latter is based on the E/PLT 58 core
combination. The thicknesse of the primary and secondary
conductors’ thickness is 0.2 mm and their widths were 4 mm
and 17 mm, respectively. The total loss dissipated in the
transformer is 10W,with copper losses of 7W and core losses
of 3 W. To perform the thermal analysis, a heat exchange
coefficient of 10 W.m−1.K−1 was applied to its external area
at an ambient temperature of 30oC. Fig.15a shows the 3D
geometry of a quarter of the studied transformer, and Fig.15b
presents the winding configuration inside the core window.

More details regarding the mathematical formulation can
be found in Appendix A for the 1D TN and Appendix B for
the 3D TN.

FIGURE 15. Planar transformer case study: (a) 3D CAD geometry, (b): core
window and winding details.

FIGURE 16. Temperature distribution: (a) 3D thermal resistance (TATPM),
(b): FEA result.

TABLE 3. 1DTN, 3DTN and FEA maximal temperature result.

Table 3 lists the maximal temperatures computed by the
1D and 3D TN, in addition to the FEA results. The 1D model
strongly overestimated the temperature values by approxi-
mately 20 oC compared to the FEA. This difference is due
to the geometry of the 3D component, which is neglected
and, consequently, important heat paths and cooling areas.
The 3D thermal network was more accurate. It reproduces a
similar temperature distribution as FEA, as shown in Fig.16a
and Fig.16b.

Moreover, the resulting temperature presents less than 4 oC
error regarding FEA results.

Even if 3D TN are more accurate, their development and
implementation are not always simple. Compact thermal
models, even if behavioral, can be an interesting alternative
when a good tradeoff between time and accuracy is required.

5) COMPACT THERMAL NETWORKS
Compact thermal models (CTMs) are a particular case
of behavioral thermal networks with a reduced number
of lumped elements. The most popular methodologies for
deriving the CTM are the DEvelopment of Libraries of
PHysical models for an integrated design environment
(DELPHI) and Supplier Evaluation and Exploitation of DEL-
PHI (SEED) [44], [45]. CTMs were first applied to power
semiconductors before they were extended to other power
electronic components. This section focuses on the applica-
tion of CTMs in PMCs.

In [46] a CTM was built for two PCB winding planar
transformers based on E18 and E22. The model contains
three thermal resistances: one for the magnetic core, one
for the windings, and one for modeling the thermal link
between the core and the windings as illustrated in Fig.17.

FIGURE 17. Compact thermal model of planar transformer as proposed
in [46].
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The thermal resistance was determined from the measure-
ments. Core resistance was calculated from a test on a planar
core with a single turn supplied by a pulsating voltage. The
winding thermal resistance was deduced from a test in which
the windings were excited using DC current. Finally, the link
resistance was extracted from the temperature drop when the
core was added to the windings, which were always under
direct current (DC) excitation. This thermal model cannot
be qualified as one-dimensional; however, it is a behavioral
model that can estimate the temperature of the transformer
parts.

Thismodel was implemented using a SPICE simulator [32]
and showed good agreement with the measured temperatures
for several loss values. This model can help study the com-
ponent thermal behavior for various operating points using
circuit simulation software owing to its reduced node number.
However, they cannot be used in the design process because
they require experimental data for element identification.

One of the merits of this study is the investigation of
the thermal management of PMCs by testing solutions to
reduce the temperature of the components. For example, ther-
mal grease was added between the core and FR4 substrate.
An aluminum cover was then added to the top of the core
and attached using a thermal pad or thermal glue. In the
final solution, the core was surrounded by thermal glue.
The results showed that the addition of an aluminum cover
significantly reduced the temperature of the planar trans-
formers. This solution is widely used in commercial PMCs
[47], [48], [49].

In [50], the authors introduced a CTM inspired by the
DELPHI method to obtain a BC-independent thermal model.
In this model, three nodes are defined to represent the three

FIGURE 18. Compact thermal model of planar transformer described
in [51]: primary winding temperature excess due to: (a) the core,
(b) secondary winding, (c) : self heating and coupling.

windings. They are also used to inject copper losses. Another
node is located inside the core to inject the core losses.
In addition, eight nodes were placed on the external surfaces,
four on the winding external surfaces and four on the core
surfaces. Finally, the last node was used to model the ambient
environment. All these nodes were linked by 78 thermal resis-
tances. The latter were identified using intensive numerical
simulations combined with a multi-objective genetic opti-
mization algorithm. The simulations were performed with
13 boundary conditions selected from the set prescribed
by the Joint Electron Device Engineering Council (JEDEC)
standard [52] relative to the DELPHI compact model [53].
Simulations were performed for three loss configurations.
In the first configuration, only the winding losses were con-
sidered. Second, only the core losses were applied. In the
final configuration, both types of loss were injected. Conse-
quently, 13 × 3 numerical simulations were carried out on a
high-performance system with two Intel Xeon E5-2680 run-
ning at 2.7 GHz, with 24 cores and 256 GB RAM. The opti-
mization objective was to minimize the criterion representing
the temperature and heat flux errors between the proposed
CTM and numerical simulations. Further details regarding
the global methodology used to extract the DELPHI-like
model can be found in [54] and [55]. This model has the
advantage of reducing the number of required nodes. It is very
fast and simple to implement in circuit simulation software.
It can be used to study the thermal behavior of PMC and
some cooling solutions. However, a large number of intensive
numerical simulations combined with optimization-based fit-
ting are required for its development.

A transient CTM was proposed by Górecki et al. [51] for a
2-winding planar transformer. The model takes into account
the self-heating in every element of the transformer (windings
and core), and the thermal coupling between them, which
leads to three subcircuits for every part as illustrated in Fig.18
for the primary winding. Every subcircuit contains many
parallel resistance and capacitance cells to form a Foster
network [56]. The first and the second subcircuits (Fig.18a
and Fig.18b) allow to compute the excess of temperature of
the primary winding due to the power losses in the core and
in the secondary winding respectively. The third subcircuit
(Fig.18c) evaluate the temperature rise due to self-heating
and the coupling with the core and the secondary winding
represented by a controlled voltage source. The network ele-
ments were identified from the experimental measurements.
The results showed a significant dependence of the ther-
mal impedances on the operating frequency. This effect was
studied by the same authors [57]. The experimental results
revealed that the temperature difference between transformer
parts can exceed 70 ◦C. However, this result is not always true
for the free convection. This can be explained by the weak
contact between the component elements and low window
filling in the transformer used by the authors during the
experiments.

This model was also used in [58] to study a 1 MHz PCB
planar transformer. Improved versions of this CTM were
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FIGURE 19. Nonlinear compact thermal model of planar transformer as proposed in [59] and [60].

FIGURE 20. Compact thermal model of planar transformer as described
in [62] : (a) one node on the core, (b) two nodes on the core.

proposed in [59] and [60] as presented in Fig.19. In these
studies, non-linearities were introduced into the CTM.
As in [51], every part of the transformer (primary and sec-
ondary windings and the core) is represented by 3 foster
networks, to take into account the self-heating and the thermal
coupling with the other parts of the transformer, which leads
to 9 subcicuits. The nonlinearities are considered by the
variation of thermal resistances with temperature under the
form of controlled current sources. The model elements were
identified from experimental measurements at various power
dissipation levels using the methodology presented in [61].

Another CTM was applied to a multiple-winding planar
transformer [62]. To build the model, one node is placed in
each winding with a current source representing the copper
losses as shown in Fig.20. Two configurations were pro-
posed: the first with only one node in the core (Fig.20a)
and the second with two nodes in the core (Fig.20b). All
the nodes were coupled by several thermal impedances to

account for the dynamic aspects of the problem. The thermal
impedances were then extracted from transient computational
fluid dynamics (CFD) analysis. Good agreement between the
model results and experimental data was obtained. Even if
this CTM is simple and has a reduced node number, it cannot
be easily used for planar magnetic design, because it requires
intensive CFD calculations. However, it is of great inter-
est to study dynamic applications because of their transient
capabilities.

In a recent study [63], Shen et al. introduced two TN-
based models by simplifying a detailed thermal network.
Two geometrical simplifications were used. The first con-
siders only the core (Fig.21a), whereas the second considers
an equivalent cuboid block with core external dimensions
(Fig.21b). For the two models, the total losses (copper and
core losses) are dissipated in the simplified geometry. The
radiation and convection effects were computed analytically,
and their dependency on the temperature was considered. The
simplified geometries were analyzed using CFD simulations
to validate the analytical computations of the two models.
Finally, the latter were compared to measurements on a MHz
planar transformer and demonstrated good accuracy.

The proposed models are straightforward and can easily be
used in an iterative design process. Even if the simplifications
are strong, they are reasonable when the transformer has a
high winding filling factor and good thermal contact between
the core and windings.

Thermal networks have many advantages in the thermal
modeling of PMCs. They are very comprehensive for electri-
cal researchers and engineers and can be easily used in circuit
simulation software. Although a TN can be complex and can
reproduce the 3D aspect of a PMC, it cannot usually provide
a detailed temperature distribution or reproduce complex 3D
shapes. Additionally, the definition of lumped elements is
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FIGURE 21. Simplified equivalent CTM of planar transformer as
introduced in [63]: (a) core based model (b) equivalent cuboid based
model.

not always simple. Semi-analytical and numerical models are
more suitable to overcome these limitations.

C. SEMI-ANALYTICAL AND NUMERICAL MODELS
1) SEMI-ANALYTICAL MODELS
Although semi-analytical models are relatively common for
the electromagnetic modeling of PMCs, they are not widely
used for the thermal aspect. In [64], Buccella et al. established
a semi-analytical model based on Green’s functions and a
variable separation method to solve heat equations. In [65],
the same authors performed a 2D FEA using the ANSYS
Maxwell software [66] to deduce a 1D spatial and time-
dependent current density. Two types of boundary conditions
were prescribed to compute the temperature distribution: a
fixed temperature on the bottom surface of the core, and a
constant heat transfer coefficient of 50 Wm−2K−1 (forced
convection) at the top. The ambient temperature was main-
tained at 25 oC. The model results were consistent with the
measurements, although the deviation of the model increased
with time. However, this deviation was not clearly explained
in the present study. One explanation is the use of a con-
stant heat-exchange coefficient. The component temperature
increased with time, thereby increasing the amount of heat
exchanged by radiation and convection. Consequently, the
heat exchange coefficient should increase with temperature,
and thus, with time. The use of a constant coefficient leads
the model to overestimate temperature. Although unidimen-
sional, a semi-analytical model requires good mathematical
background. Compared to the other 1D models presented

FIGURE 22. Example of 3D FEA resulting PMC temperature distribution:
(a) core and (b) PCB windings.

in [25], [26], [27], [28], [29], and [30]; the latter has the
advantage of providing continuous spatial and temporal tem-
perature distributions. It also considers the distribution of
losses inside the component. Such a model can be used for
design purposes or to study the thermal behavior of com-
ponents under various operating conditions. However, its
limitations are linked to the 1D hypothesis, restricting its
applicability. For thermal management studies and compo-
nent optimization, 2D and 3D aspects must be considered.

2) FINITE ELEMENT MODELING
The finite element method (FEM) is widely used in electrical
engineering for thermal modeling to perform FEA. In this
study, FEM refers to the numerical resolution of the heat
equations in the solid regions. In addition to this conduction
phenomenon, convection and radiation were approximated
using the heat transfer coefficient in the external area of
the studied component as boundary conditions. As shown
in Fig.22, complex PMC 3D geometries can be modeled
using the FEM. This method enables the computation of a
detailed temperature distributions. Many authors have used
the FEM to study the thermal performance of planar magnet-
ics [65], [66], [67], [68], [69], [70], [71], [72], [73], [74], [75],
[76], [77], [78], [79], [80].

For example, in [67], thermal finite element simulations
were performed to compute the temperature distribution of
a 65W, 300 kHz planar transformer in free convection cooling
mode. The heat transfer coefficients were computed from the
experimental correlations and applied only to the top and
bottom surfaces of the windings. Simulations were performed
using the ANSYS software [66] in the steady state. Unfor-
tunately, no details regarding the computed temperature val-
ues are provided. The authors estimated that the simulations
would be calibrated based on the experimental results.

An automotive planar inductor was studied in [68]. The
particularity of this work lies in the high ambient temperature
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associated with harsh automotive environments. To achieve
the thermal requirements, unconventional conduction thermal
management is considered by encasing the entire inductor in
an aluminum sleeve. Three air gaps and two cooling config-
urations are investigated. The first cooling method is based
on an extended core that covers the winding ends, whereas in
the second method, the windings are in direct contact with an
aluminum sleeve.

From the loss analysis, only one distributed air-gap config-
uration was studied (the lowest losses) using thermal mod-
eling. The 3D FEA was performed by considering only a
quarter of the planar component and an ideal heat sink at its
bottom face. The heat-sink temperature was set to 85 ◦C. The
maximum temperatures obtained from the simulation were
similar for the two cooling configurations. However, a con-
figuration with an extended core has a large hotspot region.
This difference could not be detected without a 3D analysis.
Finally, the FEA results were confirmed by measurements
using two prototypes.

Buccella et al. developed a 1D finite element model to
study two 6 kVA 40 kHz planar transformers [65]. Both trans-
formers used three hybrid windings, mixing PCBs and copper
foils; however, one was based on an E-shaped core, and the
other on a U-shaped core. Copper losses were computed by
2D FEA using ANSYS Maxwell software [66]. Losses were
estimated for the current fundamental and second harmonics.
Core losses were calculated using the Steinmetz equation
during post-processing. The proposed thermal model is a
steady-state one-dimensional (1D) finite-element model. The
geometry of the 29 rectangular layers was considered to
have a perfect contact between them. Two types of BC were
applied: a fixed temperature on the bottom surface of the core
and a constant heat transfer coefficient of 20 W m−2 K−1,
accounting for convection and radiation on the top surface.
The ambient temperature was maintained at 25◦C. The devel-
oped numerical model was used to investigate the current fun-
damental and second-harmonic contributions to temperature
rise. To validate FEA, measurements were performed only
for the E-core configuration. The temperature was measured
at multiple points using a digital temperature sensor embed-
ded between the winding layers. The calculated tempera-
tures were in good agreement with the measured values. The
authors clearly presented the developed model, but the test
and boundary conditions were not explained. Additionally,
the core temperature was not measured for comparison with
the FEA results.

A 1.5 kW planar transformer was studied using FEM [69].
To reduce the complexity of 3D modeling, two simplifica-
tions were introduced. First, only a quarter of the transformer
was considered. Second, the copper tracks were modeled as
two-dimensional (2D) layers. The copper losses were cal-
culated from the measured DC resistances, considering that
the AC resistance was close to the DC resistance owing to
the low switching frequency (20 kHz). The core losses were
measured directly. The heat exchange coefficient was used as
a fitting parameter to obtain a similar temperature distribution

between the thermal imaging measurements and the FEA
results. A numerical model was used to explore the current
and frequency limits to maintain the transformer at a maxi-
mum temperature of 100 oC for safe and reliable operation.
Solutions to improve thermal management have also been
studied using cold plates and heat extractors for windings.
This model has the advantage of being 3D. Moreover, the
introduced 2D layer simplification is advantageous for reduc-
ing problem size and calculation time. This hypothesis is
suitable for PCBs with a low copper track thickness. Finally,
such amodel is very convenient for studying thermalmanage-
ment. The variation in the heat-exchange coefficient with the
component and ambient temperature should be considered to
improve the model.

Wrobel et al. studied a planar inductor with a laminated
core and copper-foil winding [70]. The temperatures of the
components were evaluated using a 3D FEA. The geome-
try is simplified to reduce the complexity of the problem.
This component is subdivided into five lumped regions. The
winding and laminated cores are separated into two parts
with different anisotropic thermal conductivities. The other
regions are the encapsulating epoxy, slot liner, and aluminum
container. The inductor was cooled using a water-cold plate
at 70 oC, attached to the bottom of the aluminum container.
The remaining surfaces were then cooled using natural con-
vection. For FEA, the heat transfer coefficients were eval-
uated experimentally, and the loss model was scaled with
temperature to accurately predict the thermal behavior of
the inductor. Comparisons with measurements demonstrated
the accuracy of the numerical model and the importance of
considering the loss variation with temperature to perform
reliable thermal modeling.

Tria et al. [71] performed 3D thermal FEA for an E32-
based planar transformer made with 35µm copper thickness
PCB windings. The losses were computed using 3D FEA,
and a heat-transfer coefficient of 10 Wm−2K−1 was spec-
ified. The FEA results were compared with the IPC-2152
standard [72] used to calculate the current capability of PCB
tracks for a given temperature rise. Hence, the temperature
increase was computed for several current values and com-
pared with the IPC standard. The authors highlighted a large
deviation between the IPC-2152 standard and FEA simula-
tion results, even though these standards are usually used in
the PMC design guidelines. Otherwise, good agreement is
obtainedwith the temperature rise computed from the thermal
resistance of the manufacturer. This result can be explained
by the fact that the IPC-2152 standard addresses single-layer
PCB design. The results presented in this paper are interest-
ing, but they remain only qualitative and require experimental
validation. Indeed, the heat exchange coefficient value is
unjustified and its choice may be questionable.

The thermal behavior of a MHz-range planar transformer
was investigated in [73]. In this study, a 3D thermal FEA
was performed at three frequencies:1 MHz, 1.3 MHz, and
1.5 MHz. As in [74], losses were computed using 2D
FEA [66]. Notably, the thermal analysis considered only the
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secondary winding losses because they had the highest losses
in the component. Consequently, the results show a non-
uniform temperature distribution. The maximum temperature
is located at the end of the secondary winding. This could
be explained by the absence of primary and core losses,
in addition to core participation in the cooling of the winding
parts located inside the window.

FEM was used in [75] to predict the temperature distribu-
tion of two 700 kHz planar transformers. The first transformer
is based on a combination of an E32 and a PLT core [17],
whereas the second transformer is made of an ER32 planar
core. The windings were conceived in a multilayer PCB to
handle a current of 20 A. For the FEA, the simulation con-
ditions (i.e., heat exchange coefficient and ambient temper-
ature) were not specified. Moreover, as in [73], the primary
and core losses are neglected. Therefore, it has been shown
that the end winding could be the hottest part of a PMC.

In [76], the authors dealt with reducing planar transformer
leakage inductance by changing the turn current density dis-
tribution. This leads to an increase in copper losses, which
limits the benefit of reducing leakage inductance. Therefore,
2D axially symmetric thermal FEA was performed to com-
pute the temperature distribution of the planar transformer.
Owing to the high level of losses, this study assumed a
forced-air cooling setting with a surface heat coefficient of
30W .m−2.K−1. This model was used to investigate the effect
of the surrounding PCBwinding using a thermally conductive
material. The results indicate the presence of a hotspot in
the winding. An adhesive material of 1.5 W m−2 K−1 is
necessary to reduce the temperature rise within an acceptable
range. This study is only qualitative, but it can provide an
idea of the location of hot spots and some recommendations
to reduce temperatures in critical regions. These conclusions
will be beneficial for the design of reliable PMC.

A comparison between a planar EE38 core-based planar
transformer and a conventional PQ35/35 core-based trans-
former was presented in [77]. 3D FEA was performed using
the Flux software [41]. The bottom temperature of the trans-
formers was fixed at 40oC in contact with the heat sink.
Subsequently, two scenarios are simulated. In the first, only
core losses are considered, whereas in the second, copper
losses are added to a homogenous winding material. The
results indicated that the planar transformer temperature was
significantly lower than that of a conventional transformer.
In addition, planar transformers have a lower thermal time
constant owing to their smaller volume.

A 3D FEA was employed in [78] to investigate the thermal
management of a planar transformer in a spacecraft environ-
ment. The authors took advantage of 3D numerical modeling
to compare the thermal behavior of two planar transformers
based on EQ and ER cores. Three cooling strategies were
investigated: window filling to increase the thermal contact
between the core and winding, gap filler pad to link the
winding to a metallic baseplate, and metallic connectors
between the windings and baseplate. The authors showed that
the impact of thermal management on the temperature rise

is significant in such an environment. The gap filler linking
the winding and the baseplate appears to be the best cooling
strategy. This study is interesting and demonstrates the great
value of thermal conduction cooling for space applications
where convection and radiation transfer are not significant.

In [79], a planar transformer with a high turn ratio was
studied. First, 3D FEA was performed to investigate the
effects of thermal vias. The effect of adding copper bricks
to the outer layers is also simulated. The main cooling was
enhanced using a water-cooled cold plate attached to an
aluminum heatsink. A thermal interface material was intro-
duced between the transformer and heatsink, and between the
heatsink and cold plate. The analysis indicates that the addi-
tion of copper bricks decreased the component temperature
and made it more uniform. These results were confirmed by
the infrared thermal imaging of the prototypes.

A set of ten planar magnetics designed for a 125 kW auto-
motive boost converter was studied in [80]. This study focuses
on the packaging and thermal management of magnetic com-
ponents. The primary cooling process was performed using a
cold-cooled liquid plate. Five different thermal-management
configurations were studied using FEA. In the first three con-
figurations, several electrothermal and thermal processes via
dispositionwere investigated. AnAluminum coverwas added
to the fourth configuration. Finally, an Alumina layer was
inserted between the transformers and the cooling cold plate.
The FEA results showed that the aluminum cap drastically
decreased the core temperature, whereas the addition of an
alumina layer significantly decreased the winding tempera-
ture. These conclusions were confirmed by measurements.

One of the merits of this study is the in-depth analysis of
thermal paths for heat extraction. This study is illustrated in
Fig.23 for a planar transformer attached to the cold plate.
As shown in Fig.23a, the main path passes through the core,
which is clamped directly to the cooling system. The heat
removing from the winding was improved by the thermal
vias and thermal pad. These two additions reduce the thermal
resistance between the winding and core on one hand, and
between the cold plate and PCB windingin the other hand.
At the top of the transformer, heat is extracted via thermal
convection and radiation. An aluminum cap was added to
improve the heat removed from the top, as shown in Fig.23b.
In this case, the heat removed from the top of the core can also
be evacuated by the cold plate, allowing for more effective
cooling.

A similar thermal path analysis was performed in [81]
to design an innovative high-current planar inductor with
3D printed windings.

Thermal models based on FEM are typically employed to
directly compute the temperature distribution of the PMCs.
They can also be used to identify elements and calibrate
compact thermal models [50], [51], [52], [53], [54], [55].
FEM is increasingly being used for the thermal modeling
of PMCs. Indeed, it allows the computation of complex 3D
accurate temperature distributions inside components. More-
over, the FEM is adequate for studying thermal management
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FIGURE 23. Thermal paths of extracted heat: (a) without aluminum cap,
(b) with aluminum cap as described in [80].

FIGURE 24. Example of CFD applied to CMP: (a) 3D geometry, (b) 3D CFD
temperature in free.

configurations. Nevertheless, their results depend on the heat
transfer coefficient used because the FEM cannot represent
the interaction with fluids directly. This topic is of major
importance, particularly for forced-convection cooling. This
issue can be addressed using Computational Fluid Dynam-
ics (CFD).

3) COMPUTATIONAL FLUID DYNAMICS (CFD)
In contrast to the FEM, CFD does not approximate convec-
tion using heat transfer coefficients. It can model fluid flow
and heat transfer in the solid and fluid domains. In CFD,
a set of nonlinear and coupled equations is numerically
solved. These equations link the pressure, velocity, and
temperature [14]. CFD is a powerful tool for accurately
modeling convection and fluid flow for complex geometri-
cal shapes in natural or forced configurations. It can also
be an excellent alternative to experimental measurements
for calibrating thermal resistance [24], thermal networks
[50], [51], [52], [53], [54], [55], [56], [57], and FEA boundary
conditions [55]. Even if CFD is known to be difficult to use
because of the computing resources needed and the solved
problem non-linearities, it is increasingly used for PMCs
modeling [82], [83], [84], [85], [86], [87]. An example of
CFD applied to CMP is shown in Fig.24. Indeed, Fig.24a

shows an HF planar transformer 3D geometry and Fig.24b
presents the 3D temperature distribution computed using
CFD under natural convection.

In [82], the authors worked on a PMC design process
based on simple TN. They estimated that the identification
of various thermal resistances was a difficult task. Therefore,
They preferred to use computational fluid dynamics (CFD)
thermal modeling to accurately predict the temperature of
their components. In this process, losses were computed
using 3D FEA. The values were then transferred to the CFD
simulation. The planar transformer was modeled in a large
air box to accurately model the convection heat transfer.
However, other details of the thermal simulation are not
specified. The simulation results showed a hotspot on the
dielectric material. The authors have suggested reducing the
dielectric thickness, placing the transformer in oil, or forced-
air convection cooling to decrease the temperature rise.

Ganga et al. worked on an HF 20 kW SiC converter [83].
To achieve the efficiency requirements, ten planar transform-
ers were integrated into the converter. The inputs are con-
nected in parallel, whereas the outputs are connected in series
(a configuration called IPOS). A heat sink with integrated
pipes for liquid cooling is used to limit the maximum temper-
ature of the transformers. CFD) simulations were performed
to determine the liquid cooler velocity to guarantee the most
uniform temperature distribution without exceeding 50 ◦C.
The relevance of this work lies in the study of a pack of planar
transformers and the strong thermal constraints imposed by
their specifications.

Two configurations of 6.6 kW 500 kHz planar transformer
configurations were introduced in [84]. The goal was to form
a resonant tank for the CLLC power converter with global
optimization of the converter, including the transformer. CFD
was first used to compare the PCB inner and outer trace tem-
peratures under the same power losses and forced air cooling.
Consequently, only 2-layer PCBs are used in the transformer.
CFD simulations were performed for the final design under
forced cooling conditions with an airflow of 91 CFM. In this
study, CFDwas very useful because of the complex geometry
of the transformer and the forced air cooling.

3D electrothermalmodelingwas performed in [85] to study
a 5-winding planar transformer dedicated to a multichannel
power supply. FEM has been used for magnetic modeling
and loss computation. The FEM was coupled with a CFD
solver to perform thermal modeling using the ANSYS soft-
ware [66]. A detailed analysis was necessary to verify the
thermal integrity of the transformer. Even though a prototype
was presented in this study, the CFD thermal analysis results
were not compared with the measurements.

In [86], CFD was applied to study the cooling of two
parallel 500 kHz planar transformers designed for an 18 kW
high-power density converter. The two transformers were
double-sided cooled by using two copper heat sinks attached
to their top and bottom faces. In addition to the heat sinks,
air was blown by a fan to maximize heat extraction. An air
duct is also added to improve the thermal behavior of the
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transformer. The effectiveness of the air duct was proven by
CFD simulations and measurements.

In a recent study [87], CFD was employed to study the
direct liquid cooling of a planar transformer placed in a
dedicated additive-manufactured housing. CFD was used to
compute the maximum temperature and pressure drop for dif-
ferent liquid flow rates. Two liquids were compared, Novec
7300 and ethylene glycol. According to the results, Novec
7300 is the best choice. The study showed that liquid cooling
is more effective than a classical cold plate and results in a
lower pressure drop. This also leads to a lower cooling power
consumption. These results were confirmed by experimental
measurements. This study is the first to address the direct
cooling of planar HF magnetics. This opens up the perspec-
tive of efficient high-density power converters.

D. SYNTHESIS OF THE LITERATURE REVIEW
After presenting various studies on the thermal modeling of
PMCs, a global analysis was performed. For this purpose, dif-
ferent models were compared based on the following criteria.

• Model type: PMC thermal models are classified into
five main categories: thermal resistance, thermal equiv-
alent networks, semi-analytical methods, finite element
methods, and computational fluid dynamics.

• Dimensions: Themodels can be 1D, 2D, or 3D, depend-
ing on the modeling objective and geometrical complex-
ity. Some models are also behavioral. This means that it
refers to the components’ parts but does not reproduce
its physical geometry.

• Temporal aspect: These models can be used for
steady-state or transient (dynamic) analysis.

• Heat transfer modes: These models can consider all
heat transfer modes, including conduction, convection,
and radiation, or only some of them.

• Loss distribution: The losses in the windings and core
did not have a uniform distribution in the component vol-
ume. Some models use distributed (nonhomogeneous)
losses, whereas others use a uniform distribution to sim-
plify the thermal modeling problem.

• Type of coupling: The coupling can be weak or
strong. Weak coupling does not consider the variation in
the electrical and thermal properties with temperature,
unlike strong coupling.

The models were analyzed according to six criteria. The
synthetic process is presented in Table 4. Thermal models
and related papers were ordered according to their categories
and chronological order. It must be noted that some papers
could appear in more than one category when different types
of models are used for an application. This is the case, for
example, when FEMor CFD is applied to validate or calibrate
thermal networks.

E. ANALYSIS AND DISCUSSION
Fig.25 shows the temporal distribution of the reviewed papers
according to the model type. It can be seen that PMC thermal

FIGURE 25. Temporal distribution of the reviewed papers.

modeling is increasingly addressed in the literature. This can
be explained by the increase in the use of PMC in power
converters, owing to the increase in power densities and
thermal constraints.

Concerning the type of model, as shown in Table 4, the
thermal resistance concept is widely used to estimate the
PMC temperature. Thermal resistances are suitable in the
early design stage, owing to their simplicity. Other models
must be used to perform a deeper analysis, providing the
temperature difference between the component parts, which
can induce high-temperature gradients and hotspots. This is
the case for the thermal networks. TNs are commonly used
for PMC modeling because they enable us to obtain more
details than thermal resistance. Moreover, such a model is
comprehensive for electrical engineers, making its applica-
tion practical.

Numerical models have been increasingly developed since
the 2000s with the democratization of powerful computers
in addition to parallel computation capabilities. The finite
element method is extensively used to compute the temper-
ature distribution in 3D. The use of FEM is supported by the
vast offer and strong development of free and commercial
software. Similarly, CFD has been increasingly used in recent
years. CFD is applied for the direct modeling of PMCs or as a
calibration tool for other models such as thermal resistance or
TN. However, its utilization remains limited owing to the time
required to perform simulations and convergence problems.

Semi-analytical models are scarce because of the complex
transformer geometry, which results in complex mathemati-
cal problems.

Regarding the heat transfer modes, conduction and convec-
tion are almost always considered in the modeling, whereas
radiation is sometimes neglected. This hypothesis can only be
justified in the case of forced convection. In free air, radiation
can participate in cooling to the same extent as in convection.
This topic will be discussed in the next section.

In general, for the thermal modeling of PCM, the tempera-
ture is computed only in the steady state. This is linked to the
simplicity ofmodeling.Moreover, the increase in temperature
is usually calculated in the steady state under losses and
ambient temperature under the worst operating conditions.
Nevertheless, a transient analysis could be interesting for
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TABLE 4. Literature paper classification.
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verifying the thermal integrity, especially during converter
power surges.

In most cases, a uniform loss density was applied. This
hypothesis can be justified for windings owing to their high
thermal conductivity. However, this hypothesis may be a
source of uncertainty in the magnetic core. In addition, the
possible presence of an air gap can induce a localized excess
loss on the winding near it, which requires non-uniform
loss modeling. Most thermal models have weak coupling.
This means that the variations in the electrical and thermal
properties with temperature were not considered. Hence, the
nonlinearity introduced by the transformer properties and its
dependency on temperature are neglected, even though they
can have a significant effect on the losses and temperature
values.

Finally, it can be observed from Table 4 that no model
englobes all aspects of thermal modeling for the PMC. Each
type of model has its own advantages and limitations, and
can be used depending on the goals and requirements of
the studied case. Therefore, it is important to understand the
specifications of PMCs and their applications in order to
apply suitable models.

To summarize, the thermal resistance model is very useful
in the early design stage, but it needs to be validated by amore
accurate model that cannot consider various cooling condi-
tions. One-dimensional (1D) thermal networks are a better
alternative. This is quite accurate when the component is
attached to a heat sink in single- or double-sided cooling, that
is, when the main heat path is from the heat sink. Otherwise,
a more complex thermal network that considers 3D aspects
must be used. FEA is accurate and considers 3D geometry.
It can be used to study thermal management solutions, even if
it is time-consuming. The use of computational fluid dynam-
ics (CFD) is complicated and time-consuming. However, this
is the most suitable method for simulating forced air and
liquid cooling.

To guide designers and engineers, the next section deals
with the key points for performing effective thermal mod-
eling of the PMCs. Some critical issues that require further
investigation are also discussed.

IV. KEY POINTS FOR AN ACCURATE THERMAL
MODELING OF PMCs
Thermal modeling is a complex task because it involves the
interactions between several elements (Fig.26). The objective
of a thermal model is to estimate the temperature of a com-
ponent accurately. This temperature can be a single value,
such as the maximum or mean temperature, several values
corresponding to temperatures in some component parts,
or a temperature distribution throughout the device. Several
inputs were required to compute temperature (Fig.26). The
geometrical and physical properties of different parts and
materials, such as the thermal conductivity, heat capacity,
and emissivity, need to be determined. Therefore, the ther-
mal environment must be specified as precisely as possible,
and the losses must be accurately estimated. The latter two

FIGURE 26. Inputs of a thermal model.

TABLE 5. PMC material maximal temperature.

FIGURE 27. Cycle life example of various dielectric insulators classes [88].

elements can be functions of the working conditions and
constraints specified by the application requirements.

A. FACTORS LIMITING THE OPERATING TEMPERATURE OF
PMCs
Every material comprising a PMC has a temperature limit
owing to its physical constraints (Table 5). Cu can operate at
high temperatures, reaching hundreds of oC. Ferrite can reach
a thousand of oC without melting like other ceramics. Never-
theless, its limiting point is the Curie temperature, at which
ferrite loses its magnetic properties. This temperature could
reach 250oC. Generally, the weakest part of the transformer is
a dielectric insulator, whose maximum operating temperature
is far lower than that of the other materials. Moreover, tem-
perature has a significant impact on the insulator’s expected
life, as shown in Fig.27. Indeed, a 10 oC temperature increase
reduces the expected life by half [88].

Table 6 presents some examples of dielectric insulator
materials and their thermal classes and maximal operat-
ing temperatures according to the IEC-60085 standard [89].
For example, the maximum operating temperature of FR4,
which is frequently used as an insulator in PMC PCB wind-
ings, was 120oC ◦C. Other insulators that can reach higher
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FIGURE 28. 3D FEA modeling for the parameter variation study: (a) 3D exploded view, (b) assembled
planar transformer, (c) temperature distribution for nominal values, (d) internal temperature distribution
(XZ plan), (e) internal temperature distribution (YZ plan).

TABLE 6. Dielectric insulators thermal classes [89].

temperatures can also be used for foil windings, such as
Kapton. However, they are expensive and require glue, which
is generally limited to the maximum operating temperature.
In general, the operating temperature of planar magnetics is
fixed at 100 oC. At this temperature, the core losses have a
minimum value; however, for economic reasons and power
density enhancement, this temperature can be increased
to 130 oC.

B. PMCsTHERMAL MODELING: SOME CRITICAL ASPECTS
The thermal model computes temperature according to its
input. Regarding the complexity of modeling, there are multi-
ple sources of errors, such as losses, geometry, and boundary
conditions. Hence, the computed temperature values could

present large errors compared with the measured values.
A simple analysis was performed based on the thermal resis-
tance model (6). From the final equation, the relative error
can be deduced as follows:

1 (1T )

1T
=

1Rth
Rth

+
1Ploss
Ploss

(16)

From (16), an estimation error of 10% for the losses, com-
bined with an uncertainty of 10% for the thermal resistance,
leads to a relative error of 20% in the temperature rise. There-
fore, the accuracy of thermal modeling strongly depends
on the accuracy of the losses and thermal resistance, which
represent the boundary conditions, geometry, and materials.

To analyze the impact of the error sources, a parametric
study was performed using FEA. The objective was to evalu-
ate the impact of the material’s thermal conductivities, losses,
and heat exchange coefficient variation on the temperature
rise. The studied planar transformer (Fig.28) is based on
an E/PLT38 ferrite core and eight layers of 0.3 mm copper
foil separated by a 0.1 mm Kapton insulator film. A 3D
exploded view of the transformer is illustrated in Fig.28a to
show the different layers and E/PLT core combination. The
assembled transformer is illustrated in Fig.28b. Finally, the
3D temperature distribution resulting from the FEA is pre-
sented in Fig.28c for typical values of the planar transformer
parameters (Table 7). The two cuts in the XZ and YZ plans
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FIGURE 29. Effect of thermal conductivities on PMC temperature
variation.

are presented in Fig.28d and Fig.28e, respectively, to show
the internal temperature distribution.

To illustrate the impact of these parameters, the thermal
conductivities (ferrite, insulator, and copper), total losses
(copper + core), and heat exchange coefficient were varied
in the range of ±50% from their typical values (Table 7).
Fig.29 and Fig.30 show the maximal temperature variation
as a function of the thermal conductivity, losses, and heat
exchange coefficient, respectively. According to the results,
the heat exchange coefficient and losses significantly affect
the computed temperature (Fig.30). Thus, the precision of
these elements must be controlled when modeling a PMC.
In comparison, the thermal conductivity variations of the
materials were less significant (Fig.29). A variation of 50%
in all the conductivities increased the temperature by only
3 ◦C. Thus, these parameters were less critical.

Typically, the typical heat exchange coefficients are given
by empirical formulas for various geometric configurations in
free and forced convection [13], [14]. Although these formu-
las are useful, their accuracy is not always ensured. Only CFD
simulations can accurately predict these values, particularly
for complex assemblies. Fig.31 shows the evolution of the
heat exchange coefficient due to convection and radiation as a
function of the temperature rise of a planar transformer. These
values were extracted from the CFD analysis of the same
planar transformermodel (Fig.28). Even if the radiation effect
has been neglected by some authors (Table 4), its impact on
the heat exchange coefficient can be as important as that of
convection, especially for free-air-cooled components.

Even if the temperature values are affected by uncertain-
ties, a good 3D thermalmodel provides a detailed temperature
distribution. It can also allow access to temperature gradients
and the identification of hot regions. Such a model is a useful
tool for improving the thermal behavior of a design or com-
paring different design configurations. Moreover, an accurate
thermal model can help designers to study the thermal man-
agement and cooling strategies of PMCs.

C. THERMAL MANAGEMENT OF PMCs
Natural air cooling is usually insufficient for achieving high-
power-density converters. Forced air or liquid cooling was

TABLE 7. Planar transformer parameter variation.

FIGURE 30. Effect of Losses and heat exchange coefficient on PMC
temperature variation.

FIGURE 31. Evolution of heat exchange coefficient (convection and
radiation) as a function of temperature rise.

required. However, to efficiently extract heat from the PMC,
the heat path to the cooling system (e.g., item 1 in Fig.32)
must be optimized. Some solutions are presented in Fig.32 to
increase the heat transfer capability of the PMC. One of the
most commonly used solutions is to use an aluminum cover
or cap (item 2) associated with an aluminum base (item 3)
surrounding the core to homogenize its temperature.

The thermal heat path shown in Fig.32 is illustrated in
Fig.33. In this example, a planar component is attached to a
cold plate. Without the cap and base, the main heat path was
downward from the component to the cold plate, as shown in
Fig.33a. With the aluminum cap (Fig.33b), the heat from the
upper part and sides of the magnetic core was also canalized
to the cooling system. This solution enabled a decrease in
the temperature difference between the top and bottom of the
core, which resulted in a more homogenous temperature and
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FIGURE 32. Some solutions for thermal management and cooling of
PMCs.

FIGURE 33. Heat path in a PMC attached to a cold plate: (a) without
aluminum cap, (b) with aluminum cap and aluminum base.

ensured effective cooling. This cover also guarantees a good
link between the PMC and cooling system.

If good thermal contact between the core and cooling
system is implemented, it is important to have good thermal
contact between the core and windings. This can be achieved
by filling the core window gap with a thermal pad or glue
(item 4). For high-current applications where copper losses
are dominant, a thermal pad linking the winding and cooler
(item 5) can be added to maximize the heat extraction from
the windings. In the case of multilayer PCB windings, ther-
mal vias (item 6) can be added to link the windings to the
cooling system.

From Fig.32, extensive use of thermal interface materials
can be observed. Thus, particular attention must be given
to them [90], [91], [92], especially in the presence of high-
temperature gradients, which is usually the case in high-
power-density applications.

Thermal management must be considered during thermal
modeling. This can be achieved by modeling the overall
cooling system or by applying conditions such as a fixed
cold plate temperature or specific exchange coefficients. For
some applications, the cooling system can be studied with a

FIGURE 34. ith node of the 3D thermal network [42].

separate model using an adapted tool (e.g., CFD for liquid
cooling) or can be studied experimentally. This enables the
designer to extract the appropriate parameters to be applied
to PMC thermal modeling or to the overall power converter
components.

As mentioned previously, PMCs can be cooled by free air
without a heat sink or cooler. This cooling mode is the most
economical; however, it does not always satisfy the thermal
constraints of high-power and high-density power converters.
To meet these requirements, creative methods have been
developed. For example, topology optimization represents a
potential interest for magnetic components.

It has been used to optimize electromagnetic aspects in
several studies [93], [94], [95], [96]. Currently, it is gaining
interest owing to its additive manufacturing, which makes
it possible to realize complex shapes [97], [98], [99], [100]
even for HF magnetics and their thermal management
enhancement.

V. CONCLUSION
Planar magnetic components have been extensively used in
high-density power converters. Thermal aspects have become
crucial for increasing the power density.

This paper presents a review of the thermal models used
in the literature. The papers were organized according to the
model type and analyzed to highlight their merits and limi-
tations. All papers were classified according to the specified
criteria and analyzed.

From the analysis, it appears that thermal-resistant type
models are widely used for early stage designs, owing to
their simplicity. Thermal networks allow for more detailed
thermal modeling and are familiar to electrical engineers.
They can be very complex or compact with a reduced number
of elements. One of their primary interests is compatibility
with electrical simulation tools. Numerical models have been
increasingly used owing to the development and accessibil-
ity of performant computers in addition to a large range of
commercial and free software. Finite element modeling is
the most commonly used numerical model, which provides
a detailed 2D or 3D thermal distribution. CFD has started to
be used, but it requires more informatic resources and time.

VOLUME 11, 2023 41675



R. Bakri et al.: Thermal Modeling of Planar Magnetics: Fundamentals, Review and Key Points

However, it is the best solution for studying fluid flow in air
or liquid cooling.

In the last section, some issues and key points are dis-
cussed. The losses and heat exchange coefficients are critical
parameters in the thermal modeling of PMCs. The accuracy
of the results strongly depended on these factors. Radiation
is sometimes neglected in thermal modeling, and it has been
shown that its effect can be similar to that of convection.

Thermal modeling, especially 3D modeling, will be exten-
sively used in the future, particularly to study complex shapes
linked to new thermal management methods or emerging
topology optimization and additive manufacturing concepts.

APPENDIX A
To solve the model presented in Fig.10c, vectors and matrix
are defined. Node temperatures are grouped in a temperature
vector denoted by T (17). The losses and known temperatures
at the boundaries of the model (T10 and T20) were set in
another vector, P (18). Finally, an admittance matrix A is
introduced to link the two vectors in (19), as shown at the
bottom of the page.

T =


T1
T2
...

TN+1

 (17)

P =



T10
Pcore_1
PCu_1
...

PCu_n
Pcore_2
T20


(18)

The temperature vector can be computed by:

T = A−1P (20)

To establish the model, the thermal resistance of the ith

layer is given by

Rthi =
Li
S.ki

(21)

where Li is the ith layer thickness, S is the layer section, and
ki is the ith layer’s thermal conductivity.

The thermal resistances modeling the heat exchange with
exterior can be computed by:

Rth =
1

S.hex
(22)

where hex is the heat exchange coefficient and S is the
exchange surface

APPENDIX B
The model introduced in [42] can be derived from Kirchoff’s
laws applied to the ith node of the thermal resistance network,
as illustrated in Fig.34:

n∑
j=1

Ti − Tj
Rij

− qi = Ci
dTi
dt

(23)

The thermal network contains n nodes. From (23), the node
temperatures are split into 1 tomwith unknown temperatures,
and m+1 to n with known temperatures: n∑

j=1

1
Rij

Ti −
m∑
j=1

1
Rij
Tj −

n∑
j=m+1

1
Rij
Tj + qi = Ci

dTi
dt

(24)

Equation (24) is rewritten with admittances Gij: n∑
j=1

Gij

 .T i −
m∑
j=1

Gij.T j −
n∑

j=m+1

Gij.T j + qi = Ci
dTi
dt

(25)

where Gij =
1
Rij

Finally, the problem is set under matrix form:

AT − BU = 0 (26)

A =



1 0 0 0 · · · 0 0 0
−1
Rth1

1
Rth1

+
1
Rth2

−1
Rth2

0 · · · 0 0 0
0 −1

Rth2
1
Rth2

+
1
Rth3

−1
Rth3

· · · 0 0 0
...

...
. . .

. . .
...

...
...

...

0 0 · · · 0 −1
RthN−1

1
RthN−1

+
1

RthN
−1
RthN

0
0 0 · · · 0 0 0 0 1


(19)

B =


1 0 . . . 0 −G1(m+1) −G1(m+2) . . . −G1n
0 1 . . . 0 −G2(m+1) −G2(m+2) . . . −G1n
...

...
. . .

...
...

... . . .
...

0 0 . . . 1 −Gm(m+1) −Gm(m+2) . . . −Gmn

 (28)

41676 VOLUME 11, 2023



R. Bakri et al.: Thermal Modeling of Planar Magnetics: Fundamentals, Review and Key Points

where A admittance matrix (27), B is the known temperature
vector (28), as shown at the bottom of the previous page, and
T is an unknown temperature vector.

A =



n∑
j=1

G1j −G12 · · · −G1m

−G21

n∑
j=1

G2j · · · −G2m

...
...

. . .
...

−G1m −G2m . . .
n∑
j=1

Gmj


(27)

Finally, temperature can be computed by:

T = A−1BU (29)
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