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Abstract—This article presents 13.56-MHz inductive power
transfer (IPT) through soil for sensors in agricultural applications.
Two IPT system designs and their prototypes are presented. The
first was designed for gathering data and observing the relationship
between the performance of the coil driving circuits in response to
water content, salinity, organic matter, and compaction of the soil.
The second prototype was designed as an application demonstrator,
featuring IPT to an in-house sensor node enclosure buried 200 mm
under the surface of an agricultural field. The results highlight
that from the parameters studied, the combination of high salinity
and high water content significantly increases the losses of the IPT
system. The experiments demonstrate an over 40% rise in the losses
from dc source to dc load after a 16% increase in soil water content
and high salinity. In the technology demonstrator, we mounted an
IPT transmitter on a drone to wirelessly power an in-house bank of
supercapacitors in the buried sensor-node enclosure. A peak power
transfer of 30 W received at over 40% efficiency was achieved from
a 22-V power supply on the drone to the energy storage under
the ground. The coil separation in these experiments was 250 mm
of which 200 mm correspond to the layer of soil. The coupling
factor in all the experiments was lower than 5%. This system was
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trialed in the field for 40 days and wireless power was performed 5
times throughout.

Index Terms—Electromagnetic measurements, smart
agriculture, wireless power transmission.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) has been rolled out in
consumer applications [1] and has been demonstrated and

trialed for wireless charging of electric vehicles [2], [3]. There
are applications where wireless charging is crucial, for example,
in medical implants [4], [5], [6], [7] and emerging autonomous
systems [8], [9], [10]. In agricultural applications, the inclusion
of wireless power transfer could be transformational, as it un-
locks a nondisruptive means to charge sensors buried in soil,
which are critical for automation and optimization [11], [12].

Commercially available IPT systems can achieve high ef-
ficiency (>80%) with wireless gaps smaller than a few cen-
timeters [1]. This limits the range of applications, excluding
those that require large wireless gaps and spatial freedom. The
separation between the transmitter and the receiver in IPT is
largely dictated by the size of the coils (the gap is usually
normalized to the coils’ radius or diameter), [13], [14] and
the Q-factor. Unfortunately, scaling up existing commercially
available IPT coils, which are typically designed to be driven
at frequencies lower than 200 kHz, is not straightforward or
practical due to the complexity of the coils, which tend to employ
ferrites for flux shaping and shielding and a considerable number
of turns of litz wire. At megahertz, high-Q can be achieved
with relatively simple air-core coils from printed circuit board
(PCB) traces, copper pipe, or solid wire, typically with one
to five turns [15], [16], [17], [18], [19]. However, designing
and building the power electronics circuits to drive the coils
at megahertz can be challenging [20]. An alternative to IPT is
capacitive power transfer, where the capacitance between two
pairs of plates conforms to a wireless link. This technology is
well suited for a number of applications [21], and recent work
has introduced new techniques to operate it in the presence of
soil [22], [23]. Nonetheless, the application proposed in this
work requires a small cross-sectional area, especially on the
transmitter, relatively high power and large distance, which are
challenges best addressed with IPT.

This work focuses on two high-frequency IPT (HF-IPT)
system designs featuring 13.56-MHz power converters, where
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Fig. 1. Equivalent circuit of an IPT link through the soil.

wireless power is achieved not only with gaps larger than
200 mm but with soil between the coils. Soils can be modeled
as nonferromagnetic dielectrics with variable magnetic perme-
ability, real permittivity, and effective conductivity [24], [25].
These variable parameters would determine the performance
of an HF-IPT link through the soil. Practically, for agricultural
applications, major properties that may affect an HF-IPT link
are water content, salinity, organic matter, and compaction, due
to their impacts on dielectric permittivity. In the experiments,
the effects from the soil in the performance of a 13.56-MHz
IPT system are studied, first by testing a dc–dc wireless power
transfer system with 19 samples of soil (with different param-
eters, representative to those in agricultural fields) between the
coils, and finally, with a field trial featuring wireless power to an
in-house sensor node, where an in-house bank of supercapacitors
was charged. The receive coil was buried 200 mm under the
surface of an agricultural field, and the tolerance to misalignment
of the transmit coil at the surface in this experiment is 100 mm.

The rest of the article is organized as follows. Section II
covers the theoretical background on the principles of IPT and
introduces the Class EF inverter. Section III summarizes the state
of the art on the estimation of inductively coupled resistances and
reactances with Class EF inverters. Section IV describes HF-IPT
experiments with samples of soil with different compositions.
Section V proposes and showcases a practical demonstrator of
the technology. Finally, Section VI concludes this article.

This article expands our previous works published as confer-
ence proceedings [26], [27].

II. BACKGROUND

A. Reflected Impedance of the Receivers and the Medium in
IPT

An IPT link can be modeled as illustrated in Fig. 1. The in-
verter is represented by a current source (ip) driving the transmit
coil (Lp with an equivalent series resistor of Rp). The receiver
is modeled as the receiver coil (Ls with an equivalent series
resistor of Rs), a series capacitor (Cs) to resonate the receiver
coil, and Rac, representing an ac load or the input resistance of
the rectifier. The circuit diagram in Fig. 1 illustrates the sample of
soil which may affect how the two sides of the system interact: It
may reflect a reactance to the inductively coupled coils detuning
the resonant circuits, and it may produce heat, thus reflecting a
resistance on the inductively coupled coils.

To model how the receiver loads the inverter and how the soil
might detune the link or consume power, the equivalent circuit

Fig. 2. Equivalent circuit of an IPT transmit coil with the reflected impedance
from the load and its variation caused by the soil sample.

Fig. 3. Circuit diagram of the Class EF inverter with the inductively coupled
load modeled as the sum of the impedances Z load and ΔZ load.

of the transmit coil with two inductively coupled reflected loads
can be derived as illustrated in Fig. 2. This representation is
useful for normalizing the operation of an inverter with the
legitimate receiver (and no soil sample) and attributing any
differences in the reflected impedance to the sample of soil. It
should be noted that in this representation, ΔZ load

1 models not
only the impedance reflected by the soil to the transmitter but
also the changes produced on the receiver (e.g., detuning), which
consequently change the impedance reflected by the receiver on
the transmitter.

B. Class EF Inverter

The Class EF (see Fig. 3) is a single-switch resonant inverter.
Its operating principle is similar to that of the Class E [28] but
with the addition of the resonant branch (L2,C2 in Fig. 3), which
is tuned at a frequency higher than that driving the switch [29],
[30], [31].

The design of the inverters in this work follows the load-
independent concept introduced in [32] and was performed with
the iterative procedure introduced in [33]. The load-independent
design allows for the load to vary from zero (ΔZ load = −Z load,
in Fig. 3, i.e., no coupled circuit to the transmitter) to full
load (Z load +ΔZ load = Rloadmax

, in Fig. 3, in practice, a cou-
pled circuit, which reflects a resistance that produces a loaded Q
factor of roughly 10 [34] in the load branch), without affecting
the amplitude and phase of the current in the coil. In addition, the
trajectory of vds is locked to zero at turn-ON for any load within
the range. Moreover, zero-voltage switching is achieved and
conduction of the antiparallel diode of the switch is prevented
for the entirety of the operating range. These features do not

1Complex phasor quantities are marked as bold.
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Fig. 4. Experimental waveforms of the drain–source voltage of the transistor of a Class EF inverter powering three inductively coupled known test loads. The
waveforms from the unloaded inverter (Z load +ΔZ load = 0:, No Load) are shown as a reference. (a) Load 1: Z load +ΔZ load = 1.9 + 1.23j. (b) Load 2:
Z load +ΔZ load = 1.45− 0.4j. (c) Load 3: Z load +ΔZ load = 0.47− 2.45j.

hold when a reactance is reflected due to the detuning of the
load network.

III. ESTIMATING THE IMPEDANCE OF AN INDUCTIVELY

COUPLED LOAD FROM THE DRAIN VOLTAGE WAVEFORMS OF A

CLASS EF INVERTER

Measuring the induced voltage from a load and the medium
on an IPT transmit coil might seem straightforward from read-
ings from the voltage across and the current through the coil.
However, in practice, reliable attainment of these variables can
be difficult or unreliable due to the parasitic capacitance of
introducing a voltage probe across the coil (especially in this case
where the coil is series-tuned), and the dependence of an accurate
phase difference reading from the current and the voltage probes
at megahertz frequencies.

To overcome these issues in HF-IPT with Class EF invert-
ers, in [34], we proposed a technique where the phase and
magnitude of the inductively coupled receiver (i.e., the total
reflected resistance and the reflected reactance) are extracted
in real time from vds using a mathematical model. It was
demonstrated that the trajectory of vds has a direct correlation
with the reflected impedance, and it can be obtained with good
accuracy: A normalized root-mean-square error of 1.1% for
the reflected resistance and 1.2% for the reflected reactance
was achieved with the model proposed in [34]. Furthermore,
in [35], it was demonstrated that the magnitude and phase
of the load can be extracted solely from the input dc cur-
rent and the magnitude of the first harmonic of the switch-
ing waveform with a similar accuracy: a root-mean-square
error of 1% for the real part and 1.5% for the imaginary
part [35].

The load-dependent shape of vds is illustrated in the plots in
Fig. 4. These plots exemplify the changes in the trajectory of the
drain-to-source voltage waveform of a Class EF inverter with dif-
ferent inductively coupled loads reflecting different resistances
and reactances on the transmitter. The design of the inverter,
the experimental setup, and the methodology from which these
waveforms were obtained are discussed in Section IV.

Fig. 5. Third-order Fourier series approximation of the experimental wave-
forms of the drain–source voltage of the transistor of a Class EF with respect to
the experimental waveform.

A. Methodology and Example of the Formulation of the
Reflected Impedance Model From Experimental Waveforms

In order to demonstrate the technique, we extract the ampli-
tude and phase of the first three harmonics (which are the only
ones with an amplitude higher than 1% of the input voltage)
from the waveforms in Fig. 4 by fitting the data to a third-order
Fourier series

vds(t)
∣∣
F3

= Vds + a1cos(ωt) + b1sin(ωt)

+ a2cos(2ωt) + b2sin(2ωt)

+ a3cos(3ωt) + b3sin(3ωt). (1)

The results from this approximation are exemplified for the case
of no coupled load in Fig. 5, and the waveforms resulting from
this approximation for the test loads are illustrated in Fig. 6.

From (1), we can quantify the magnitude and the relative
phase of each of the harmonics and define them as

Hn =
√

a2n + b2n (2)

and

Φn = arctan
bn
an

(3)

with n being the harmonic under study. Table I summarizes the
amplitude and phase of the first three harmonics of the Fourier-
fitted waveforms, against each load, in addition to the measured
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Fig. 6. Third-order Fourier series approximation of the experimental waveforms of the drain–source voltage of the transistor of a Class EF inverter powering
three inductively coupled known test loads. The waveforms from the unloaded inverter (no load) are shown as a reference. (a) Load 1: 1.9 + 1.23j. (b) Load 2:
1.45− 0.4j. (c) Load 3: 0.47− 2.45j.

TABLE I
SUMMARY OF THE DATA GATHERED IN THE IPT EXPERIMENTS WITH KNOWN LOADS

input dc current (Idc), and the amplitude of the current in the
transmit coil (

∣∣ip
∣∣).

From the data in Table I, it can be verified that as in [35], the
most distinctive single variable to estimate the real component
of the load is Idc, and the most distinctive variables to estimate
the imaginary part of the load are the amplitude of any of the
first three harmonics of vds. As proposed in [35], we used a
single variable first-order linear model to estimate each of the
components of the load.

The linear model that estimates the real portion of the load is
formulated as

Req = 10.9Idc − 1.15 (4)

and the model that estimates the imaginary portion of the load
is formulated as

Xeq = 0.63H1 − 38.62 (5)

where H1 is calculated from (2), with n = 1, from experimental
waveforms or in real-time using a narrow-band filter as was
shown in [36]. This model estimates the known loads (open
circuit, Load 1, Load 2, and Load 3) within a 0.25-Ω range for
each of the real and imaginary portions of the loads.

IV. HF-IPT THROUGH SAMPLES OF SOIL WITH CONTROLLED

PARAMETERS

The reflected impedance estimation model formulated in
Section III was used to monitor how soil samples between two
coils performing HF-IPT affect the tuning and efficiency of the
link. The experiments were designed to measure the power that
is transferred from the dc source to the dc load and the impedance

Fig. 7. Block diagram of the experimental setup design.

that is reflected to the transmitter from the combination of the
receiver and the soil sample.

A. Experimental Setup Design

The experimental setup was designed as illustrated in the
block diagram in Fig. 7. The recorded data were the input dc
voltage (Vdc) and the input dc current (Idc) from the power sup-
ply, the waveformsvds and ip using a Lecroy 6104 A oscilloscope
with a PHV 1000 voltage probe by PMK and a Keysight N2783B
current probe, the output dc voltage (Vo) using a multimeter, and
the output dc current (Io) was calculated from Vo and the load
resistance.

The transmitter and the receiver were designed to be enclosed
in two equal plastic cases with the following internal dimensions:
length: 370 mm, width: 270 mm, height: 150 mm. The transmit
coil was mounted parallel to the lid of the box on top with a
5-mm air clearance. The receiver was mounted parallel to the
bottom face of its enclosure with a 20-mm clearance (which is
the minimum clearance at the bottom). The placement of the
coils was selected for them to be as close as possible to the soil
sample in between with the chosen enclosures.
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Fig. 8. Photographs of the circuit enclosures for the experiments with samples
of soil. (a) Transmitter. (b) Receiver. (c) Calibration loads.

B. Design of the HF-IPT Transmitter and Receiver

A photograph of the enclosures with the transmitter and the
receiver assembled for the experiments is shown in Fig. 8(a)
and (b). The transmitter uses a 13.56-MHz Class EF inverter
and a 2-turn 200-mm diameter coil (Fig. 8(a); a detailed design
of this coil can be found in [37]). The inverter was mounted
perpendicular to the coil for easier access to probe. The receiver
was designed with the coil and the rectifier in a single printed
circuit board [see Fig. 8(b)], with a voltage tripler rectifier. A test
resistive dc load, ranging from 0 to 1000 Ω with ten 100-Ω steps
and a maximum power of 200 W was included in the enclosure
with plugs outside the enclosure to select the dc load and alter
it during the experiments.

The inverter was designed to be load-independent (from [32,
Table II], with p = 3, and q1 = 1.66) with an input-voltage-to-
output-current gain of 63 mA · V−1, and a maximum load of
5 Ω. From the simulation, the efficiency of the inverter can be
slightly higher than 95% (without including the losses in the
coil at maximum load, and previous work reported efficiencies
of up to 83% with this design [17], from dc-source to dc-load.
This inverter design has been evaluated in [34] for a wide
range of loads including those not fully tuned, demonstrating
the capabilities of operating well under slight detuning. The
component values and properties, including the HF-IPT coil, are
specified as Design 1 in Table II. The duty cycle of the transistor
was set at 30%. The input voltage was set at 61.8 V in all the
experiments.

Three test-loads [see Fig. 8(c)] were assembled to reflect three
known loads to the transmit coil: one predominantly resistive,
one predominantly inductive, and another resistive–capacitive.
The reflected impedance of these test loads when placed in
the allocated position [marked at the center of the coil in
Fig. 8(a)] are as follows: Load 1 reflects 1.9 + 1.23j, Load 2
reflects 1.45− 0.4j, and Load 3 reflects 0.47− 2.45j. The

TABLE II
COMPONENTS FOR THE INVERTERS

Fig. 9. Circuit diagram of a voltage-tripler full-wave Class D rectifier.

TABLE III
COMPONENTS FOR THE RECTIFIERS

drain–source voltage waveforms of the inverter powering these
loads are presented in Fig. 4.

The receiver implements a rectangular two-turn PCB
coil (with external dimensions of 250 mm × 200 mm, dictated
by the dimension restrictions of the enclosure. The topology of
the rectifier is the voltage tripler [38] Class D (see Fig. 9), which
maximizes the induced-voltage-to-output-voltage gain of the
rectifier (see Fig. 7), thus making changes in the link more easy
to detect. The component values and properties of the rectifier
are specified in Table III.

The coils and the reflected impedance from the calibration
loads were measured with a Keysight E4990A impedance ana-
lyzer.

C. Preparation of the Soil Samples

The soil samples were obtained from SRUC Craibstone, Ab-
erdeen, U.K. (57◦11’13.3” N, 2◦12’49.6” W). It had a sandy
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loam texture and was taken from a field under a ley-arable
rotation. The soil was partially air-dried, mixed, and passed
through a 4-mm sieve. The soil samples were packed in non-
conductive containers with the following dimensions: length:
400 mm, width: 600 mm, height: 180 mm, and the soil was
packed up to 100 mm in height. The soil dielectric constant was
measured with a laboratory TDR Probe (E-Test TDR devices,
Lublin, Poland). Water content was measured after each test
by oven drying a subsampled soil core at 105 ◦C until water
loss ceased. The samples were treated to produce different soil
conditions specified in the following.

1) Soil Water Content: The soil was packed at approximately
1.1-g · cm−3 bulk density and four levels of water content as
follows: 0.16-g · g−1, 0.26-g · g−1, 0.35-g · g−1, and 0.50-g · g−1

water content.
2) Soil Salinity: Soil was packed in the containers at 1.1-

g · cm−3 bulk density and 0.2-g · g−1 water content. Five salinity
levels were implemented by adding NaCl at the following levels:
0 g · kg−1, 0.3 g · kg−1, 1.1 g · kg−1, 4.4 g · kg−1, and
28.2 g · kg−1. In soil pore water, an average increment of
1 dS · m−1 is obtained with the addition of 640 mg of NaCl.

3) Soil Organic Matter Content: The sieved soil was mixed
with five concentrations of compost (passed through a 4-mm
sieve): 0%, 5%, 10%, 20%, 30%. The amended soils were
packed in the containers at 0.20-g · g−1 water content and
1.1-g · cm−3 bulk density.

4) Soil Compaction: Soil was packed in the containers at
0.20-g · g−1 water content and five levels of bulk density:
loose soil (approximately 0.9 g · cm−3), gentle weight ap-
plied (1.0 g · cm−3), heavy weight applied (1.1 g · cm−3, and
1.3 g · cm−3), and highly compacted (1.5 g · cm−3) using a
proctor hammer. Table IV provides various properties of the
soil samples.

D. Description of the Experiments

Three types of experiments were conducted. First, the transmit
coil (without the inverter) was placed on top of each soil sample
with an air gap of 10 mm between the coil and the soil. The
equivalent impedance of the coil was measured in the presence of
the sample with an impedance analyzer to verify that none of the
samples would overload the transmitter. Second, the transmitter
was placed facing the soil sample and switched on to verify the
expected operation of the inverter in all cases. Finally, both ends
of the system were placed with a soil sample between the coils
as shown in the diagram in Fig. 10 to record the measurements.

Power was transferred through the inductive link, first in
the presence of an empty enclosure and then with each of the
nineteen soil samples. The dc load at the receiver side was
stepped at 100 Ω, 500 Ω, and 1 kΩ for each case. Measurements
were also taken without the presence of the receiver to assess
the reflection of the soil sample on its own to the transmitter.

After these experiments, water was added in real time to two
samples with high salinity (28.2 g · kg−1 and 4.4 g · kg−1), in
order to observe the changes of the reflected impedance in real
time, combining the two variables of water content and salinity,
and without having to reposition the enclosures.

TABLE IV
SOIL TREATMENTS TESTED, INCLUDING MEASURED DIELECTRIC CONSTANT

AND VOLUMETRIC WATER CONTENTS

Fig. 10. Diagram of the experimental setup and the variables to acquire.

E. Experimental Setup

The experimental setup was assembled as shown in the pho-
tographs in Fig. 11. The transmitter enclosure was placed on a
concrete floor (the transmit coil sits 5 mm in height under the
lid on top of the enclosure) with two nonconductive enclosures
on each side to support the soil sample under test. The receiver
enclosure was placed on top of the soil sample enclosure in
alignment with the transmitter enclosure. Between the receiver
coil and the soil, there was a gap of 100 mm. The receiver coil sat
20 mm in height from the external bottom face of the enclosure,
and the soil sample fills the enclosure up to 100 mm in height
leaving an additional 80 mm of air.

The gap between the transmit coil and the soil was 20 mm, for
a total distance from coil to coil of 200 mm, which corresponds
to a coupling factor of 5.1% in air.
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Fig. 11. Photographs of the experimental setup. (a) Top view. (b) Lateral view.

F. Experimental Results With the Soil Samples

IPT was performed and the variables Vdc, Idc, Vo, Ro, vds,
and ip were recorded for the empty enclosure and the 19 soil
samples, stepping the parameters of water content, salinity,
organic matter, and compaction as detailed in Section IV-C. The
temperature of the inverter board was monitored to ensure that
changes in the temperature of the transistor would not affect
the measurements. Also, the dc load resistance was verified
at different temperatures to ensure consistency throughout the
operating temperature range. The wireless power transfer results
are summarized in the plots in Figs. 12–14. The results from the
experiments where water was added in real time to the sample
with a 4.4-g · kg−1 proportion of NaCl and soil are summarized
in Fig 15.

The end-to-end dc-to-dc efficiency measurements were con-
ducted at maximum load, i.e.,Ro = 100 Ω. The end-to-end effi-
ciency of the system without the presence of soil was measured
at 53.4%. The power levels range from 11.3 to 19.4 W, and the
coupling factor was measured at 5.1% for a coil separation of
200 mm without a soil sample. Having soil present decreased
the end-to-end efficiency of the system with the exception of
the sample with the highest compaction. This is due to the soil
sample container walls being bent in the compaction process,
therefore bringing the coils slightly closer together, which in-
creased output power by 43% with respect to the experiment
without soil, hence also increasing the efficiency. It is worth
noting that this system configuration can achieve an end-to-end
efficiency higher than 80% at couplings under 10% [18], [39]
when the output power is much higher than the biasing power,
which for this inverter, at 61.8-V input voltage, is 6.8 W.

In order to assess the causes for the drop in efficiency once
the samples of soil were introduced, the reflected resistance and
reactance are evaluated.

The reflected resistance was used to calculate the losses of the
system without including the inverter by subtracting the output
dc power from the output power of the transmit coil as

Ploss =
Req

∣∣ip
∣∣2

2
− VoIo (6)

which can then be normalized with respect to the output power
from the transmit coil as

Ploss-norm = 1− 2VoIo

Req

∣∣ip
∣∣2
. (7)

The plots of the normalized losses after the transmit coil suggest
a consistent increase in the losses with respect to water content
and salinity, and the plots show a less distinctive correlation with
the variables of organic matter content and compaction.

In order to assess the detuning of the resonant circuits from
the presence of the soil samples, which might also cause the
efficiency to drop, the reflected reactance from the receiver and
the soil was plotted in Fig. 14. These plots demonstrate the
dependence of the reflected reactance to the load resistance in
Class D rectifiers at 13.56 MHz first verified with this tech-
nique in [40], and how soil also consistently increases Xeq.
Notwithstanding that, in the setup, the soil sample is closer to
the transmitter, measurements were also conducted without a
receiver in place to confirm that the reflected positive reactance
in the experiments without a receiver is due to the soil directly
reflecting a positive reactance and not the soil reflecting a
negative reactance on the receiver, which consequently would
reflect a positive reactance on to the transmitter. Interestingly,
the plots suggest that higher water content slightly increasesXeq

and salinity slightly decreases it.

G. Experimental Results With the Addition of Water in Real
Time

Once the experiments with every soil sample were finalized,
an additional experiment was conducted. Water was added to
a sample with high salinity (4.4-g · kg−1 proportion of NaCl
and soil, see Table IV), which was placed between the coils.
The IPT system was switched ON periodically to take readings.
A single dosage of 4 L of water was added at the surface of
the sample once the two ends of the system were in place. The
water was gradually absorbed by the soil. A thin polyester fiber
for consistent water distribution at the surface was placed on
top of the soil sample, and since the compaction of the soil was
controlled as the samples were prepared, the water absorption
is assumed uniform. At first, the pool of water sat on top of
the sample, after 17 min (1020 s), the pool of water on top of
the sample halved, and after 29 min (1740 s), the water was
fully absorbed by the sample. With respect to the experiments
in Section IV-F, this one has the benefit that the alignment of
the boxes and the sample were unmodified while the variables
could be measured in real time. Therefore, small discrepancies
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Fig. 12. End-to-end DC–DC efficiency measurements of HF-IPT through the samples of soil between the coils and an output dc load of 100 Ω. Unrepresentative
data points are marked as ⊗.

Fig. 13. Calculated normalized losses of HF-IPT through the samples of soil between the coils with three different DC loads. Unrepresentative data points are
marked as ⊗.

Fig. 14. Calculated reflected reactance from the receivers and the soil of HF-IPT through the samples of soil between the coils with three different DC loads, and
without a receiver. Unrepresentative data points are marked as ⊗.

between the distance and alignment of the coils are not a factor
of error in this experiment.

The absorption of water caused the end-to-end efficiency
to drop from 25% to 18%, which corresponds to the losses
increasing from 10.9 to 16.0 W. The normalized losses, cal-
culated from (7), rose gradually from 0.55 to 0.74 throughout
the experiments.

The behavior of the reflected reactance to the transmitter
in this experiment is interesting, since compared to the initial
reading without water, Xeq first rose as the water was added
to the sample but then consistently decreased as the water

was absorbed by the soil with high salinity, making it more
conductive. This is consistent with the observations of Xeq in
Section IV-F, further supporting the observation that the water
content and the salinity affect Xeq in opposing directions.

V. HF-IPT SYSTEM TO PERIODICALLY ENERGIZE

AGRICULTURAL SOIL-SENSORS UNDER THE GROUND

Delivering power wirelessly to soil sensors under the ground
in agricultural fields using HF-IPT was trialed with a 100-W,
13.56-MHz IPT system based on the combination of a Class EF



ARTEAGA et al.: HIGH-FREQUENCY INDUCTIVE POWER TRANSFER THROUGH SOIL FOR AGRICULTURAL APPLICATIONS 13423

Fig. 15. End-to-end DC–DC efficiency measurements, normalized losses, and reflected reactance of HF-IPT through a sample of soil with high salinity between
the coils, and the addition of 4 L of water, gradually wetting the soil.

Fig. 16. Diagram of the setup for wireless charging of a sensor node.

inverter and a voltage tripler Class D rectifier. This is the same
combination of circuits used in Section IV. The proposed ap-
plication is illustrated in the diagram in Fig. 16, and the power
delivery process is summarized in the block diagram in Fig. 17.

The setup proposes power delivery and the data gathering
using a drone or a robot to reach the surface of the agricultural
field where the sensor node is buried. Once the drone lands, it
wirelessly charges a battery or a bank of supercapacitors under
the ground while collecting the data from the sensors. It is
important that the positioning accuracy capability of the drone
is sufficient to align the coils with the precision required by the
technology, and thus achieve the minimum coupling to transfer
power effectively. In this demonstration, we used an M100
drone by DJI, and we buried an enclosure (length: 370 mm,
width: 270 mm, height: 150 mm) with an IP67 rating containing
an HF-IPT receiver, a bank of supercapacitors (10 F, 42 V),
ultimately as the load, and other electronics for the soil sensors
and monitoring. The bank of supercapacitors, as opposed to a
bank of batteries, was proposed at the back-end of the system in
order to perform fast charging in short missions, and then slowly
charge the batteries of the soil-sensing system at low voltage with
a dc–dc converter from the energy in the supercapacitors. The
trial features the enclosure at 200 mm in depth from the lid of the
enclosure (top face) to the soil surface of the field. The coupling
range of the system is 3% to 5%, which in this application is
achieved with a lateral alignment tolerance of roughly 100 mm

in any direction, and irrespective of the angular alignment, i.e.,
the drone can land within 100 mm of concentric alignment of
the coils, facing in any direction to achieve effective wireless
power transfer.

The work reported in this article focuses on power delivery
through the soil using HF-IPT. The developments of other as-
pects of this setup can be found in [27], [41], and[42].

A. Power Electronic Stages for Wireless Power Transfer

Power is processed from end to end (see Fig. 17) as follows:
energy from the battery of the drone (a TB47D battery by DJI),
which has a capacity of 4500 mAh and a nominal voltage of
22.2 V, feeds an in-house boost converter, which provides the
inverter of the HF-IPT system with an input voltage (Vdc) of
95 V and a maximum input current of 1 A. The inverter drives the
transmit coil with a coil current (ip) amplitude of 5.7 A to induce
a voltage (Ep−s) on the receiver coil, which is then rectified
to Vo using a voltage multiplier rectifier. From Vo, we power
an off-the-shelf converter to charge a bank of supercapacitors
with constant current (CC) at a voltage lower than 42 V, and
at constant voltage (CV) once that threshold is reached. The
efficiency measurements in this section are measured from the
input voltage before the boost converter that drives the HF-IPT
inverter to the supercapacitors, after the HF-IPT rectifier.

B. Design of the HF-IPT System

The circuits implemented in the demonstrator are shown in
the photographs of Figs. 18 and 19. The transmitter features a
single-turn 10-mm diameter 0.9-mm wall-thickness copper-pipe
circular coil with a 200-mm radius [see Fig. 18(a)], designed
with this shape and materials to achieve a large gap and high
efficiency without heavily affecting the propeller thrust.

The inverter [topology in Fig. 3 and photograph in Fig. 18(b)]
implements the same reference load-independent design as the
one in Section IV-B. The differences (Design 2 in Table II) are
that the transmit coil of this system has a different construction
but the same inductance at 13.56 MHz as the PCB coil in
Section IV-B, and since this system operates the inverter at a
higher input voltage (95 V instead of 61.8 V), the tuning required
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Fig. 17. Drone to soil sensor enclosure power-delivery block diagram.

Fig. 18. Photographs of the HF-IPT transmitter on the Matrice 100 drone.
(a) Transmit coil. (b) HF-IPT inverter board.

Fig. 19. Photographs of the receiver enclosure. (a) Coil and rectifier PCB.
(b) Bank of supercapacitors.

adding 10 pF to C1 (see Fig. 3) due to the COSS of the transistor
being lower at higher voltages.

The receiver [see Fig. 19(a)] features the rectifier design
detailed in Table III, but instead of feeding a dc test load
from the output of the rectifier as in Section IV, this system
feeds an off-the-shelf 42-V lithium polymer battery charger by
KDF, which charges an in-house bank of supercapacitors [see
Fig. 19(b)], comprised of 20 SSC-Series 200 F supercapacitors
by AVX in series.

The HF-IPT system was designed for a coil separation from
250 to 300 mm in air, where the expected coupling range (3% to
5%) is achieved with a lateral alignment tolerance of one receiver
coil radius in any direction, and independent on the angular
alignment, i.e., once the center of the coils are aligned, the
drone can be facing any direction without a significant impact on
coupling. At a coil distance of 250 mm and concentric alignment,
the coupling was measured at 4.9%, and with a 100-mm lateral
misalignment at 3.1%.

C. Setup in the Laboratory

The photograph of the setup in the laboratory in Fig. 20 shows
the HF-IPT system in place, operating with a coil-to-coil gap of
290 mm.

First, a series of experiments were conducted on the charger
and the bank of supercapacitors to characterize it and define it
as the load, which is coupled to the HF-IPT rectifier. The input

Fig. 20. Test setup in the laboratory.

TABLE V
CHARACTERISTICS OF THE BANK OF SUPERCAPACITORS WITH ITS CHARGER

voltage range of the charger, which is also the output voltage
of the HF-IPT rectifier (Vo), is 95–240 V. The output current
of the charger when it operates in CC was first set at 350 mA
and then at 825 mA. When the output voltage of the charger (the
voltage of the bank of supercapacitors) drops under 20 V, instead
of charging at CC, the off-the-shelf charger outputs current
pulses. This undervoltage protection, typical in lithium polymer
battery charging, was convenient for the trial to protect the
transmitter against possible faults in the receiver, which should
be considered given the harsh nature of its environment. This
feature, however, results in slower charging from 0 to 20 V. In the
experiments, the performance of the system is evaluated when
the charger operates in CC, i.e., with the supercapacitors voltage
from 20 to 42 V. The specifications and the charging profile of the
supercapacitors are summarized in Table V. Fig. 21(a) and (b)
shows the voltage and current of the supercapacitors as they
charge from 20 to 42 V with an average current of 350 mA.
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Fig. 21. Plots of the experiments charging the bank of supercapacitors.
(a) Supercapacitors voltage. (b) Supercapacitors current. (c) Input power of the
HF-IPT system and output power to the bank of supercapacitors.

TABLE VI
SUMMARY OF THE EXPERIMENTAL RESULTS OF WIRELESS POWER FROM THE

DRONE TO THE SUPERCAPACITORS

Fig. 21(c) shows the input power of the HF-IPT system and
the input power of the supercapacitors as they charge from 20
to 42 V with an average current of 350 mA. The experiments
were conducted using the setup shown in Fig. 20, where the
coupling factor is 4.9% and the output voltage of the recti-
fier is approximately 180 V. As the lateral misalignment is
increased, the output voltage of the rectifier drops. If this is
reduced to a voltage lower than 90 V, the undervoltage protection
of the supercapacitor charger is triggered and the transfer of
power is interrupted. These experiments were repeated stepping
the lateral misalignment between the coils up until the output
voltage of the rectifier was 120 V, considering a safety margin.
The charging of the supercapacitors was performed in the same
time lapse (as this depends on the current set by the supercapac-
itors charger, and the profile of the input power of the system
was very similar: The inverter drives the coil with a constant
ip, so its performance is not expected to change, the rectifier
becomes slightly less efficient as the induced voltage in the
receive coil is reduced, but the efficiency of the supercapacitor
charger increases as the difference between its input voltage
(the output voltage of the rectifier) and output voltage (the
voltage of the supercapacitors) increases. Table VI provides a
summary of the results of charging the supercapacitors at 350

Fig. 22. Photograph of the preliminary test setups in the agricultural field.

and 825 mA. The experiments in the laboratory and in the field
were conducted employing a bench power supply at 22 V instead
of using the drone’s battery, in the laboratory for monitoring and
safety, and in the field due to low ambient temperatures, which
caused the drone’s battery to be disabled.

D. Results From the Six-Week Trial in the Field

The laboratory setup was replicated in the field. The exper-
iments were conducted near a dormant carnation flower (Di-
anthus caryophyllus) testbed at Utah State University Botanical
Center in Davis County, Utah, USA, between February 10, 2022,
and March 22, 2022. The bulk density of the soil above the
receiver station was 1.01 g · cm−3 (measured by oven-drying at
105 ◦C and weighing a 937.8-cm 3 core sample). This indicates
that soil above the receiver had compaction comparable to the
second lowest from the samples in Section IV. The water content
of the sample was measured at 23.2 g· g−1; however, in the field,
this would change with precipitation. The electric conductivity
was measured at 0.09 dS · m−1, and the pore water electric
conductivity was measured at 0.87 dS · m−1, suggesting that the
sample has a salinity within the range of the second and third
samples, 0.3 g · kg−1 and 1.1 g · kg−1 of added NaCl, from the
samples in Section IV.

First, the system was tested without soil covering the receiver
enclosure (see Fig. 22) to allow the circuits at the receiver to be
probed. It was not necessary to adjust the tuning of the inverter
or the rectifier. However, a slight increase in the input power of
the system and the shape of the drain-voltage waveforms of the
inverter suggest an increasing total load to the transmit coil and
no significant detuning in comparison to the experiments in the
laboratory. Moreover, the receiver in the soil reflected a higher
resistance and roughly the same reactance as in the laboratory.
Once the correct operation of both ends of the HF-IPT system
was verified in location, the receiver enclosure lid was closed
and the enclosure was covered with soil. The depth between
the surface and the top face of the enclosure was measured at
200 mm. In order to verify the operation of the HF-IPT system,
a circuit to read the voltage of the bank of supercapacitors was
developed using an off-the-shelf Bluetooth transmitter inside the
receiver enclosure. Fig. 23 shows a photograph of the wireless
power demonstration from a transmitter mounted on a drone to
a receiver surrounded and covered with soil in an agricultural
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Fig. 23. Photograph of an M100 drone performing HF-IPT through the soil
in a trial in an agricultural field.

Fig. 24. Voltage of the supercapacitors during the four wireless power transfer
experiments in the trial.

field. The results of the experiment are summarized in Table VI.
As expected, the efficiency is lower than that achieved in the
laboratory, due to additional loading from the soil, which is
consistent with the results investigated in Section IV with this
composition of the soil. Equally, no significant changes in H1

were detected from the experimental waveforms, suggesting that
the change in the reflected reactance is low, according to (5).

The bank of supercapacitors was designed to be slowly dis-
charged by a battery charger, which feeds the main power supply
of the sensor node, also containing a small battery.

The operation of the sensor node was trialed for six weeks,
and wireless charging was performed four times, in addition to
the experiments conducted when the enclosure was first put in
place. The input power measured in the first experiment was
consistent with the subsequent wireless charging experiments.
The voltage of the bank of supercapacitors was recorded for
the entire duration of the trial. Fig. 24 shows the voltage in the
supercapacitors during the four occasions where wireless power
was performed.

The first charge, during the eighth day of the trial [see
Fig. 24(a)] focuses on the slow discharge of the supercapacitors

due to the battery of the sensor node being close to fully charged
(probably charging at CV and not CC). It should be noted
that the plots in Fig. 24 are at the same scale in both axes.
The second charge [see Fig. 24(b)] shows disruptions at peak
voltage. This is due to the drone not being placed within the
wireless charging range (the coupling was slightly lower than
the minimum, determined in the laboratory at 3%), which as
the load increases (at CC when the voltage of the bank of
supercapacitors increases so does the load), the input voltage
of the charger diminished until the undervoltage protection was
triggered. Once the drone was placed correctly on top of where
the receiver enclosure was buried, the supercapacitors were fully
charged.

After 40 days, the receiver was dug out and the data from the
experiment, including the voltage of the supercapacitors, were
gathered.

VI. CONCLUSION

This article investigates the viability of employing HF-IPT in
agricultural applications where it is unpractical or impossible to
have wired links.

The differences in the performance of the system with respect
to the physical composition of the soil (water content, salinity,
organic matter, and compaction) were investigated. The results
in Section IV demonstrate that the presence of soil slightly
affects the tuning of an IPT system at 13.56 MHz by reflecting
a small positive reactance to the coils, and with the exception
of the sample combining high water content and high salinity,
the results are encouraging, as they also had a low impact on
the end-to-end efficiency. These experiments, therefore, support
the technical viability of using IPT at 13.56 MHz to wirelessly
energize loads beneath the surface in agricultural applications.

The system demonstrator in Section V exemplifies an HF-IPT
system delivering power under the ground at considerable depths
(200 mm in this case), to enable power for sensors under the
ground and, therefore, contribute to automation and optimization
in agriculture.
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