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Abstract—The exploitation of PCB integrated magnetic compo-
nents in the high power field brings new challenges due to the
compactness of the design and the poor thermal performance
of components using standard PCB technology. In this work, a
thermal modeling approach is proposed, which is suitable for
optimization based design of planar PCB magnetic components.
The targets are high accuracy, low computation time, and easy
implementation. The results show an accuracy comparable to finite
element simulations, with average absolute error of 1.3 ◦C with
respect to measurement, while the computation time is 13 times
shorter than simplified finite element simulations. The equations
are purely analytical, i.e., no measurements or simulations are
needed to obtain the involved parameters. The structure of the
model enables easy and fast generation of PCB geometries, with the
possibility to make a parametric sweep of any variable. The model
has been verified with finite element simulations and experimental
measurements for a wide range of operating conditions, including
dc and ac excitation.

Index Terms—Finite elements, PCB transformer, planar
magnetics, thermal model, thermal network.

I. INTRODUCTION

THE trend of low profile—PCB integrated magnetic compo-
nents has led to power density improvement and reduction

of the cost and complexity of serial production in low power
applications (i.e., < 1 kW). The interest for this technology is
growing increasingly in high power applications, chasing for
equivalent benefits. However, the compactness of these com-
ponents, together with the use of insulating materials with low
thermal conductivity (such as FR4 materials typically used in
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PCB), results in poor thermal performance, which limits their
implementation at high power applications [1].

For such high power applications, heat extraction becomes
critical to ensure long term reliability, and the potential tem-
perature variations must be considered in the design stage,
rather than just for verification. Temperature estimations based
on generalized experimental thermal resistances are useful as
a starting point for size approximation. These formulas can
be found in literature [2], standards [3], or in the information
provided by manufacturers.

The design procedure for magnetic components can be com-
plex, and usually several possible configurations are compared
in order to find the most optimal design for an application. There-
fore, simplified 1-D and 2-D thermal models are extensively used
to provide a fast approximation of the temperature rise under
operating conditions. Some of these models are based on the
solution of the heat transfer differential equations [4]. However,
the most commonly used are thermal networks, which analyze
the relation between heat flow and temperature in a material as
an analogy of the relation between current and voltage in an
electric circuit [5], [6], [7].

In these thermal networks, the opposition against heat flow
through a certain path is modeled by a thermal resistance. The
reduction of these models to 1-D or 2-D in space is justified by
the presence of lower thermal resistance paths, either because of
the use of high thermal conductivity materials (such as copper)
or due to proximity to heat dissipators (as heat sinks, or cooling
fluids).

Measurement or simulation-based parameters are included
in [5] and [6] to reduce inaccuracies, with the consequent ex-
pense in time and automation. The authors in [8] and [9] consider
heat flow paths in different dimensions in space, but reducing
them to an equivalent 1-D circuit. The neglected heat paths and
the use of lower resolution circuits in these models affect the
accuracy of the results. In [9], shape factors are used to calculate
the convection coefficients, and consideration of the thermal
surface impedance variation with frequency proofs to improve
accuracy. More complex networks can be built considering 3-D
elements as in [10], [11], and [12], but the simplicity and speed
of the model are compromised.

When accurate results are required, as for verification of the
design previous to final production, finite element (FE) tools
are employed. The accuracy in this case depends on mesh
refinement and adequate setting of boundary conditions, leading
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Fig. 1. Representation of the layered structure of a PCB winding in planar
transformers. Left: Planar transformer example. Right: Exploited vision of the
PCB layers.

to results close to measurement when the simulated model fairly
represents real conditions.

FE can also be used to optimize the operating conditions
of a component. For this purpose, the model consists of a
linearization of the thermal resistance for the range of interest.
The model can be obtained applying the superposition concept
to the heat sources [13] or training an artificial intelligence (AI)
based model with different losses and boundary conditions [14].
These are highly accurate models but they cannot be used to
analyze geometric variations and it takes several FE simulation
attempts to build them accurately.

The state of the art models can be divided into fast simplified
models and accurate models. Nevertheless, the ideal model for
optimization of a component would be both fast and accurate,
specially when the analyzed variable (temperature rise in the
case which is the interest of this article) is critical for the
component operation.

The main contribution of this article was presented in [15] in
a general approach. In this article, a comprehensive explanation
of the model is covered, as well as a deeper study on speed
and accuracy. This model can achieve both speed and accuracy
for the case of PCB transformers and inductors. The following
assumptions have been considered in this work based on the
characteristics of PCB technology:

1) 2-D Geometry approximation: The relevant geometrical
information in a PCB component is almost purely con-
tained in the 2-D plane containing each of the layers, rep-
resented in Fig. 1. A model defining precisely the geometry
in the planes of interest will sufficiently represent the real
3-D component.

2) Layered structure: The aforementioned 2-D planes form
the layers of the PCB component. The layers containing
copper are separated by insulation layers and connected
through vias.

3) Thin plate approximation: The ratio between the flat sur-
face and the PCB thickness is very large. Convection in
the PCB sides due to either natural or forced cooling
techniques can be neglected.

4) Power loss uniformity: High frequency effects cause a
nonuniform distribution of current density flowing inside
the windings. The higher currents in the borders of the
tracks increase the losses, which are not evenly distributed.

However, due to high thermal conductivity of copper, the
power loss distribution inside each layer can be considered
uniform for thermal analysis.

The rest of this article is organized as follows. In Section II, the
theory of heat transfer and the specific application considered
in this work for planar magnetic components is presented. In
Section III, the loss model used for validation of the proposed
thermal model is exposed, focusing on the interdependence
between loss and temperature. The model assembly and solution
are explained in Section IV, considering the structure of the
model based on the exposed assumptions, the calculation of
parameters, and how the results are obtained. The model is
verified in Section V through comparison with FE simulations
and thermal camera measurements for several specimens of
transformers and inductors. Finally, the conclusions are dis-
cussed in Section VI.

II. HEAT TRANSFER EQUATIONS FOR MAGNETIC COMPONENTS

Heat transfer mechanisms are divided in conduction, convec-
tion, and radiation [16], [17]. In thermal networks, the opposition
of a path to heat flow is represented by a thermal impedance,
formed by resistances and capacitances [18], [19]. The resis-
tances determine the behavior of the component in steady state,
while the capacitances model the thermal inertia.

Components with high thermal inertia, such as magnetic
components, behave as an overdamped system against variations
in the applied power. Thus, the most critical condition under
stable operation is the steady state, where the component reaches
the maximum temperature. The presented model studies the
steady state, so only the real part of the thermal impedance is
considered.

A. Conduction

In a magnetic component, conduction is the predominating
process inside the winding, due to high thermal conductivity of
copper (around 400 W/mK). In PCB components, the windings
are embedded in an insulating material, which usually presents
very low thermal conductivity (0.3 W/mK for typically used FR4
materials [7]).

The heat flow q along a path due to conduction is expressed
in (1), where q is the heat flow, k the thermal conductivity of the
material, A the cross-sectional surface of the considered path,
and L the length of the path [16]. This equation is expressed in
the form of a thermal resistance Rcond in (2):

q =
kA

L
ΔT (1)

Rcond =
ΔT

q
=

L

kA
. (2)

B. Convection

Convection occurs when a fluid is present. The quality of
the cooling technique is marked by the fluid properties, the
convective surface and the speed and temperature of the fluid
flow [16]. This is accounted by the denominated heat transfer
coefficient h in (3). The thermal resistance associated with
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convection, Rconv in (4), is calculated analogously to conduction

q = hAΔT (3)

Rconv =
1

hA
. (4)

The heat transfer coefficient depends on the fluid properties
in the proximity of the refrigerated surface, which vary with
temperature. Experimental correlations for different surface
shapes and orientations can be used to estimate the heat trans-
fer coefficient of each surface of the object, evaluating the
fluid properties at the film temperature [16], [17]. The scope
of these correlations covers simple geometries, which makes
them suitable for PCB components, where most surfaces can be
considered as flat plates. Nevertheless, these correlations assume
that the surfaces are either isothermal or isoflux, which often
does not occur in real conditions.

State-of-the-art thermal networks commonly evaluate the
mentioned correlations at the average temperature of the sur-
faces, leading to lower accuracy. In this work, this problem is
overcome by evaluating the equations at the node temperature,
while considering the area and geometrical aspect ratio of the
whole surface. This way the nonuniformities in the temperature
distribution are taken into account.

The dependence of the heat transfer coefficient on temperature
is inherited by the corresponding thermal resistances, which
means the solution of a thermal resistance based method is not
straightforward. This will be addressed in Section IV.

C. Radiation

The radiation phenomenon is originated by the reduction of
internal energy stored in a form of matter. However, the presence
of matter is not required for its transport.

The heat exchange between two surfaces due to radiation can
be analyzed through a view factor, which defines the fraction of
the radiation emitted by one surface that is intercepted by the
other surface. As for the heat transfer coefficient, experimental
formulas exist to estimate the view factor for simple geome-
tries [16].

A network approach can also be used to represent the radiation
balance in an enclosure. However, the represented magnitudes
in a radiation network are different to those in the previously
described thermal network, so they cannot be merged directly.

A common simplification of the problem is to consider that
all the radiation is absorbed by the external walls. This case
is denominated as radiation to ambient, and a simple formula
for the corresponding thermal resistance Rrad in (6), compatible
with the conduction and convection thermal network, can be
extracted. The concept of heat transfer coefficient can be applied
as in (5), where hrad depends on the emissivity of the surface
material ε, the surface areaA, the Stephan Boltzmann’s constant
σ, the surface temperature Ts and the ambient temperature T∞

q = hradAΔT = εσA
(
T 4
∞ − T 4

s

)
(5)

Rrad =
1

hradA
. (6)

Fig. 2. Representation of radiation between surfaces. (a) Surfaces of the core
considered for radiation between core and PCB. (b) Complete radiation network
for the case depicted in (a). (c) Simplified radiation network.

In the case of a magnetic component, this expression is valid
when the window is completely filled with the windings and
insulation and there is no part of the winding considerably
exceeding the width of the core, but for low utilization factors
the interaction between surfaces is not negligible.

The approach of this work is illustrated in Fig. 2. As shown
in Fig. 2(a), the top layer of the PCB is facing three of the inner
surfaces of the core, marked in blue. The part of the windings
which extends outside the core also interacts with the outer
vertical faces, but will be neglected due to lower impact.

The radiation network for the considered surfaces is built as in
Fig. 2(b), where the subscripts correspond to the ones indicated
in Fig. 2(a). The external walls are large relative to the rest of
surfaces and therefore considered as a blackbody (emissivity is
equal to unity [16]) at ambient temperature.

At the nodes, Ji is the radiosity of each surface and Ebi is the
emissive power of the surface if considered as a blackbody. To
account for the real emissive power of the surfaces, the surface
radiative resistances Ri,i are added, which can be calculated
based on the emissivity of the material and the area of the surface
as in (7). The exchange between surfaces is represented by the
space geometrical resistances Ri,j , which depend on the surface
area and the view factor Fij as in (8)

Ri,i =
1− εi
εiAi

(7)

Ri,j =
1

AiFij
. (8)

The height of the air space is generally small, so the view
factor between the top PCB layer and the core parallel surface
is larger than the view factor of orthogonal faces. Moreover,
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Fig. 3. Radiation network considered for the radiation between core and PCB
inside the window. The arrows represent the heat transfer rates between nodes.

the core surfaces are connected by relatively low conduction
resistance paths. These considerations make it reasonable to
neglect the participation of vertical faces and only consider
the radiation between top PCB layer, top window surface, and
ambient. This simplification results in the network of Fig. 2(c),
where the “Left Core” and “Right Core” surfaces have been
removed.

For the exceeding winding surface (not covered by the core),
together with the rest of the component surfaces in contact
with the ambient, only radiation to ambient is considered and
calculated following (5).

Since the sum of the view factors assigned to one surface
must be the unity, the network can be reduced to the one in
Fig. 3, where it is only needed to calculate one view factor
before solving. From this network, the heat transfer rate between
the two surfaces and ambient is obtained, and used to calculate
the thermal resistances of (9)–(11), which are compatible with
the general network

Rrad,TP−TC = (Ts,TP − Ts,TC)/qTP,TC (9)

Rrad,TP−a = (Ts,TP − Ta)/qTP,a (10)

Rrad,TC−a = (Ts,TC − Ta)/qTC,a (11)

where Ts,i are the temperatures of the considered surfaces and
qi,j are the heat transfer rates between nodes.

D. Vertical Surfaces

When a magnetic core is present, the “thin plate” assumption
presented in Section I becomes invalid. The vertical surfaces of
the core must be considered for both convection and radiation.

The inner vertical surfaces can still be neglected for radiation,
as aforementioned. The air space between core and winding, if
it exists, will be generally small, so these surfaces may also be
neglected for convection, following the same reasoning as for
radiation.

Regarding the vertical outer surfaces, they must be considered
for both mechanisms. This is done by finding the nodes in each
plane belonging to each outer surface. Then the convection and
radiation resistances are calculated following the same proce-
dure as described for the nodes in horizontal surfaces.

III. POWER LOSS IN MAGNETIC COMPONENTS

In order to analyze the temperature rise under certain operat-
ing conditions, the losses generated inside the component must
be calculated. In magnetic components, the frequency is usually
pushed higher to shrink the size, which intensifies the appearance
of eddy currents, greatly impacting the losses.

The accuracy of the results of the thermal model is affected by
the accuracy in loss calculation. Since the focus of this work is to
validate the thermal model, the applied loss model is kept simple,
while considering the effect of high frequency and winding
arrangement.

A. Core Loss Calculation

The Steinmetz equation [20] shown in (12) is extensively used
to calculate the losses in the core under sinusoidal excitation.
The coefficients of the formula can be found in the materials
datasheet or derived from the volumetric loss curves provided by
the manufacturer. These coefficients are sensitive to frequency
and temperature, so it is recommended to characterize the ma-
terial for the desired range of operation

Pfe = VcKcf
αBα

max. (12)

For an adequate analysis of the accuracy of the thermal model,
the uncertainty in loss calculation must be minimized. Hence,
sinusoidal excitation is used in this work, allowing to apply (12)
for core loss calculation.

Nevertheless, for nonsinusoidal excitation other models can
be implemented, such as the improved generalized Steinmetz
equation [20]. Other approaches involving machine learning and
experimental based databases [21] can be used to improve the
accuracy.

B. Copper Loss Calculation

Dowell’s formula is popular for winding loss calculation [22]
although only valid if the 1-D assumption is valid (high mag-
netizing inductance, no air gap, etc.). In [23], a derivation from
Dowell’s formula is obtained for different excitation waveforms
and in [24] proximity losses are calculated based on the approx-
imate average magnetic field between winding layers, providing
(13) for multilayer foil conductors

P = Rdc

(
FF Î

2 N +GF

N∑
m=1

Ĥ2
avg

)
lm. (13)

This method loses accuracy when a large portion of the
windings is not enclosed by the core or when the horizontal
clearances are large. It is also not adequate if windings are close
to an air gap, since the local fringing in the magnetic field cannot
be analyzed with the 1-D approach. In [25] and [26], expressions
for the fringing field due to an air gap and the generated losses in
a copper turn depending on its location in space are presented.

In this work, (13) is used, adapted to PCB windings, since
it enables to differentiate the losses in each layer due to high
frequency effects and winding arrangement. However, for com-
ponents where the 1-D approximation is not applicable, the 2-D
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magnetic field should be accurately calculated either analytically
or with FE simulations.

According to the power loss uniformity assumption in Sec-
tion I, the total loss of each layer is divided into the total volume
of copper in the layer. No distinction is made between turns
inside the same layer.

As mentioned before, sinusoidal waveforms are used for veri-
fication. Nevertheless, this model can be used for loss calculation
due to nonsinusoidal waveforms. In this case, the fast Fourier
transform (FFT) of the waveform must be first obtained, the most
relevant harmonics are selected and losses are calculated for each
of the frequencies. The total loss is obtained by superposition.

C. Temperature Influence

Some of the materials properties vary with temperature, which
makes the loss generation also temperature dependent. An elec-
trothermal coupling can be added similarly to [11], [12] by
adding an extra iterative process to modify these properties.

The proposed model studies the steady state of the component,
where the operating conditions do not change. However, the ma-
terial permeability is affected with temperature, which modifies
the excitation of the core. If the information of permeability
variation with temperature is available, it is used to update the
value of the magnetic flux density. The Steinmetz coefficients
can be adjusted with temperature, although this information
is rarely provided by manufacturers, so most of the times a
characterization of the material is needed.

Regarding the windings, the variation of copper conductiv-
ity affects the loss generation in two manners. On one hand,
the dc resistance increases with temperature, due to inversely
proportional relation with conductivity (14). However, the skin
depth becomes thicker with lower conductivity, so the current
distribution in the cross-sectional area of the wire may become
more uniform. Thus, even if the frequency of operation does
not change, the ratio between ac and dc current does vary with
temperature

Rdc,T =
L

σTA
(14)

PCu,T =
Rac

Rdc

∣∣∣∣
T

Rdc,T I
2
rms

PCu,(T+ΔT ) �= PCu,T
σT

σ(T+ΔT )
. (15)

In (15),PCu,T is the winding loss at temperature T ,ΔT is the
temperature increment, Rac, Rdc are the ac and dc resistances
of the wire, respectively, σT is the conductivity of copper at
temperature T and Irms is the RMS current through the winding.
The error incurred by only adjusting the dc resistance and
keeping the ac/dc ratio constant can be higher than the error of
not considering the temperature variation, especially when the
copper thickness is smaller than twice the skin depth at ambient
temperature.

IV. MODEL ASSEMBLY AND SOLUTION

In a thermal network, only the most relevant heat transfer paths
are taken into account and analyzed as a 1-D problem. When a
2-D or 3-D nature of heat transfer is considered, the possible
approaches are to find an exact solution of the heat transfer
equation (16), search in literature for shape factors, which can
describe the system, or discretize the problem to apply finite
element or finite difference solutions

∂

∂x

(
k
∂T

∂x

)
+

∂

∂y

(
k
∂T

∂y

)
+

∂

∂z

(
k
∂T

∂z

)
+ q̇ = ρcp

δT

δt
.

(16)
The finite difference method (FDM) approximates the heat

equation to remove the derivative terms, resulting in a mesh
where the nodes are connected in two directions through thermal
resistances, which can be calculated equivalently to thermal
networks [16], [17]. The drawback of discretized methods is
that the accuracy of the results depend on the mesh resolution.
If high accuracy is needed, a large number of nodes is required,
which increases computation time and complexity to build the
model, especially in a 3-D approach. The proposed model is
based on the FDM, where the assumptions explained in Section I
are used to describe the winding geometry in high detail with
reduced complexity.

The objective is to discretize the component into a mesh
with nodes and obtain the equivalent circuit. The circuit is then
modeled as a matricial system using the Nodes Solution Method
commonly employed for electric networks. The matricial system
is shown in (17), where Pi is the heat transfer rate, Ti is the
temperature, Yij are the elements of the admittance network,
and i, j are the indices of the nodes in the mesh⎡

⎢⎢⎢⎢⎣
P1

P2

...

Pn

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣
Y11 Y12 · · · Y1n

Y21 Y22 · · · Y2n

...
...

. . .
...

Yn1 Yn2 · · · Ynn

⎤
⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
T1

T2

...

Tn

⎤
⎥⎥⎥⎥⎦ (17)

Yii =
∑
i

1

Rij
(18)

Yij = − 1

Rij
. (19)

The use of the admittance matrix instead of the impedance
matrix makes the addition of new nodes and connections very
simple. The terms in the diagonal or self terms, Yii in (18), are
the sum of all the admittances connected to each node, while the
terms outside the diagonal or mutual terms, Yij in (19), are the
admittances between the two nodes corresponding to the indices
of the position, with negative sign. This way, every time a new
resistance is calculated, it can be simply added to the existing
value in the corresponding position, without modifying the rest
of the matrix or changing its size.

Furthermore, since the resistances can be added indepen-
dently, the matrices for conduction, convection, and radiation
can be calculated separately and added together to form the total
matrix. As a consequence, the conduction matrix, which does
not depend on temperature, can be extracted from the iterative
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Fig. 4. Flowchart of the model definition and solution without (red) and with
(red + green) electrothermal coupling.

process as shown in Fig. 4, which improves the efficiency of the
model.

A. Geometry of the Model

The flowchart in Fig. 4 resumes the steps of the model creation
and solution. The Geometry Generation step consists on creating
the set of matrices containing the information about dimensions,
material properties, and boundary conditions according to the
specifications.

The geometry matrices divide the component in layers. For
simplicity, only the PCB windings will be initially considered.
To accurately model the 3-D heat transfer, the model must
contain at least one 2-D mesh for each copper layer and one
2-D mesh for each insulation layer, due to the large thermal
conductivity difference. Therefore, if the winding is formed by
a m-layer PCB, the total number of layers in the model will
be 2m− 1, m of them being copper layers and m− 1 being
insulation layers. Each layer is considered then as a 2-D plane
and divided into square elements.

B. Temperature Independent System

After generating the geometry, the initial loss vector and the
conduction matrix can be calculated (step 3 in Fig. 4).

1) Conduction Matrix: The conduction matrix depends on
the thermal conductivity of the solid materials and the dimen-
sions. For the typical materials used in PCB magnetic com-
ponents, the variation of thermal conductivity in the range of
interest (approximately between 20 ◦C and 100 ◦C) is negligible.
Regarding the dimensions, the coefficient of thermal expansion

Fig. 5. Division of the component. (a) Representation of the cross section of
a PCB with core and air space in the window, where the thicknesses considered
for the thermal model are indicated. The dashed lines correspond to the modeled
2-D planes. The terms tci, tpi are the thicknesses for the 2-D planes of core
and PCB, respectively, and tconn,i−j are the thicknesses for vertical connection
between planes. (b) Division of a copper layer in nodes, represented by dots.

Fig. 6. Representation of the connection between nodes. (a) 2-D connection
between nodes inside a layer. (b) 3-D connection between layers.

of copper and insulation is similar to avoid problems during
PCB manufacture processes. Furthermore, the error associated
with the change in dimensions due to manufacturer tolerances is
higher than the maximum expansion of the considered materials
in the range of interest. Hence, the conduction matrix can be
considered constant with temperature, and it can be calculated
out of the iterative loop.

The nodes of the mesh are connected in the two dimensions
and the thermal resistances due to conduction are calculated
according to (2) between each pair of nodes. The thickness
of each layer is determined as in Fig. 5(a) to calculate the
dimensions of each heat path. The 2-D meshes are centered in
the corresponding layer, as shown in the left side of Fig. 5(a). The
thickness of copper layers is considered for the 2-D plane resis-
tance network, but neglected during 3-D assembly for simplicity,
as shown in the right side of Fig. 5(a). This simplification is made
based on the large difference between copper and insulation
layers thickness and on the small temperature gradient in the
vertical direction inside the copper tracks.

The thermal resistances are placed in the admittance matrix
of (17), where i, j represents the nodes indices. The admittance
matrix is a square matrix of size n× n, being n the number of
nodes. To complete the conduction admittance matrix, the layers
are joined together. This means every node is connected to its
equivalent in the adjacent layer through a conduction resistance.

The 2-D and 3-D connections between nodes are shown in
Fig. 6. The dashed lines in Fig. 6(a) delimit the area of the plane
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corresponding to each node. One resistance is highlighted in
Fig. 6(a) for clarification: the length of the corresponding path
is depicted as L and the cross-sectional area is the product of
H by the depth of the plane. In the case of the 3-D connection,
highlighted in Fig. 6(b), the length is the distance between layers
and the cross-sectional area is delimited by the dashed lines in
the 2-D plane. The element or unit cell of the model is the volume
assigned to each node, which has the shape of an hexaedron.

2) Element Size: The size of the elements impacts both the
accuracy and efficiency of the model. With a finer mesh, the
discretization and linearization of the heat transfer equation will
involve lower error, but the number of nodes to be computed
will increase.

Despite the size of the matrix is generally large, the majority
of terms are null, because each node is connected to a maximum
of other six nodes, as can be inferred from Fig. 6(b). Thus,
treating it as a sparse matrix can save memory during execution,
making the model more efficient and enabling the creation of
larger meshes. It is also possible to reduce the number of nodes
by enabling different element size throughout the 2-D plane.
However, to avoid compromising the simplicity of construction
of the admittance matrix, all 2-D resistances must be restricted
to the directions of the x and y axes, and every node in a 2-D
plane must be aligned in the z-direction with the corresponding
nodes in the adjacent planes. In consequence, all elements must
be hexaedrons.

In order to find the optimal mesh for a specific device and a
desired level of accuracy, a convergence study can be performed.
This study is used in FE simulations and consists on starting the
calculation with a very coarse mesh and then decreasing the
element size step by step. After each step, the relative difference
between the current solution and the previous one is calculated.
Convergence is found when the difference reaches the maximum
admissible value defined by the user.

3) Losses Vector: The losses are calculated according to
the selected loss model. In this work, the model explained in
Section III is applied.

In the thermal model, these losses are included as current
sources, assigning the proportional fraction of loss to each
node. These current injections are included in the corresponding
positions of the loss vector.

If losses are considered independent from temperature, the
Loss Vector Calculation step (step 5 in Fig. 4) can be extracted
from the iterative process.

C. Temperature-Dependent Parameters

The iterative process involves steps 6 and 7 from Fig. 4.
An initial temperature vector must be assumed. To reduce the
number of iterations, this temperature profile may be approxi-
mated using a simple thermal network (step 4 in Fig. 4, marked
with dashed lines to indicate that it is optional). Then, the
temperature-dependent resistances are calculated according to
the equations in Section II to Build the Admittance Matrix
(step 6).

The ambient is modeled as a voltage source of value equal to
the ambient temperature, connected to ground. Convection and

radiation resistances are connected in parallel, since they both
support heat dissipation to the ambient. This parallel resistance
is connected in series to the voltage source. To solve the system
with (17), the voltage sources with series resistances must be
transformed to their equivalent parallel circuit with current
sources. These currents are added to the loss vector to Build
the Heat Transfer Rate Vector (step 6). The ground node shall
not be included in the admittance matrix, thus the addition
of these resistances only affects the values in the diagonal
(self-terms).

The step solve system applies (17) to obtain the temperature
vector. The error of the iteration step is calculated as the ab-
solute difference between the assumed temperature vector and
the calculated one. If the maximum error is higher than the
admissible, the calculated vector is set as assumed vector for
the next iteration and the process is repeated until convergence
is reached.

D. Electrothermal Coupling

To contemplate the intrinsic relation between temperature
and loss generation, the process is enclosed in another iterative
process, which is marked in green color in Fig. 4. In step 5,
the loss vector is updated considering the variation of materials
properties explained in Section III-C.

Step 8 adds a second condition to detect convergence: the dif-
ference between the calculated temperature and the temperature
used to evaluate the losses in the component must be sufficiently
small.

V. VERIFICATION OF THE MODEL

The model has been verified with FE simulations in COM-
SOL Multiphysics and experimental measurements with thermal
camera. In order to analyze the accuracy and limitations of
the model, several designs of both inductors and transform-
ers with different geometries and configurations have been
tested.

Table I defines the characteristics of each of the inductor
designs and Table II collects the transformer designs. These
designs are combinations of three different PCB layouts with
different number of turns and copper widths. All the boards
have four layers, where the outer ones have a thickness of 1 oz
and the inner ones have a thickness of 0.5 oz. For the designs
with more than four layers, several boards have been stacked
together, adding two layers of kapton tape between boards. The
board thickness shown in the tables is the total thickness of the
stack.

Experiments have been conducted with dc and ac excitations.
In the case of ac excitation, sinusoidal currents have been used,
varying both the amplitude and frequency, in a range between
40 and 240 kHz. In order to obtain different loss distributions
between core and winding, the inductors have been tested with
different gap lengths and the transformers have been tested with
different loads. Regarding the cooling technique, natural and
forced air convection have been used. All temperatures have
been measured at steady state.



ORDONEZ et al.: FAST AND ACCURATE ANALYTICAL THERMAL MODELING FOR PLANAR PCB MAGNETIC COMPONENTS 7487

TABLE I
INDUCTOR VERIFICATION DESIGNS

TABLE II
TRANSFORMER VERIFICATION DESIGNS

Fig. 7. Comparison of the temperature distribution of transformer T-1 from
Table II obtained with (a) the proposed model and (b) COMSOL simulation,
for natural convection and AC excitation. (c) Absolute and relative error respect
to simulation for transformer T-1 for a power loss sweep varying both core and
winding losses between 0 and 4.2 W, and applying natural convection and forced
air convection at 3 m/s.

An example of the results can be observed in Figs. 7 and
8. In Fig. 7, the temperature profile obtained with the thermal
model for one of the tested specimens is compared to the
results obtained with a FE simulation, showing good agreement.

In Fig. 7(c), the error of the model taking the simulation as
reference is plotted for a set of simulations varying the losses in
both the core and the winding. This parametric analysis has been
performed for both natural and forced air convection, plotting
the results together in the graph. The maximum absolute error
is 1.4 ◦C and most results are contained within a ±5% range of
relative error.

Fig. 8 illustrates the comparison between the proposed model
results and experimental measurement for one of the tested
designs. For a complete validation of the model, the results have
been analyzed in terms of accuracy and time consumption. This
study has revealed the benefits and limitations of the model,
which are detailed in this section.

A. Accuracy Analysis

For each of the experiments, at least one measurement of the
core and one measurement of the PCB (typically the hot spots)
have been compared to the calculated values. The obtained errors
for the dc and ac tests are shown in Figs. 9 and 10, respectively.
The absolute error is the difference between calculated and
measured temperature, while the relative error is the percentage
difference, referred to the measured temperature increase with
respect to the ambient temperature.

The maximum error obtained in the dc tests is 4 ◦C, being
approximately a 92% of the results in the sample contained
within ± 3.2 ◦C of absolute error. In the ac tests, this 92% range
expands to ± 3.5 ◦C of absolute error or ± 12% of relative
error. This detriment in accuracy was expected due to the added
uncertainty in the loss calculation. As the losses in the device
are not measured, but calculated or simulated with FE software,
there is an added error due to the impact of eddy currents in the
experiments with ac excitation.

On the other hand, the accuracy of the devices used for mea-
surement must be taken into account. For the measurement of
the temperatures, a thermal camera Fluke Ti-400 with accuracy
of± 2 ◦C (or± 2% of the measurement, whichever is the largest)
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Fig. 8. Example of the results obtained with the thermal model for the transformer T-5 from Table II with natural convection and AC excitation. Temperature
distribution obtained with the model for (a) top core layer; (b) top PCB layer; (c) top view of the transformer; and (d) measured temperature with thermal camera.

Fig. 9. Errors obtained in the experiments with DC excitation, respect to
total loss in the device. The horizontal lines represent the error limits where
approximately 92% of the results are contained.

TABLE III
COMPARISON WITH EXISTING MODELS

and thermal contacts with accuracy of ± 0.2 ◦C have been used.
For the air flow speed, an anemometer RS-8880 with accuracy
of ± (0.01 m/s + 5% reading) is used. Regarding the electrical
measurement equipment, the current probes RT-ZC20B have an
attenuation of 10:1 with attenuation error of 2% of the measure-
ment, and the voltage probes RT-ZD01 have an attenuation of
100:1 with attenuation error of 2%.

The presented model has been validated with a large sample
of designs and operating conditions, which is not found in the lit-
erature for other existing models. A comparison among models
documented in the state of the art is shown in Table III in terms of

Fig. 10. Errors obtained in the experiments with AC excitation, respect to
total loss in the device and frequency of the excitation. The horizontal lines
represent the error limits where approximately 92% of the results are contained.
(a) Absolute error in degrees. (b) Relative error in percentage of the measured
temperature increment.

accuracy, according to the published results. Considering both
absolute and relative errors, the proposed model predicts the
temperature better than state-of the art thermal networks, even
the ones using measurement or simulation-based parameters.
The model in [9] claims superior accuracy, although results are
shown for only one specific case, comparison is made with FE
and time consumption is not evaluated.
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Fig. 11. Limitation of the “loss uniformity per layer” assumption (all scales in ◦C). Inductors I-1 and I-7 from Table I without core are compared under excitation
of 2 A at 130 and 140 kHz, respectively. The tests are performed with natural convection at 27 ◦C ambient temperature. Inductor I-1: (a) thermal camera;
(b) proposed model; Inductor I-7: (c) thermal camera; (d) proposed model; (e) proposed model with added differentiation of losses per turn.

B. Limitations of the Model

The losses calculation described in Section III has been
successfully applied to the thermal model for the transformer
designs. However, in the case of inductors, the impact of the gap
and the orthogonal magnetic fields in the spaces between core
and winding when the separation between them is too large,
lead to deviation from the errors shown in Fig. 10. For this
reason, in this work, the losses applied to the inductor models are
obtained from FE simulation, instead of analytical calculation,
since the main goal of this article is the thermal model itself and
its validation. In further research, the effect of the air gap will
be included in the analytical calculation to avoid the need for
FE simulations.

The results of the experiments also revealed that the loss
uniformity assumption presented in Section I cannot be always
applied, as its accuracy strongly depends on the winding config-
uration. In fact, the results exceeding the error ranges depicted
in Fig. 10 are caused by this assumption. To illustrate this
phenomenon, Fig. 11 depicts two of the inductor designs excited
at similar frequencies and the temperature distribution obtained
with thermal camera and with the model for the top layer of the
PCB. The core has been removed for more clarity in the picture.

While the temperature rise in the case of Fig. 11(a) is accu-
rately predicted by the model, the one in Fig. 11(c) shows a much
less uniform profile in reality than in the prediction, leading to
an error of 4 ◦C in the hot spot. If the losses are differentiated
not only per layer, but per turn, the temperature distribution of
Fig. 11(e) results, which is more similar to the real one, having
an error of less than 1 ◦C in the hot spot.

The differentiation of losses per turn cannot be performed
using the loss model described in Section III, since the magnetic
field inside each layer is considered uniform. Therefore, the loss
calculation must be improved for cases where the magnetic field
distribution inside the layer is highly nonuniform.

C. Time Consumption

The proposed thermal model presents an accuracy close to
FE simulations with purely analytical calculations, with the

TABLE IV
COMPUTATION TIME COMPARISON

main limitation of achieving an accurate calculation of losses.
However, the computation time is shorter than in simulation.

To perform a speed comparison between the model and FE
simulation, the total time consumption divided by the number of
nodes has been evaluated. The results are presented in Table IV.
In this table, two types of simulation are considered. The more
accurate simulation computes the fluid dynamics in the air do-
main. The faster simulation uses correlations to evaluate the heat
transfer coefficient at the surfaces. The version 5.6 of COMSOL
Multiphysics has been used for the FE simulations.

The number of nodes of the analyzed cases varies between
3·104 and 105 for the solid parts (up to 4.5·105 including the
air domain) and has been kept similar between model and
simulation for both accuracy and time comparison. The results
show that the proposed model is approximately 13 times faster
than the simplified simulation.

VI. CONCLUSION

A thermal model has been proposed, which is suitable for
PCB magnetic component optimization. The model accuracy is
comparable to finite element software, while the computation
time is reduced to approximately 13 times the time spent in
FE simulation. Moreover, the model consists of iterative assem-
bling and solution of a matrix system, which makes possible to
implement it in open source software tools.

The fundamentals and parameters needed to build the model
have been presented, as well as the solution. The basic model
comprises the loss calculation and an iterative process to calcu-
late the temperature rise. To improve the accuracy, the depen-
dence of the materials properties with temperature is considered
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by adding another iteration loop to link temperature and loss
calculation.

Design examples have been built and tested to verify the
proposed model for air cooling conditions, both with natural
and forced flow. The validation has been done with 17 samples
and 67 tests, which represents an intensive testing campaign
compared to the published results in literature. Tests have been
conducted with dc and ac excitation, revealing the limitations of
the model when eddy currents appear.

The model is specifically developed for PCB magnetic com-
ponents, due to simplifications performed based on the assump-
tions of Section I. The concept, however, can be applied to other
types of magnetic components, with the expense of either higher
complexity or lower accuracy. It can also be used to analyze the
thermal behavior of other PCB components.

The model will be used in future research work to investigate
the limitations of PCB magnetic components for high power
applications. The benefits of integrating the thermal model in
design optimization processes will be explored. The limitations
of the model in terms of loss calculation will also be addressed
in future research.
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