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ABSTRACT In this paper, we present a 6.78 MHz Pulsed Wireless Power Transfer (PWPT) system
specifically designed for powering the electronics placed on a suction roll of a paper mill machinery,
thus enabling rotating equipment monitoring. The system utilizes a pair of different resonant coils
to maintain a stable coupling coefficient for a fraction of the roll rotation period while guaranteeing
compactness and ease of installation. Designed using both Commercial-off-the-Shelf (COTS) and custom
components, the developed WPT system achieves a DC-DC efficiency of 62% in the specific working
conditions. The transferred power is used to supply an Internet-of-Things (IoT) node that continuously
measures and transmits data about the operation status. A fully operational system for battery and angular
position monitoring has been developed and tested in a laboratory environment. This research presents
a comprehensive analysis of the system and explores the interaction of different coils to maintain a
stable coupling coefficient in dynamic applications. The same approach can be employed for rotating
machinery with similar geometrical constraints or more general dynamic applications characterized by
periodic movements and limited space for the coupling system.

INDEX TERMS WPT, coils, Bluetooth low-energy, condition monitoring, DC-DC efficiency, IIoT,
supercapacitors.

I. INTRODUCTION
Recently, the field of Wireless Power Transfer (WPT) has
seen remarkable advancements, leading to its application
across various sectors, including medical devices, electric
vehicles, consumer electronics, and more [1], [2], [3], [4],
[5], [6], [7]. The appeal of WPT lies in its ability to provide
alternative power supply solutions, particularly to devices
with spatial constraints such as wearable gadgets, mobile
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devices, distributed monitoring networks and so forth; where
traditional power supply options like cables or batteries
may be cumbersome or impractical [8], [9], [10], [11].
In industrial settings, the synergy between WPT systems and
Wireless Sensor Networks (WSNs) enhances the robustness
of condition monitoring systems [12], [13]. In application
with moving or rotating parts, batteries and cables are subject
to material degradation and mechanical fatigue over time,
leading to frequent replacements and machinery shutdowns,
thus resulting in high maintenance costs and manufacturing
rate reduction [14], [15]. By integrating WPT and WSNs,
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the system facilitates predictive maintenance through real-
time data analytics. This not only streamlines maintenance
schedules but also minimizes downtime and operational
costs [16], [17], [18].

WPT systems for dynamic applications have been exten-
sively treated in the scientific literature. Typically, WPT
systems utilize multiple coils in transmission or reception
to increase the effective charging area while geometry opti-
mization techniques are implemented to reduce the efficiency
drop caused by misalignment [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28]. In [21] coil arrays are employed on
the transmitting side to form a large 100 kHz charging area
for electric wheelchairs. Although free-positioning and high
efficiency are achieved, the transmitter area is 0.75 m2 and
uses three coil layers stacked one above the other. Moreover,
controllers are needed to detect the device and optimizeWPT
operation. A spatially-shifted overlapped Double-D (DD)
coil array system is proposed in [22] for powering a moving
target. Overlapped DD coils can generate a stable magnetic
flux between the transmitter and the receiver, but they require
additional components and a controller, thereby increasing
system cost and complexity. Reference [25] introduces an
omnidirectional WPT system that employs a 3D coil to
achieve angular misalignment insensitivity. However, this
3D structure might not be suitable for many applications,
especially those with strict geometrical constraints where
planar coils are preferred or even mandatory. Industrial
machinery, in fact, are often composed of multiple blocks
that may not always accommodate large coupling systems,
thus requiring customized design solutions for compact and
effective WPT implementations.

In this paper, we propose a novel Pulsed Wireless Power
Transfer (PWPT) system specifically designed to enable
condition monitoring on paper mill machinery. A pair of
coils with different geometries are placed on the static and
rotating part of a metallic roll, enabling power transfer
through magnetic coupling for a fraction of the rotation
period during each revolution. By employing coils with
different geometries the coupling coefficient is maintained
constant for a wide rotation angle. The proposed system
operates inside the 6.78 MHz ISM band [29]. This frequency
improves the coupling performance of the coil system and
allows for a reduction in the size of the coils [30]. The energy
transferred through WPT is utilized to power an Internet
of Things (IoT) node placed on the roll, equipped with a
Microcontroller Unit (MCU) and a Bluetooth Low-Energy
(BLE) transceiver. The node is responsible formonitoring and
transmitting data about the energy storage device status and
its real-time angular position, and thus of the roll. Transmitted
data are received by another MCU placed on the static side,
which forwards them to a computer for processing operations.

The fully operational system is presented, analysed, and
tested in a laboratory environment using rotating emulating
equipment. This research offers an extensive study of a WPT
system using coils with different geometries. The findings are

applicable to industrial environments with similar conditions,
as well as to more general applications constrained by similar
geometry and dynamics.

II. SYSTEM OVERVIEW
Fig. 1 illustrates the block diagram of the developed
monitoring system. The WPT system consists of two
inductively coupled resonators, a Commercial-Off-The-Shelf
(COTS) Power Amplifier (PA), and an AC/DC stage. The
WPT system supplies an IoT node consisting of an MCU
equipped with a BLE transceiver and various sensors. In this
configuration, theWPT transmitter and oneMCUwith a BLE
transceiver are static, while the WPT receiver and the node
are placed on a rotating roll. The primary objective of the
WPT system is to supply sufficient energy to the IoT node,
enabling continuous condition monitoring while ensuring
compactness and ease of installation. For this purpose, a coil
system consisting of two coupled resonant coils has been
designed, where the two coils overlap for a fraction of the
rotation period of the roll.

First, the IoT node is described and the energy require-
ments analysis of the system is presented. Subsequently,
each block is described and characterized in detail (Sec. III).
Finally, the performance of the entire system, operating under
dynamic conditions, is reported (Sec. IV).

FIGURE 1. Block diagram of the designed wireless power transfer system
with data transfer capability for rotating applications.

A. MCU NODE
The chosen MCU board for this application is an Arduino
Nano 33 BLE. It is equipped with an Inertial Measurement
Unit (IMU) to perform angle measurement, a BLE module
to wirelessly transmit data, and several Analog-to-Digital
Converters (ADCs) accessible via analog inputs. The node
can operate with external supply voltages in the range of
4-21 V but in this application, the maximum voltage value
is set to 5 V. This value was chosen since it is a common
voltage level used in many electronic systems, including
microcontrollers, sensors, and other peripherals. Moreover,
it can be easily adjusted to 3.3 V using a voltage regulator.
The node is also provided with LEDs as visual feedback on
the status of the operation. The node schematic is shown
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in Fig. 2 (a). The supply voltage is constantly monitored
using one of the available analog input pins. Since the MCU
circuitry operates at 3.3 V, a resistive voltage divider is
used to scale the ADC input voltage by a factor αv =

0.658, resistance values (i.e. R1 and R2) are reported in
the schematic. The MCU angular orientation is measured by
leveraging the 3D gyroscope and accelerometer sensors in
the onboard IMU. Digital data received from these sensors
are combined inside the MCU using a digital complementary
filter to evaluate roll angular position. This simple but
effective sensor fusion technique helps to reduce the major
drawbacks of the employed sensors. Gyroscopes, in fact, tend
to drift over time due to noise or bias, and accelerometers are
affected as well by noise and linear acceleration [31].

A custom BLE service with two BLE characteristics is
used to transmit data. Each characteristic, one for the supply
voltage and the other for angular position data has a payload
of 2 bytes and uses the notify mechanism. Indeed, whenever
new data is ready to be sent, the node notifies the other
MCU, which, in turn, initiates the reading procedure. Fig. 2
(b) shows the flux diagram describing the operation of the
IoT node, which operates continuously as long as its supply
voltage is above 4 V. The power consumption of the IoT node
was estimated bymeasuring the drained current with different
supply voltages when fully operational, i.e. reading and
transmitting data, using a digital multimeter (model 34401A
from Agilent, accuracy 0.01 %). The power consumption
slightly increases with Vload due to the internal regulator
connected to theVin pin. Specifically, as theArduino operates
at 3.3 V, at higher Vload there is an increase in the power
dissipated due to the larger voltage step-down. The measured
I-V pairs are reported in Table 1.

TABLE 1. Estimated power consumption of the IoT node by measuring
the drained current for various supply voltage values.

B. ENERGY CONSIDERATION
By definition, the system DC-DC efficiency is:

ηwpt =
Pload
Pin

= ηamp · ηcoil · ηrect · ηbuck (1)

where Pin is the PA DC input power, ηamp is the PA DC-RF
efficiency, ηcoil is the coil system transmission efficiency,
ηrect is the rectifier RF-DC efficiency, and ηbuck is the buck
converter efficiency. Assuming Trev be the revolution period
of the roll, the node consumes an amount of energy equal
to Erev = Pnode × Trev J during each revolution. The WPT
systemmust be able to deliver to the load the energy Erev only
while the coils are overlapped, thus resulting in an increased

FIGURE 2. IoT node for supply voltage and angular orientation real-time
monitoring. (a) Schematic, and (b) operations flowchart.

transmitted power compared to a continuous transmission
operation. The energy balance is reached when

Pload · Ttx = Pnode · Trev (2)

Ttx =
Trev
χ

; χ =
360
α

(3)

thus

Pin · Ttx · ηwpt = Pnode · Trev (4)

where Ttx is the wireless power transmission interval corre-
sponding to an angular range α during each revolution and
assuming the system transmission efficiency ηwpt constant
during Ttx . Therefore, the required input power for the PA
can be calculated as

Pin =
χ · Pnode

ηwpt
(5)

with χ · Pnode = Pload . Therefore, the WPT system has to
deliver a power Pload at least χ times greater than Pnode to
supply the node for Ttx and store inside the supercapacitors
an amount of energy δEcap greater than Pnode · (Trev − Ttx) to
supply the node for the remaining revolution period, as shown
in Fig. 3 (a), and thus

δEcap ≥ Pnode · Trev
χ − 1

χ
. (6)

For the purpose of system-level analysis, particularly in
the context of wireless power transfer, it may be beneficial
to approximate the entire load as a load resistance Rl . This
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approximation is formulated on the basis of the required
power Pload by the overall system. Specifically,

Pload (t) = Vload · Iload (t) (7)

where Iload is the sum of the current to charge the capacitors
Ic and the node current Inode during Ttx , as shown in Fig. 3
(b), thus the equivalent load resistance is given by

Rl =
V 2
load

χ · Pnode
. (8)

This Rl serves as a computational tool to represent the
power consumption of the system when power is being
transferred thru WPT.

FIGURE 3. System energetic requirements. (a) Minimum power Pload that
has to be delivered to fulfill the node energy requirement during Trev (i.e.
Etx = Erev ). (b) Load current during an entire revolution lasting Trev .
During Ttx , the WPT system supplies the node and charges the capacitors
while, for the remaining portion of the revolution, the node is supplied by
the capacitors.

III. SYSTEM DESIGN AND IMPLEMENTATION
A. COUPLED INDUCTORS
The most straightforward solution to performWPT in similar
environments is to use concentric coils, one placed on the
outer circle of the roll, and the other aligned with it, since this
allows for constant coupling coefficient versus rotation angle.
Unfortunately, this solution is not possible in our reference
application, and, in general, it is not suitable for large rotating
equipment due to several factors, among them, the dimension

of the resulting coils and the mechanical interference of the
coils with many apparatuses usually present on both rolling
and stator parts (in our case, for instance, a full disc coil would
interfere with the BLE transceiver). We eventually developed
an alternative approach, based on compact planar coils. The
coils occupy a sector of a circular crown, leaving plenty
of space for the rest of the electronics. However, with this
solution, we have a variable coupling coefficient, depending
on the position of the rotating coil with respect to the static
one. Therefore, different coils, characterized by a difference
in angular coverage, have been studied to guarantee a stable
coupling coefficient for a fraction of the rotation period. The
dimensions of the rotating coils are limited by the dimension
of the roll outer circular crown available (outer radius 30 cm,
height 9 cm, and angular coverage 28° in the present case).
For the static transmitting coil, similar constraints limited the
available sector to 56°.

FIGURE 4. Layout of the coil system. (a) RX Coil front view, (b) coil system
lateral view, and (c) coil system front view. Main parameters: Wl =
1.0 mm, G = 0.8 mm, H = 70.0 mm, Hs = 90.0 mm, d = 20.0 mm, dm=
30 mm, and t = 1.6 mm. TX coil: θtx = 56°, Ws = 300 mm, C= 80 pF.
RX coil: θrx = 28°, Ws = 164.4 mm, C= 160 pF.

The design of the resonant coil system was conducted
through electromagnetic simulations using CST Studio
Suite [32]. The coils are designed on a 1.6 mm thick FR-4
substrate (ϵr = 4.7, tanδ = 0.011). As the roll is made with
metal, the receiving coil lies in close proximity to a metal
surface, which impacts the WPT performance. Therefore, the
metal plane was included in the RX coil model. To achieve a
high coupling coefficient while keeping a low parasitic series
resistance, four-turn coils are chosen, as shown in Fig. 4 (a).
Fig. 4 (b) illustrates the lateral view of the whole system. The
separation between the coils is constant, and it is set to 2 cm
mainly due to industrial constraints. The distance dm between
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the RX coil and the metal roll behind it is set to 3 cm, which is
also the maximum available space. The coupling coefficient
k between the coils is calculated as follows

k(θ ) =
M (θ )

√
L1L2

, (9)

where M is the mutual coupling between the coils (which
varies with the rotation angle θ ), L1 is the inductance
associated with TX coil and L2 is the inductance associated
with RX coil. The mutual inductanceM between two moving
planar coils can be calculated based on the coil geometrical
parameters using the solution of the Neumann equation [33]:

M (θ ) = ρ

np∑
i=1

ns∑
j=1

Mij(θ ) (10)

where Mij represents the mutual coupling between the i-th
spire of the primary coil and the j-th spire of the secondary,
and ρ takes into account the area variation compared to
circular coils.

Three coil prototypes with different angle coverage
were designed and manufactured, as shown in Fig. 5 (a).
Coil parameters are summarized in Table 2. The coupling
coefficient between different pairs of coils was measured
at various relative rotation angles and compared against
electromagnetic simulations. For angular characterization,
the coils were positioned within two 3D printed holders,
with the receiving coil placed on a rotating moke-up. They
were then connected to the two ports of a Vector Network
Analyzer (VNA) (Rhode & Schwarz ZNH26). The angular
position of the receiver coil was measured with the IoT node,
powered by an external power supply (CPX400DP model
from PowerFlex). Fig. 6 shows the comparison between
the measured and simulated coupling coefficients for all
combinations of coils. The RX coil was moved within
an angular range of ±40°, with the position θ=0° being
the perfect alignment with the TX coil. The measurements
agree fairly well with the simulation results. In the case
of identical spirals covering 28°, we obtain the maximum
coupling coefficient (equal to 0.25); but, as expected,
it occurs only when the spirals are aligned (θ=0°), while it
sharply decreases as themisalignment increases. The solution
θtx=56° and θrx=28° represents the best trade-off between a
high coupling coefficient and a fraction of the rotation period
in which the coupling coefficient is approximately constant.
Indeed, k is approximately equal to 0.2 for an angle of 25°. If a
smaller RX coil is chosen, the rotation period in which we can
stably transfer power is a little broader (about 40° instead of
25°), but in that case, the coupling coefficient is significantly
lower (0.13 instead of 0.2), as shown in Fig. 6.
A series-series compensation topology, shown in Fig. 7,

was selected for the coil system to achieve resonance at
6.78 MHz. In this configuration, the resonant condition
depends solely on the coil inductances and compensation
capacitances. Therefore, when the coils are aligned, the
resonant frequency of the coupling system is independent

FIGURE 5. Prototypes of the WPT system. (a) Manufactured coils,
(b) COTS buck converter connected in parallel to the series of two 5 F
supercapacitors, and (c) IMN and full-wave rectifier.

FIGURE 6. Comparison of the measured and simulated coupling
coefficient for different pairs of coils (θtx - θrx ) and angles. The dashed
lines correspond to simulations and the solid lines to measurements.

of M and Rl [34]. The two series lumped capacitors are
calculated as:

Cx =
1

4π2f 2r Lx
(11)

where Cx and Lx are the series capacitance and coil
inductance of the TX and RX coils, respectively. Table 2
reports the comparison between the simulated and measured
inductance values and the respective series capacitances.

FIGURE 7. Series-series compensation topology.

The chosen configuration was also simulated for misalign-
ment along the vertical axis that can arise during installation.
Fig. 8 (a) reports themutual inductance variation for a vertical
misalignment up to 11%. Fig. 8 (b) shows the comparison
of transmission coefficients for a misalignment up to 11%.
The coefficient variation in the angular range ±15° is lower
than 0.2 dB, which corresponds to an efficiency drop of less
than 5%.
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TABLE 2. Summary of the parameters for the three types of designed
coils.

FIGURE 8. Simulations for vertical misalignment using the couple
‘‘θtx = 56° and θrx = 28°. (a) mutual inductance M for various
misalignment values, and (b) transmission coefficient for the best and
worst cases, i.e. coil aligned and 11% of vertical misalignment.

B. DC/AC AND AC/DC CONVERSION
The chosen power amplifier for the application is the
GSWP050W-EVBPA from GaN Systems, a 50 W class EF2
power amplifier based on a push-pull topology. The module
includes control ports to switch the PA on and off and features
a max efficiency ηamp of 91% according to the component
datasheet. The RF signal transmitted to the rotating side is
converted to a DC power supply by theAC/DC stage shown in
Fig. 5. The full-wave rectifier converts the RF signal received
by the RX coil to a DC voltage while the DC/DC buck
converter module stabilizes the voltage to ensure a steady
supply of power. The final block, the supercapacitors, acts
as an energy storage device, allowing the system to store and
release energy when needed.

The employed DC-DC converter is the TPS62933EVM
from Texas Instruments. The module consists of a

FIGURE 9. Simulated RF to DC efficiency of the full-wave rectifier for
varying loads and input power levels.

high-efficiency synchronous buck converter with a maximum
output current of 3 A and input voltages ranging from 3.8 V
to 30 V. To power supply the node, the output target voltage
was set to 5 V by means of external resistors. A series of
two 5 F supercapacitors are connected in parallel to the node,
thus the buck converter output current is shared between
the capacitors and the node when the coils are aligned.
Conversely, when the coils are not aligned and no power is
being transferred, the current flows from the capacitors to the
node until the roll completes its rotation and a new pulse of
power is transferred. This routine holds if the output voltage
is greater than 4 V and the node is operating. During the
startup, when the load voltage is lower than 4V, all the current
flows into the capacitors and no power is absorbed by the
node. Therefore, the capacitors will charge up to the threshold
voltage and then start supplying the node. The value of the
supercapacitors was selected to ensure a stable supply voltage
for the node, while also allowing for rapid charging. The
adopted supercapacitors allow the system to quickly complete
the startup phase, thus minimizing downtime.

The rectifier is a full-wave rectifier based on four Schottky
diodes (PMEG045T030EPDZ from Nexperia), designed
using Harmonic Balance simulations within Advanced
Design Systems [35]. The device also includes an Input
Matching Network (IMN) so that the input impedance of the
rectifier can be set to maximize the power transfer efficiency
of the coil system. The circuit components are Lp = 500 nH
and Cs = 3.55 nF for the IMN, while the smoothing output
capacitance consists of three capacitors in parallel, with size
300 uF, 0.2 uF, and 0.1 uF. The load resistance of the rectifier
is calculated using (8) with a supply voltage of 5 V and the
node power consumption of 325 mW, thus obtaining a value
of 6.4�. The simulated RF toDC efficiency is shown in Fig. 9
for a wide range of input power and different loads. It can be
seen that for the target value the efficiency ηrect is about 75%
for an input power greater than 36 dBm.

C. SYSTEM CHARACTERIZATION
To properly characterize the dynamic behavior of the WPT
system, the RX coil was mounted on a roll moke-up with
the same geometrical constraints of the addressed application.
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FIGURE 10. (a) Experimental setup for the wireless power and data
transfer system, and (b) lateral view of the different coil system with a
gap of 2 cm.

The moke-up consists of a motor connected to a wooden roll
with a radius of r = 30 cm and its outer circle is covered by
aluminum foils, as shown in Fig. 10 (a).
The transmission coefficient versus relative rotation angle

for the coil system was measured with a VNA and compared
to the simulation, as shown in Fig. 11. The measured
transmission coefficient for a rotation angle of±15° is almost
flat and equal to -0.78 dB, thus achieving a power transfer
efficiency ηcoil of 83.5% in good agreement with the EM
simulations.

The coil system was connected on one side to the COTS
power amplifier and on the other side to a 50 � load,
which we found is the optimal load impedance for maximum
power transfer efficiency. Fig. 12 illustrates the efficiency
ηamp · ηcoil and the power delivered to the 50 � load vs.
misalignement angle. In the angular range ±15°, the power
transfer efficiency ηamp ·ηcoil is higher than 76%, with a peak
value of 80%.

To characterize the full-wave rectifier under high-power
levels, the PA was directly connected to the input port of the
rectifier. Its output port was connected to the buck converter
with a load resistance of 6.5 � and no supercapacitors,
measuring the efficiency ηamp · ηrect · ηbuck by varying the
PA DC input voltage, as reported in Fig. 13. it can be seen
that the desired output power of 3.9 W, corresponding to
12 ·Pnode, is achieved for DC input power of greater than 5W.
In this condition, by using the efficiencies ηamp and ηbuck
provided by the respective datasheets, equal to 91% and 96%,
respectively, a rectifier efficiency ηrect of 80% is obtained.
The efficiency ηrect is calculated using the module datasheet

FIGURE 11. Comparison of the measured and simulated coil system
S-Parameters using the couple ‘‘θtx = 56° and θrx = 28°. (a) Transmission
coefficient for different angles, and (b) S-parameters for θ = 0°.

FIGURE 12. Measured efficiency and delivered power to a 50� load
connected directly to the RX coil.

peak efficiencies for a conservative estimate of the rectifier
performance.

Finally, the overall WPT link DC-DC efficiency was
estimated connecting the buck converter output to the 6.5 �

resistance and measuring the DC power delivered to the
load. As reported in Fig. 14, the system features a constant
transmission efficiency ηwpt of 58% for a misalignment up to
30°and the minimum value of 54% for a misalignment up to
40°. Therefore, using (5) with an angle α=40°, the minimum
required load power Pload to be delivered during Ttx is 2.9 W
instead of 3.9 W. Using the minimum efficiency measured
inside the misalignment of ±20°, which is 54%, and (5), it is
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FIGURE 13. Measured AC/DC block efficiency and DC output power on
the 6.5� load, and PA input power vs PA input voltage.

FIGURE 14. Measured dynamic DC-DC efficiency and input DC input
power of the WPT system with a 6.5� load and PA HV voltage of 7.6 V.

required a minimum DC input power of 5.6 W to deliver
about 3 W to the load.

IV. DYNAMIC MEASUREMENT
The proposed system was tested in a laboratory environment
using the roll mock-up shown in Fig. 10, with the disk rotating
at a frequency of about 4 Hz. The WPT receiver blocks were
mounted on the disk, while, on the transmitter side, the PA
was connected to the TX coil and supplied by a DC power
supply. The TX coil, along with its holder, was placed on
top of a support to ensure proper alignment with the RX coil
at a distance d = 2 cm, as shown in Fig. 10 (b). To collect
and process data, the static MCU was configured to receive
the BLE packets and forward them to a computer using
the Universal Asynchronous Receiver-Transmitter (UART)
protocol. Data received over serial communication were
saved and analysed using a Python script.

The PAHVvoltagewas set to 7.6V as it was for the angular
measurements reported in Fig. 14, resulting in an input power
of 5.7 W for the coil overlapping condition. However, due to
the coupling system border effects for misalignment greater
than ±20°, the delivered energy to the load is higher than the
required node energy Erev thus overcharging the capacitors.
If the load voltage reaches the threshold value of 5 V, the
buck converter stops charging the capacitors, supplying only
the node with a resistance Rnode. Although this does not

interfere with the node operation, it might cause harm to the
WPT system. In fact, the sudden change of load resistance,
from 6 � to 70 �, causes potential power reflection. Instead
of increasing the buck converter threshold voltage, which
would cause an increase in the node power consumption,
the static MCU was programmed to switch on and off the
PA drivers so that the voltage across the supercapacitors is
in the range [Vlh-Vth] = [4.3-4.5] V. To do so, a digital
comparator with hysteresis was implemented inside the static
MCU, using the measured voltage data transmitted by the
node to control the PA via the active low enabling pin of the
driver module.

Fig. 15 shows the measured data during a ten minutes
test. During that period, voltage and angular data were
continuously acquired and transmitted by the node regardless
of the PA status. The load voltage value during the test is
depicted in Fig. 15 (a). After an initial starting phase, the
load voltage alternates charging and discharging periods to
keep the voltage inside the defined operative range, proving
the effectiveness of the digital comparator. The charging Tct
and discharging Tdt intervals last for about 33 s and 7 s,
respectively. The angular position of the node, and thus the
disk rotational speed, is shown in Fig. 15 (b). During an
interval of 1 s, the disk made three complete revolutions
and only 210° of the fourth, thus resulting in a rotational
frequency of 3.6 Hz.

In terms of system efficiency, (4) should be modified to
account for the energy stored inside the supercapacitors and
thus define the WPT system energy efficiency. By consid-
ering the capacitors charging time Tct and stored energy to
pass from 4.3 V to 4.5 V, we can define the capacitor energy
variation 1Ecap, the node energy consumption Ect , and the
energy provided at the PA input Ein as follow:

1Ecap =
1
2
C(V 2

th − V 2
lh) (12)

Ect = PnodeTct (13)

Ein =
PinTct

χ
. (14)

Therefore, the WPT energy efficiency can be expressed as:

ηE,wpt =
Ect + 1Ecap

Ein
(15)

using Tct = 33 s and the transmission angle of ± 20° the
obtained system DC-DC energy efficiency is ηE,wpt=62%.
The system was tested at various rotating speeds to

verify its correct operation at different machinery rotational
frequencies, as shown in (5). If the rotational speed is higher,
the transmitted energy and node required energy per round
are lower, but the number of rotations in a given period is
higher. The opposite occurs if the rotational speed is lower.
Therefore, in a given period the transmitted energy is the
same. This results in maintaining a consistent energy balance
over time as shown Fig. 16 for measured data of 2 Hz (top)
and 4 Hz (bottom) rotating speeds, respectively.
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FIGURE 15. Experimental data measurement. (a) Load voltage and PA
enable signal over the entire test, and (b) 1-second shoot of the
measured load voltage and angular position. It can be seen that the disk
is spinning at a frequency of 3.5 Hz.

FIGURE 16. Experimental data measurement for different rotating
speeds. (a) Load voltage, PA enable signal (left), and angular position
(right) for a rotating speed of 2 Hz. (a) Load voltage, PA enable signal
(left), and angular position (right) for a rotating speed of 4 Hz.

Concerning the minimum rotating frequency, the lower
bound is set by the supercapacitors discharging time to
pass from 4.5 V to 4.0 V during the period Trev − Ttx .
Indeed, if the voltage drops below that threshold when the
coils are not aligned the node turns off, compromising the
monitoring operations. In the adopted system, with the given
supercapacitors and Inode, the minimum rotating frequency is
about 50 mHz.

V. CONCLUSION
This paper presented a fully operational WPT system for a
specific industrial condition monitoring representative of a
class of applications, consisting of high-dimension industrial
rotating equipment, that is of high interest in the area of
Industrial IoT. By employing a pair of different planar coils
that occupy only a section of the outer circular crown of
the roll, a PWPT system has been designed and tested using
rotating emulating equipment.

The reported comprehensive study of the magnetic cou-
pling system has shown the benefit of using different coils
for dynamic applications. Indeed, at the cost of a reasonable
reduction in the coupling coefficient, the employment of
different coils provides a wider and more stable link for
WPT. In the specific case, using a series-series resonant
topology, a power transfer efficiency ηcoil>80% is maintained
for a misalignment greater than ±20°. The developed PWPT
system features a DC-DC efficiency ηwpt of 62% and can
successfully power supply an IoT node provided with sensing
and data transfer capability.

Thanks to its compact design, practical feasibility, and
demonstrated effectiveness, this system introduces a novel
approach to the design of a misalignment-tolerant magnetic
coupling system, thereby paving the way for innovative
dynamic WPT solutions.
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