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A B S T R A C T

Photovoltaic modules are typically not optimized for conditions of partial shading. One proposed approach
to improve their shade tolerance is to implement maximum power point tracking on different strings of cells
within the modules. However, this approach increases the demand for sub-module power converters, which
poses a challenge. To address this, researchers have suggested integrating power electronic components directly
into the module laminate, or even within the solar cells themselves. Despite these advancements, limited
research has focused on integrating the most bulky component: the inductor. This study investigates through
simulations whether planar air-core inductors can yield the required properties to support sub-module power
conversion. The simulated inductors have an area that is as large as an industrial crystalline silicon solar cell.
First, it is shown how the interplay between the different design parameters, such as track spacing, track width,
number of turns, and middle gap size, plays an important role in the inductor properties at high frequency.
The coil geometries that are simulated yield inductance values between 0.3 𝜇H and 3.2 𝜇H. Subsequently,
the feasibility of implementing these inductors into an exemplary DC–DC boost converter is evaluated. To
adequately reduce the ripple current, a significant switching frequency of at least several hundred kHz is
required. Additionally, at 500 kHz, an inductor thickness of around 0.5 mm is necessary to keep the ohmic
losses in the inductor below 2% of the total generated power in standard test conditions. While demonstrating
feasible combinations, these findings also present significant challenges.
1. Introduction

The photovoltaic (PV) industry mainly produces crystalline silicon
(c-Si) based modules with standardized designs, aimed at producing
cheap power under uniform irradiation (Ziar et al., 2021). However,
such modules do not perform optimally in locations where partial
shading is common, such as in urban environments. Here, the adop-
tion of so-called shade-tolerant PV modules has the potential to boost
energy yield by up to 11%–30% (Olalla et al., 2014; MacAlpine et al.,
2013; Calcabrini et al., 2021). To increase the shade tolerance of PV
modules, one effective method is the implementation of maximum
power point tracking (MPPT) at the sub-module level (Deline et al.,
2014; Golroodbari et al., 2018; Stauth et al., 2012; Olalla et al., 2013;
Leuenberger and Biela, 2017). This approach allows the operating
point of groups of solar cells to be adapted without affecting the
operation of the other cells in the PV module. Implementing sub-
module MPPT can not only increase energy yield but may also extend
the lifetime of the PV system by up to 10 years (Olalla et al., 2017).
Although sub-module power electronics (PE) can be integrated into
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the junction box (Pilawa-Podgurski and Perreault, 2013), the increased
demand for sub-module power converters poses a challenge. To address
this challenge and facilitate the design of PV modules with a higher
granularity of sub-module power converters, integrating (part of) the
power electronic components into or onto the c-Si solar cells could
be advantageous (van Nijen et al., 2022). Despite its challenges, such
as thermal management and repairability, this approach also paves
the way for the development of smaller sub-module converters with
fewer power electronic components. One example of this integration
involves incorporating transistors into the c-Si solar cells (van Ni-
jen et al., 2024; Imtiaz et al., 2013; Imtiaz and Khan, 2013, 2012).
Another example is to embed electrolytic plate-plate capacitors into
photovoltaic cell laminates (Van Dyck et al., 2024). Additionally, c-
Si solar cells exhibit notable intrinsic capacitive effects, which can
be exploited in different applications (van Nijen et al., 2023, 2025;
Chang et al., 2015; Huang et al., 2016). Furthermore, while inductors
often emerge as the largest and most expensive components in power
converters (Lai and Nelson, 2007; Burger and Kranzer, 2009; Ki and
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Ma, 2001; Sullivan and Sanders, 1996), the possibility of removing
them from sub-module power converters and integrating them directly
into the PV laminate remains relatively unexplored. Nevertheless, it is
important to acknowledge several relevant publications. For instance,
the design of small-area planar inductors has been explored (Dhahri
et al., 2016), with implementation into a 6 MHz DC–DC converter for
V applications reported in a later publication (Dhahri et al., 2017).

Their approach is similar to the fabrication of thin-film inductors in in-
tegrated circuits, typically created by forming spiral-like metallization
atterns on silicon wafers (Sze, 2002). Additionally, amorphous silicon

solar cells have been integrated onto flexible sheets along with wireless
power delivery circuits that include thin-film inductors (Rieutort-Louis
et al., 2014). However, these publications typically report lower current
levels than those produced by industrial photovoltaic cells. For appli-
cations involving higher power levels, publications involving planar
inductors can be found within the field of wireless power transfer.
There, planar inductor structures with outer diameters ranging from
10 cm to 20 cm have been reported, exhibiting inductance values
between 3.13 𝜇H and 80 𝜇H (Li and Costinett, 2018; Acero et al., 2013;
Varghese et al., 2017; Low et al., 2009, 2010; Casanova et al., 2009).
However, due to their relatively high parasitic resistances, typically in
the hundreds of milliohms, these coils are generally not suitable for
direct use in photovoltaic sub-module converters. More relevant to the
topic of this paper, previous work explored the integration of large-
area inductors onto c-Si solar cells, as well as the route of enhancing
olar cell self-inductance by redesigning the metallization pattern (van
ijen et al., 2022). While the study concluded that solar cells provide

sufficient area for integrating planar inductors, detailed descriptions
f the optimal inductor design for such applications are still lacking.
urthermore, studies have demonstrated that employing planar induc-
ors in PV module-integrated inverters can facilitate the development
f wireless PV modules (Carigiet, 2022; Carigiet et al., 2018, 2019).

Finally, it is worth mentioning a study where a dual-layer inductor with
a volume of 12 mm × 12 mm × 10 mm is optimized for implementation
into a DC–DC boost converter for PV applications (Benzidane et al.,
2022).

Before discussing the integration of inductors into PV modules,
t is important to consider how the required inductor properties are
nfluenced by the power converter. In DC–DC converters, minimizing
ipple current in the inductor is preferable, but the required induc-
ance to achieve this is frequency-dependent (Ayop and Tan, 2018).

Specifically, increasing the switching frequency reduces the required
inductance, which in turn decreases the cost and size of the induc-
or (Wang et al., 2020). Here, it is worth noting that every conductor

exhibits at least some inductance. Thus, pushing this concept to its
imit involves exploiting the natural inductance exhibited by solar cells
t the input of a converter to the point where a physical inductor
ecomes unnecessary (Huang et al., 2016). Switch-mode converters

that normally have their inductor at the input of the converter could be
suitable candidates for this concept. However, to achieve a sufficiently
low current ripple with this approach, a switching frequency of at least
everal MHz may be required, as demonstrated in the calculation for
n exemplary boost converter shown in Appendix A. For a switch-mode
onverter, this switching frequency can lead to high losses. In general,
t must be acknowledged that increasing the switching frequency also
omes with the disadvantages of (1) higher switching power losses,
2) increased inductor core losses, and (3) heightened electromagnetic
nterference.

An intermediate approach in between conventional sub-module
converters and high-frequency converters that leverage the solar-cell
self-inductance could be to integrate inductors at a sub-module level. By
selecting a planar inductor structure, they could potentially be embed-
ded within the PV laminate. For instance, this integration could be done
by directly integrating the inductor on the back of a PV cell (van Nijen
t al., 2022). Alternatively, other module-integration methods, such
 t

83 
as combinations with three-dimensional-woven interconnection fab-
rics (Van Dyck et al., 2021) or conductive interconnection foils (Lamers
et al., 2012), could be worth exploring. Successfully integrating in-
uctors in such a way can enhance the inductance of a solar-cell

string when connected in series. Subsequently, this can be leveraged
in combination with converter topologies that incorporate an inductor
at the input. Additionally, the planar inductors offer flexibility in
their connection configurations, allowing the inductance to be used
in converter topologies with inductors located in other parts of the
ircuit. However, to assess the integration feasibility, it is crucial to
nderstand the design requirements of the inductor itself. A common
pproach to enhance the inductance of an inductor involves using a
erromagnetic core made of material with large magnetic permeability.
his study, however, investigates planar inductors without such a core.
ince the common PV-module materials such as silicon, encapsulants,
lass, copper, aluminum etc., all have a relative magnetic permeability
lose to one – similar to the magnetic permeability of vacuum and
ir – this design is referred to as air-core inductors. Specifically, we
xplore how the planar air-core inductor design can be adjusted to
chieve the desired inductor performance and evaluate the feasibility
f integrating these inductors into a sub-module-level power converter.
ll inductors in this study use copper as their conductor material, which

heir area fixed at 12.5 cm × 12.5 cm, which is the maximum available
rea for a 5-inch solar cell (Sunpower, 2022). On the one hand, air-

core inductors offer simple manufacturing and eliminate core losses
during operation. On the other hand, achieving sufficiently high induc-
tance can be challenging. This necessitates operation at relatively high
switching frequency, which can adversely affect inductor performance.
While high-frequency effects could be partly mitigated by using Litz
wires (Wojda and Kazimierczuk, 2018), this contradicts the goal of
implified manufacturing. Therefore, this study evaluates the potential
f the more simple planar inductor designs, despite the high-frequency
ffects.

This study employs a finite element model, which is introduced in
Section 2. This is followed by an analysis of how various inductor de-
ign parameters affect the performance in Section 3. The feasibility for

integration into sub-module power converters is discussed in Section 4,
followed by the conclusions in Section 5.

2. Simulation method

Fig. 1(a) shows an example of how the inductor can be integrated
at a sub-module level (van Nijen et al., 2022). In this configuration,
the inner terminal of the planar inductor is connected to the metal
back-side of a PV cell, while the outer terminal can be connected to
an external circuit. Apart from this internal connection, the induc-
tor is separated from the PV cell by an electrically insulating layer,
which could be either encapsulant material or a dielectric layer. The
inductance of a planar inductor is the sum of the self-inductances of
the individual metal segments and the mutual inductances between
them (Greenhouse, 1974; Shaltout and Gregori, 2020). Although an-
alytical expressions for calculating the inductance of planar inductors
have been reported (Mohan et al., 1999), it is important to note that
these expressions are only valid for specific ranges of coil geometries
and frequency ranges. For instance, in practical applications such as
power converters, the inductor is subjected to a ripple current at
a certain frequency. At sufficiently high frequencies, this introduces
phenomena such as the skin effect and proximity effect. Skin effect
is the phenomenon where alternating current tends to concentrate
near the surface of the conductor at high frequencies (Nguyen and
Fortin Blanchette, 2020). This occurs due to the eddy currents that are
nduced by the time-varying magnetic field. Additionally, the proximity
ffect is caused by magnetic interaction between different segments
f the inductor track. The time-varying magnetic fields generated by
eighboring segments further modify the current distribution, leading
o a higher current density at the edges of the track (Cao et al., 2003).
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Fig. 1. (a) Example configuration of how a planar inductor could be integrated at a sub-module level. Whereas the inner terminal of the inductor is connected to the back-side of
a PV cell, the rest is separated by an electrically insulating layer. Moreover, (b) shows the geometry of an example three-turn inductor structure as modeled in this study. Various
design parameters are indicated; the outer diameter (𝑑), internal diameter or middle gap (𝑔), track spacing (𝑠), track width (𝑤), and thickness (𝑡).
Due to these high-frequency effects, the resistance and inductance
values may differ under direct current (DC) and alternating current
(AC) conditions, both of which are often relevant for implementation
in a power converter. To analyze the inductance and resistance for
planar inductor structures such as the one in Fig. 1(a) while accounting
for high-frequency effects, the planar inductors in this study are ana-
lyzed using the finite element method simulator COMSOL (COMSOL
Group, 2022). Specifically, a three-dimensional inductor geometry, as
depicted in Fig. 1b, is investigated. The analysis is performed using
the magnetic fields interface, which solves Maxwell’s equations. This
solution is computed in the frequency domain, meaning it is based on
a sinusoidal current excitation at a fixed frequency. By calculating the
magnetic field and induced current distributions within the inductor,
the simulation provides both an inductance value and a resistance value
for each tested geometry. The details and equations supporting these
computations are outlined in the AC/DC module user’s guide of COM-
SOL (COMSOL, 2022). In the simulated geometries, the inner and outer
terminals of the inductor are connected to form a closed-loop design to
comply with the current conservation inherent in Ampère’s law. While
not shown in Fig. 1b, the inductor geometry is positioned within a
spherical air domain, with an infinite element domain at the outer
boundary to emulate a domain of infinite extent. This configuration
ensures accurate simulation of the magnetic field lines, resulting in
precise inductance values. The inductor itself is made of copper with a
conductivity of 5.998 × 107 S/m and the temperature is set at 20 ◦C.
It is important to mention that since the coil is surrounded by air,
parasitic phenomena that may occur between the coil and substrate in
the eventual application are not considered in this analysis. Various coil
design parameters, as indicated in Fig. 1b, are examined in this study.
These parameters include the internal diameter or middle gap (𝑔), track
spacing (𝑠), track width (𝑤), and thickness (𝑡). The outer diameter (𝑑)
is fixed at 12.5 cm to optimize the inductor design while ensuring it
fits within the area of an industrial solar cell.

3. Inductor design results

This section describes how the inductor properties change with
design and frequency variations, focusing primarily on AC inductance
(𝐿𝐴𝐶 ) and AC resistance (𝑅𝐴𝐶 ). At relatively low frequencies below
1 kHz, the high-frequency effects in the studied inductor geometries
diminish, causing the 1 Hz values to converge to the DC inductance
(𝐿𝐷 𝐶 ) and DC resistance (𝑅𝐷 𝐶 ).

3.1. Spacing/width variation

The effect of track spacing (𝑠) on inductor performance, with 𝑑 and
𝑔 held constant, is illustrated in Fig. 2. Notably, an increase in track
spacing corresponds to a decrease in 𝑤. The results are for a 4-turn coil
with a gap of 4 cm and a thickness of 0.5 mm.

Fig. 2(a) demonstrates that at low frequencies, minimizing 𝑠 while
maximizing 𝑤 leads to the lowest 𝑅 values. This is as expected,
𝐴𝐶

84 
Fig. 2. The (a) 𝑅𝐴𝐶 and (b) 𝐿𝐴𝐶 of a planar inductor are plotted as a function of
spacing (primary horizontal axis) and width (secondary horizontal axis). The inductor
structure consists of 4 turns, with an outer diameter 𝑑 of 12.5 cm, a middle gap 𝑔 of
4 cm, and a thickness 𝑡 of 0.5 mm.

since a high 𝑤 maximizes the cross-section of the track. However,
maximizing 𝑤 and minimizing 𝑠 does not necessarily yield the lowest
𝑅𝐴𝐶 values at high frequencies. For air-core inductors, it is known that
the resistance may increase at high frequency due to the skin effect and
the proximity effect (Kolahian et al., 2024). Which of these two mech-
anisms dominates the increase in resistance depends on the inductor
geometry. For instance, at frequencies of 50 kHz and higher, Fig. 2(a)
shows that there is significant increase in 𝑅𝐴𝐶 when 𝑠 decreases below
2 mm. This shows that a minimum spacing is required to limit the
proximity effect. Conversely, increasing 𝑠 beyond approximately 6 mm
also leads to a higher 𝑅𝐴𝐶 , attributed to the increase in DC wire
resistance due to reduced 𝑤. Thus, for frequencies above 50 kHz, 𝑅𝐴𝐶
reaches its minimum around a spacing of 4–6 mm. However, even at
this spacing, there is still a notable increase in 𝑅𝐴𝐶 with increasing
frequency, which can presumably be mostly attributed to the skin
effect in the inductor’s track. The occurrence of the skin effect at high
frequencies is an inherent limitation of the chosen design. While out
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Fig. 3. The (a) 𝑅𝐴𝐶 and (b) 𝐿𝐴𝐶 of a planar inductor are plotted as a function of
gap size (primary horizontal axis) and width (secondary horizontal axis). The inductor
structure consists of 4 turns, with an outer diameter 𝑑 of 12.5 cm, a spacing 𝑠 of 5 mm,
and a thickness 𝑡 of 0.5 mm.

of the scope of this study, a discussion on the use of alternative track
structures such as multitrack, in-layer twisted, or Litz structures is
reported in Kolahian et al. (2024).

In Fig. 2(b), it is evident that for both low and high frequency, an
increase in 𝑠 is accompanied by an increase in 𝐿𝐴𝐶 . At low frequencies,
this is mostly related to the fact that an increase in 𝑠 corresponds to a
decrease in 𝑤. Previous work has shown that structures with smaller
cross-sections tend to exhibit higher inductance values (Kolahian et al.,
2024). The reason behind this phenomenon is that the magnetic field
becomes more concentrated around the conductor, resulting in higher
self-inductance (Rosa, 1908). Indeed, through additional COMSOL sim-
ulations for a straight wire we have confirmed that the relative increase
in 𝐿𝐴𝐶 as 𝑤 decreases is similar (not shown). Furthermore, Fig. 2(b)
shows that higher frequencies reduce 𝐿𝐴𝐶 for all tested geometries. This
is related to the well-established phenomenon that the self-inductance
of wires decreases as the current distribution over their cross-section
changes with increasing frequencies (Coffin, 1906). It is important to
note that the decrease in 𝐿𝐴𝐶 with frequency is more pronounced for
low 𝑠 values than for high 𝑠 values. At higher 𝑠 values, the change
is primarily due to the skin effect, while at lower 𝑠 values, both the
skin effect and proximity effect contribute to the alteration in current
distribution.

The interplay between 𝑠 and 𝑤 significantly influences the qual-
ity factor of the inductor. The quality factor 𝑄 is defined as 𝑄 =
2𝜋 𝑓 𝐿𝐴𝐶∕𝑅𝐴𝐶 , with 𝑓 representing the frequency. For frequencies be-
tween 10 kHz and 1 MHz, the highest 𝑄 value is observed within
the spacing range of 4 mm to 6 mm. However, it must be noted that
the highest 𝑄 does not necessarily correspond to the optimal coil for
integration into a power converter, as 𝑅𝐷 𝐶 can also play an important
role.
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3.2. Gap/width variation

The effect of the middle gap (𝑔) on the inductor performance is
shown in Fig. 3. The results are for a 4-turn coil with a spacing of 5 mm
and a thickness of 0.5 mm. Since 𝑑 and 𝑠 are held constant, an increase
in 𝑔 results in a decrease in 𝑤. Additionally, a larger 𝑔 results in an
increase in the total track length.

Fig. 3(a) illustrates that a higher 𝑔 correlates with an increase in
𝑅𝐴𝐶 across all tested frequencies. At low frequencies, this effect is due
to both the smaller cross-section of the track and the increased total
track length. However, at higher frequencies, the relative increase in
𝑅𝐴𝐶 due to an increase in 𝑔 becomes smaller. For instance, at 1 Hz the
𝑅𝐴𝐶 increases a factor ∼5.1 when 𝑔 is increased from 1 cm to 7 cm,
whereas this is only a factor ∼2.2 for 1 MHz. This difference is mainly
attributed to the skin effect, which causes the current to concentrate at
the edges of the wire at high frequencies. Consequently, a reduction in
𝑤 has a diminished impact on the 𝑅𝐴𝐶 at high frequency.

In Fig. 3(b), it is evident that increasing 𝑔 significantly increases
the 𝐿𝐴𝐶 across all tested frequencies, which aligns with expecta-
tions (Kolahian et al., 2024). This behavior can be understood by
considering that inductors with larger 𝑔 have their inner turns posi-
tioned further from the center of the spiral. Consequently, these turns
contribute more positive mutual inductance and less negative mutual
inductance (Mohan et al., 1999). More theoretical background on the
positive and negative mutual inductances within different segments of a
planar inductor has been reported by Greenhouse (Greenhouse, 1974).
Additionally, the increase in 𝐿𝐴𝐶 with higher 𝑔 is partly attributed to
the longer track length and the reduced 𝑤.

For low frequencies of 1 Hz and 1 kHz, the quality factor 𝑄 reaches
its peak when the gap is minimized to 1 cm. However, as the frequency
increases to 50 kHz and beyond, the optimal range for 𝑄 shifts to
a range where the 𝑔 value lies between 4 cm and 7 cm. A slightly
declining trend in 𝑄 is observed beyond 5.5 cm.

3.3. Number of turns vs gap/width variation

In the preceding section, it was demonstrated that increasing the
middle gap (𝑔) significantly contributes to enhancing inductance. How-
ever, another viable method for boosting inductance is by increasing
the number of turns (𝑁). Indeed, it is expected from literature that the
inductance increases quadratically with the number of turns when 𝑑
and 𝑔 are held constant (Mohan et al., 1999). This raises the question
of whether a high 𝑔 or a high 𝑁 yields the best inductor performance,
characterized by a high inductance and low resistance. Fig. 4 presents
𝐿𝐴𝐶 at 500 kHz plotted as a function of (a) 𝑅𝐷 𝐶 and (b) of 𝑅𝐴𝐶 . The
data in Fig. 4 are obtained for coils with varying number of turns
and gap sizes. Optimal performance would position the data in the
top left quadrant of these figures. However, it is evident from both
Fig. 4(a) and Fig. 4(b) that a trade-off exists in the design. While
𝐿𝐴𝐶 can be increased by raising either 𝑁 or 𝑔, this inevitably leads
to higher 𝑅𝐷 𝐶 and 𝑅𝐴𝐶 values. The changes in 𝑅𝐷 𝐶 and 𝑅𝐴𝐶 result
from the combined effects of variations in the total track length and
the track’s width. Such trade-offs between inductance and resistance
are commonly encountered in inductor design (Shaltout and Gregori,
2020). It is worth noting that the inductor thickness (𝑡) is a parameter
that can still be varied, exerting limited influence on the inductance
but affecting the resistance. This means that by varying 𝑡, the data
in Fig. 4 can be shifted horizontally, to a certain extent allowing for
the adjustment of the resistance to the desired value. However, in this
work a maximum 𝑡 of 1 mm is used, since coils with higher 𝑡 consume
more material, are more difficult to manufacture, and can pose practical
challenges for integration into a PV module.

4. PV module integration feasibility

Now that the inductor design considerations have been investigated,
the next step is to assess whether these coils possess the desired
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Fig. 4. 𝐿𝐴𝐶 at 500 kHz plotted as a function of (a) 𝑅𝐷 𝐶 and (b) of 𝑅𝐴𝐶 . The data are
obtained from inductor geometries with varying number of turns and varying gap size,
all with 𝑑 = 12.5 cm, 𝑠 = 5 mm, and 𝑡 = 0.5 mm. For 3 turns, 𝑔 is varied in steps of
0.5 cm between 1 cm and 8.5 cm. For 4 turns, 𝑔 is varied in steps of 0.5 cm between
1 cm and 7 cm. For 5 turns, 𝑔 is varied in steps of 0.5 cm between 1 cm and 5.5 cm.

Fig. 5. String of series-connected solar cells at the input of a DC–DC boost converter.
The inductor to be replaced by a planar inductor is highlighted. The capacitors,
inductor, MOSFET, diode, and resistive load are represented by C, L, Q, D, and R,
respectively.

properties for integration into a sub-module power converter. For this
analysis, we assume that a string of series-connected solar cells is
connected at the input of a DC–DC boost converter, which is a basic
converter topology employed for MPPT in PV applications (Ayop and
Tan, 2018). The schematic of this approach, with the inductor to be
replaced by a planar inductor highlighted, is presented in Fig. 5.

In the DC–DC boost converter from Fig. 5, the input capacitor 𝐶1
and the inductor 𝐿 ensure that the PV cell string operates near its
maximum power point. The inductor 𝐿 reduces current ripple, while
the capacitor 𝐶1 minimizes voltage ripple. It is important to note that
these components can partially compensate for each other; for instance,
a lower capacitance may be offset by a higher inductance, and vice
versa (Ayop and Tan, 2018). However, for the feasibility analysis in this
section, certain assumptions are made. Specifically, it is assumed that
the inductor must suppress the ripple current to a peak-to-peak value
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lower than 20% of the DC input current at the maximum power point
(MPP) under Standard Test Conditions (STC), with a duty cycle of 0.5.
Additionally, it is assumed that the input capacitor 𝐶1 minimizes the
voltage ripple to the desired level. This may be achieved by leveraging
the solar-cell self-capacitance (van Nijen et al., 2022; Carigiet, 2022), or
through the integration of a capacitor within the PV module (Van Dyck
et al., 2024). It is shown in Appendix A that under these conditions, a
switching frequency of approximately 4 MHz is required when only the
self-inductance of a PV cell string is leveraged. In the present section,
we investigate the feasibility of lowering this switching frequency to
250 kHz and 500 kHz by implementing planar air-core inductors. It
is important to note that the number of solar cells in the string at
the converter’s input can vary, ranging from a single-cell string to
a string with multiple cells. The length of the string has important
implications for the required inductor properties. On the one hand,
in short strings where the voltage is relatively low, the inductor only
requires limited inductance to reduce the ripple current to the desired
level. This is advantageous for the feasibility, as it was explained in
Section 3.3 that a lower ohmic resistance can be achieved in inductors
that require a lower inductance. On the other hand, for longer strings
the inductor can be permitted to have a higher resistance. This is
because the power losses in the inductor depend solely on the current
and do not depend on the voltage. Consequently, to achieve low power
losses in the inductor as a fraction of the generated power, a higher
ohmic resistance is acceptable when the inductor is used with a longer
solar-cell string. Considering these factors, the feasibility analysis is
performed for different string lengths by following these steps:

1. A range of different inductor geometries is simulated in COMSOL
at 1 Hz (representing DC conditions), 250 kHz, and 500 kHz.
The inductor variations comprise different numbers of turns (3,
4, 5), gap sizes (1 cm - 8 cm), spacings (1 mm, 3 mm, 5 mm)
and thicknesses (0.25 mm, 0.5 mm, 1 mm). For the different
combinations of these parameters, we obtain the 𝑅𝐷 𝐶 , 𝐿𝐷 𝐶 ,
𝑅𝐴𝐶 , and 𝐿𝐴𝐶 . The resulting 𝐿𝐴𝐶 values from these different
inductor geometries range between 0.3 𝜇H and 3.2 𝜇H.

2. The solar-cell MPP parameters under STC are set at a 𝑉𝑚𝑝𝑝 of
0.63 V and an 𝐼𝑚𝑝𝑝 of 6 A. Using Eq. (A.1), we can evaluate for
different solar-cell string lengths and frequencies what minimum
inductance is required to suppress the ripple current below 20%.
Using these results, we categorize the inductors based on their
𝐿𝐴𝐶 values for implementation into different string lengths at
both 250 kHz and 500 kHz. Here, the self-inductance of the
solar-cell string is not included in this analysis and we assume
one inductor per string. Moreover, it is assumed that the inductor
is implemented with the highest possible solar-cell string length,
as long as it is able to suppress the ripple current below 20% at
STC.

3. For each combination of an inductor and a given solar-cell string,
we can calculate the ohmic losses in the inductor. The ohmic
losses are based on the DC current, as well as on the AC ripple
current. The method for calculating power losses in the inductor
is described in Appendix B. Finally, we express the inductor
ohmic losses as a fraction of power generated in the solar-cell
string.

Fig. 6 presents the results of the feasibility analysis, showing the
relative ohmic inductor losses as a fraction of the power generated
in the solar-cell string for various string lengths. Fig. 6(a) shows the
analysis at 250 kHz, whereas 6(b) illustrates the analysis at 500 kHz.

First of all, it follows from Fig. 6 that there is potential to integrate
planar air-core inductors at the sub-module level to facilitate embedded
power electronics. However, when comparing Fig. 6(a) and 6(b), it is
evident that the lowest relative losses in the inductor are around 2% at
250 kHz, whereas they decrease to around 1% at 500 kHz. This occurs
because as the frequency increases, a given inductor geometry compat-
ible with a higher string length, thereby reducing the relative losses in
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Fig. 6. Feasibility for inductor integration at (a) 250 kHz and (b) 500 kHz. All inductors have 𝑑 = 12.5 cm, but comprise different numbers of turns (3, 4, 5), gap sizes (1 cm –
8 cm), spacings (1 mm, 3 mm, 5 mm) and thicknesses (0.25 mm, 0.50 mm, 1.0 mm). The losses are calculated under the assumption that the solar cell (string) is operating at
the maximum power point in STC.
the inductor. This shows the importance of switching frequency as well
as the number of series-connected cells for the feasibility assessment.
It is worth noting that in both Fig. 6(a) and 6(b), the strings with the
highest number of cells have only a few data points. This is because
only a few of the simulated geometries have sufficient inductance
to suppress the ripple to the desired level at these combinations of
frequency and input voltage.

Moreover, the scattered data throughout the plots indicate that
optimizing inductor parameters, such as the number of turns, spacing,
and gap size, plays a crucial role in achieving the optimal design.
Generally, it appears that inductors with a relatively low spacing of
1 mm achieve the lowest relative losses. This is because the DC losses
are higher than the AC ohmic losses; typically, the AC losses only
constitute a few percent of the total ohmic losses in the inductor.
Additionally, the thickness 𝑡 is a key factor in achieving the desired
level of ohmic losses. For instance, at 500 kHz the lowest relative losses
are approximately 4% at 0.25 mm thickness, 2% at 0.50 mm thickness,
and 1% at 1.0 mm thickness. It is also worth noting that for both
250 kHz and 500 kHz, the lowest relative inductor loss remains fairly
constant across different string lengths.

However, no conclusive statements can be made about whether
these loss factors are ’good enough.’ Adjustments to certain assumptions
can significantly alter the data in Fig. 6. For instance, operating at
higher frequencies or allowing a higher ripple current level would
permit a lower minimum inductance. This would enable the use of an
inductor with fewer turns and lower thickness, or the same inductor
for a longer string length. Moreover, it is ultimately up to the power
electronics designer to determine the desired converter efficiency, size,
and cost. Nevertheless, this feasibility analysis provides a general in-
dication of the potential role that planar air-core inductors can play
in sub-module power converters. Overall, this study demonstrates that
planar air-core inductors have the potential to be implemented into
PV modules, enabling the removal of the inductor from the power
converter. However, it is important to acknowledge that in most cases
this requires that (1) the converter has a high switching frequency of
multiple hundreds of kHz and (2) the inductor thickness is at least
multiple hundreds of micrometer. Although the focus of this study
is not on manufacturing, it must be noted that the required induc-
tor thickness range surpasses the capabilities of screen printing, the
primary technique employed by the PV industry for solar cell metal-
lization (Tepner and Lorenz, 2023). Hence, alternative manufacturing
methods should be explored for the planar inductor, such as cutting or
etching copper foil (Ascari et al., 2023), or utilizing a form of additive
manufacturing (Vafadar et al., 2021; Yan et al., 2016). These conditions
present significant challenges for this solution to be widely adopted
in the PV market. Nevertheless, this study can serve as a foundation
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for further research. For instance, it could be worthwhile to study the
implementation of planar inductors in combination with leveraging the
self-inductance of solar cells, thereby reducing the minimum induc-
tance requirements from the inductor. Additionally, the high-frequency
properties of the inductor could be enhanced by using alternative track
structures, such as multitrack or Litz wire designs (Kolahian et al.,
2024). Moreover, multiple inductors per string could be considered.
Another approach could involve increasing inductance by utilizing
planar inductors with ferromagnetic core material, potentially reducing
the required number of turns and thickness. Furthermore, practical
issues must be addressed if feasible combinations are identified. For
example, thermal management and electromagnetic interference will
need to be carefully considered in real-world applications.

5. Conclusion

In this study, it was investigated whether copper planar air-core
inductors with an area of 12.5 cm × 12.5 cm can yield the required
inductor properties to support sub-module power conversion in PV
modules. First, it was shown how the interplay between the different
design parameters, such as track spacing, track width, number of turns,
and middle gap size, play an important role in the inductor properties.
This analysis includes changes due to high-frequency effects, which sig-
nificantly impact the results. Specifically, it was shown that a minimum
track spacing of a few millimeters is necessary to limit the proximity
effect at frequencies of 50 kHz and above. Additionally, it was observed
that increasing the middle gap size or the number of turns can enhance
the inductance, though both approaches come with the drawback of
increased inductor resistance.

The coil geometries that were simulated yield inductance values
between 0.3 𝜇H and 3.2 𝜇H. The feasibility of implementing these
inductors into an exemplary DC–DC boost converter was evaluated.
To adequately reduce the current ripple from a solar-cell string with
such inductance values, a significant switching frequency of at least
several hundred kHz is required. Moreover, at 500 kHz, an inductor
thickness of around 0.5 mm is necessary to keep the ohmic losses in
the inductor below 2% of the total generated power in standard test
conditions. While demonstrating feasible combinations, these findings
also present significant challenges for the sub-module integration of
air-core planar inductors. For future research, several proposals were
made to improve the inductor properties. These include incorporating
ferromagnetic core materials or leveraging the self-inductance of the
solar-cell string. Additionally, practical issues such as thermal man-
agement and electromagnetic interference will need to be carefully
addressed in real-world applications.
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Appendix A. Exploiting solar cell self-inductance

For modern industrial c-Si solar cells, it is reported that the induc-
tance of single-cell laminates is in the range of 63–130 nH, depending
on the cell metallization pattern (van Nijen et al., 2023). Here it is
mportant to note that the inductance of only the cell is lower than
hat of the full laminate, although its exact value is unknown. The
inimal inductance of the inductor in a DC–DC boost converter can

e calculated by Ayop and Tan (2018):

𝐿𝑚𝑖𝑛 =
𝑉𝑚𝑝𝑝𝐷

𝐼𝑚𝑝𝑝𝛾𝐼𝐿𝑓
, (A.1)

where 𝐿𝑚𝑖𝑛 is the minimum required inductance, 𝑉𝑚𝑝𝑝 is the maximum
power point voltage of the solar-cell string, 𝐷 is the duty cycle of the
onverter, 𝐼𝑚𝑝𝑝 is the maximum power point current of the string, and
𝐼𝐿 is the inductor current ripple factor. Hence, the product of 𝐼𝑚𝑝𝑝 and
𝐼𝐿 is the peak-to-peak value of the ripple current. Moreover, 𝑓 is the
onverter switching frequency. From Eq. (A.1) it can be deduced that
n the boost converter, the inductance required to achieve a certain
ipple current scales linearly with the number of series-connected cells.
s such, it can be calculated irrespective of the string length from
hich frequency it becomes possible to replace the input inductor of
 boost converter with the self-inductance of a solar-cell string. Here,

it is assumed that the self-capacitance of the solar-cell string sufficiently
reduces the voltage ripple (van Nijen et al., 2022). When considering
ypical values (𝑉𝑚𝑝𝑝 = 0.63 V, 𝐷 = 0.5, 𝐼𝑚𝑝 = 6 A, 𝛾𝐼𝐿 = 0.2 and 𝐿 =
5 nH), the minimum required frequency is approximately 4 MHz.

It is worth noting that there exist converters that specifically work at
ery high frequencies, such as soft-switched resonant converters, where
he low switching losses allow for high switching frequency (Pilawa-

Podgurski et al., 2009; Rashid et al., 2018). A study worth mentioning
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in this context is one in the low-power domain where the capacitive
and inductive effects of a solar-cell string are used to replace the
input capacitor and input inductor of a submodule integrated DC–
DC converter (Huang et al., 2016). In their study, the operation is
t a relatively high frequency of 5–10 MHz. Although this proves the
oncept of exploiting inductance in a solar-cell string, they conclude
hat it is clear that this type of approach may be less suitable for higher
ower applications because of the ripple currents and high switching
requencies required. Furthermore, it is worth noting that the control
f resonant converters is more complicated than for hard-switched
onverters and the duty cycle cannot be varied as easily (Shen et al.,

2016).

Appendix B. Inductor power loss calculation

To accurately calculate the power losses in an inductor, it must
be considered that the inductor is subjected to a DC current with a
superimposed AC current ripple. The conventional approach involves
decoupling the losses associated with different frequency components.
In this study, we only consider the fundamental frequency of the AC
urrent and neglect the harmonics. Consequently, the total power loss
an be expressed as follows:

𝑃𝑙 𝑜𝑠𝑠 = 𝑅𝐷 𝐶 × 𝐼2𝐷 𝐶 + 𝑅𝐴𝐶 × 𝐼2𝐴𝐶 ,𝑟𝑚𝑠 (B.1)

where 𝑃𝑙 𝑜𝑠𝑠 represents the power loss in the inductor, 𝑅𝐷 𝐶 denotes the
DC resistance, 𝐼𝐷 𝐶 is the DC current, 𝑅𝐴𝐶 signifies the AC resistance,
and 𝐼𝐴𝐶 ,𝑟𝑚𝑠 is the root-mean-square (RMS) value of the AC current. In
this study, we approximate the ripple current as a triangular waveform.
Consequently, the 𝐼𝐴𝐶 ,𝑟𝑚𝑠 can be derived from the peak-to-peak value
of the ripple current, divided by a factor of 2

√
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