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The increasing demand for portable and off-grid charging solutions has motivated the
development of solar-powered wireless power transfer (WPT) systems for consumer
electronics. This paper presents the design, implementation, and experimental
performance evaluation of a portable solar-powered wireless charger that integrates a
3-Wp photovoltaic (PV) panel with a near-field inductive coupling WPT system
operating at a resonant frequency of 90 kHz. The research contribution is a fully
integrated, low-cost prototype that demonstrates the feasibility of combining solar
energy harvesting with contactless inductive charging for mobile devices, addressing
the gap in portable off-grid wireless charging solutions. The system comprises a solar
panel connected to a powerbank serving as an energy buffer, a series-series (SS)
compensated inductive coil pair, a high-frequency inverter, and an AC/DC rectifier
stage. Experimental testing was conducted in Malang City, Indonesia, under natural
sunlight conditions. Results showed that the solar panel output voltage ranged from 6.2
V to 6.8 V under direct sunlight, declining by more than 30% under cloudy conditions.
Peak power transfer efficiency of 65.3% was achieved at the 90 kHz resonant
frequency, and efficiency decreased inversely with coil separation distance, dropping
from 65.3% at 0 cm to below 10% at 5 cm. The powerbank required approximately
460 minutes of solar charging to reach 4 V, and the mobile phone battery charged at an
average rate of 8.5 minutes per 1% capacity increase, compared to approximately 4.2
minutes per 1% for a standard wired charger. The study demonstrates the practical
feasibility of portable solar-WPT integration for outdoor and emergency charging
applications, while identifying weather dependence and limited effective coil distance
as primary constraints for future optimization. This research aligns with the United
Nations Sustainable Development Goals (SDGs), particularly SDG 7 (Affordable and
Clean Energy) by promoting renewable energy access and photovoltaic technology for
off-grid communities, SDG 9 (Industry, Innovation and Infrastructure) through the
development of innovative low-cost wireless charging infrastructure, SDG 11
(Sustainable Cities and Communities) by enabling resilient and portable energy
solutions for underserved and emergency settings, and SDG 13 (Climate Action) by
advancing clean energy alternatives that reduce dependence on fossil-fuel-based
electricity.
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1. INTRODUCTION

Wireless power transfer (WPT) technology has emerged as a transformative solution for charging portable
electronic devices without physical connectors [1]. By eliminating mechanical wear on charging ports and
enabling convenient, cable-free operation, WPT offers substantial advantages for consumer electronics,
medical implants, and electric vehicles [2]. Near-field inductive coupling, which operates on Faraday's law of
electromagnetic induction, has become the dominant WPT approach for portable devices due to its simplicity,
high efficiency at close range, and proven safety record [3][4].

Simultaneously, photovoltaic (PV) solar technology has matured as a reliable source of renewable energy
for off-grid and portable applications [5]. The integration of PV energy harvesting with WPT systems
represents a compelling pathway toward self-sufficient, portable charging solutions that do not depend on
conventional electrical infrastructure [6]. Such systems are particularly valuable for outdoor activities, remote
communities, emergency scenarios, and developing regions where grid access is limited or unreliable [7].

However, the existing body of research on solar-powered WPT systems for portable consumer electronics
reveals several unresolved challenges [8]. First, most studies focus on large-scale PV-WPT systems for electric
vehicle (EV) charging or stationary applications, rather than compact, handheld prototypes suited for mobile
phone charging [9]. Second, the impact of variable solar irradiance—particularly under cloudy conditions—on
end-to-end charging efficiency has not been systematically characterized in the context of portable systems
[10]. Third, the relationship between coil separation distance, resonant frequency selection, and overall power
transfer efficiency requires careful empirical validation for low-power near-field systems [11].

This paper addresses these gaps by presenting the complete design, hardware implementation, and
performance characterization of a portable 3-Wp solar-powered inductive WPT prototype [12]. The specific
contribution of this research is threefold: (1) a low-cost, portable hardware prototype integrating a PV panel, a
powerbank energy buffer, and a 90-kHz inductive WPT stage; (2) empirical characterization of solar panel
output variability under natural Indonesian sunlight conditions; and (3) systematic measurement of WPT
efficiency as a function of both resonant frequency (70—140 kHz) and coil separation distance (0—5 cm) [13].
The system specifically targets near-field, non-radiative inductive coupling for low-power mobile device
charging, distinguishing it from far-field RF and large-scale magnetic resonance systems [14].

The remainder of this paper is organized as follows. Section 2 reviews the theoretical foundation and state
of the art in WPT and solar charging integration. Section 3 details the system design and experimental
methodology. Section 4 presents and analyzes the experimental results. Section 5 concludes the study and
recommends future work directions.

2. LITERATURE REVIEW
2.1. Theoretical Basis of Electromagnetic Induction

The physical foundation of WPT lies in classical electromagnetism [15]. In 1819, H.C. Oersted
established that electric currents generate surrounding magnetic fields, a discovery that directly led to the
formulation of Biot-Savart's Law, Ampere's Law, and Faraday's Law of Induction [16][17]. James Clerk
Maxwell subsequently unified these principles in his landmark 1873 treatise, providing the complete
mathematical framework describing how time-varying magnetic fields induce electromotive forces in nearby
conductors [18][19]. These laws form the theoretical basis for modern inductive WPT: alternating current in a
primary coil generates a time-varying magnetic field that induces voltage in a magnetically coupled secondary
coil [20].

2.2. Classification of Wireless Charging Technologies

As illustrated in Figure 1, wireless charging technologies are broadly categorized into two classes: near-
field (non-radiative) methods and far-field (radiative) methods. Near-field methods, which include inductive
coupling [21], magnetic resonance coupling [22], and capacitive coupling [23], exploit evanescent
electromagnetic fields that decay rapidly with distance. Far-field methods, including directive RF power
beamforming and non-directive RF energy harvesting, use propagating electromagnetic waves to transfer
energy over longer distances [24].

Capacitive coupling achieves energy transfer via oscillating electric fields between opposing plate
electrodes, but the coupling capacitance—and thus power density—is constrained by electrode surface area,
limiting practicality for standard-sized mobile devices [25]. Directive RF beamforming requires precise
knowledge of the receiver's location, which is impractical for general consumer use. Consequently, near-field
inductive and magnetic resonance coupling remain the dominant approaches for consumer WPT applications
[26].
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Figure 1. Classification of Wireles Charging Technologies

2.2.1. Inductive Coupling

[27] operates on the principle of magnetic induction, where electrical energy is transferred between two
coils. The conceptual model is illustrated in Figure 2. Inductive power transfer (IPT) occurs when a primary
coil generates a rapidly varying magnetic field, inducing a corresponding voltage or current in a secondary coil
positioned within the near field—typically at distances shorter than the electromagnetic wavelength. This
induced voltage can then be utilized to charge wireless devices or energy storage systems. Inductive systems
generally operate in the kilohertz frequency range, and the secondary coil must be tuned to the operating
frequency to maximize power transfer efficiency [28]. The quality factor is typically kept low (e.g., below 10
[29]) because higher quality factors lead to rapid attenuation of transferred power [30]. As a consequence of
limited compensation for high-Q operation, the effective charging distance is usually restricted to within
approximately 20 cm [31]. Inductively coupled systems are commonly employed in radio-frequency
identification (RFID) technologies [32][33] is a boundary-pushing example of extending charging distances by
tens of centimeters, at reduced efficiency costs (e.g., 1-2% [34]) with power received in the microwattage
range. Despite the limited transmission range, the effective charging power can be very high (e.g., kilowatt
rates [35] for recharging electric vehicles). The advantages of magnetic inductive couplings include ease of
implementation, easy operation, high efficiency in close proximity (usually less than the diameter of the coil)
and guaranteed safetyConsequently, this method is widely adopted for mobile electronic devices. More
recently, researchers at MIT introduced an advanced wireless charging technique known as MagMIMO [36],
capable of delivering power to devices at distances of up to 30 cm. MagMIMO is reported to detect the presence
of a mobile phone and direct focused energy beams toward it—even when the device is located inside a pocket.

: : Primary coil
Primary coil

Secondary coil Secondary coil

capacitance

(a) Inductive Coupling (b) Magnetic Resonance Coupling

Figure 2. Inductive Coupling and Magnetic Resonance Coupling

2.2.2. Magnetic Resonance Coupling

Magnetic resonance coupling functions by leveraging the interaction of evanescent waves to generate and
transmit electrical energy between two resonant coils through a dynamically varying magnetic field [37]. When
both coils are tuned to the same resonant frequency, efficient energy transfer is achieved with minimal
dissipation into non-resonant surroundings. For instance, a recent prototype [38] demonstrated a maximum
transfer efficiency of 92.6% at a separation of 0.3 cm. Owing to their resonant characteristics, magnetic
resonance systems are inherently resistant to environmental perturbations and do not require a direct line of
sight. Prior studies [39][40] have shown that magnetically coupled resonators can transmit power over
significantly longer distances than inductive coupling techniques, while maintaining higher efficiency
compared to RF radiation-based methods [41]. Moreover, this approach supports multi-device charging by
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enabling one transmitting resonator to simultaneously power multiple receiving resonators [42][43]. Because
magnetic resonance coupling typically operates in the megahertz frequency range, the system exhibits a high
quality factor. As the transmission distance increases, a high-Q design mitigates the rapid decline in the
coupling coefficient, thereby improving overall transfer efficiency [44]. This enables effective power delivery
at distances on the order of meters. In 2007, MIT researchers introduced a mid-range wireless power transfer
technology known as Witricity, based on strong magnetic resonance coupling [45][46]. Reports indicate that
Witricity can illuminate a 60-W light bulb at distances exceeding two meters with an efficiency of
approximately 40%, rising to about 90% at a one-meter range. Despite these advantages, miniaturizing
Witricity receivers remains challenging because their operation relies on distributed capacitive coils, limiting
their applicability for compact portable devices. Additionally, while magnetic resonance coupling allows
simultaneous charging of multiple devices by tuning their resonant coils [47], the mutual coupling among
receiver coils [48] can introduce interference, necessitating careful tuning and system optimization.

2.2.3. RF Radiation

RF radiation utilizes scattered RF waves as a medium to carry radiant energy [49]. RF waves propagate
in space at the speed of light, usually in line of sight. The typical frequency range of RF/microwave ranges
from 300MHz to 300GHz [50]. Energy transfer can use other electromagnetic waves such as infrared and X-
rays, but due to safety concerns, their use is limited. The architecture of the microwave power transmission
system is shown in Figure 3. The power transmission process begins with the conversion from AC to DC,
followed by the conversion from DC to RF via a magnetron on the transmitter side. After propagating through
the air, the RF waves captured by the receiving rectenna are repaired back into electricity through conversion
from RF to DC. The efficiency of RF to DC conversion depends largely on the power density captured on the
receiving antenna, the accuracy of impedance matching between the antenna and the voltage multiplier, as well
as the power efficiency of the voltage multiplier that converts the received RF signal into DC voltage [51].
Recent implementation examples show that RF to DC conversion efficiencies reach 62% and 84% for
cumulative input power of -10dBm and 5.8dBm respectively [52]. A more detailed review of the conversion
efficiency of RF energy harvester implementation can be found in [53].
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Figure 3. Far-field wireless charging system

From a theoretical standpoint (Table 1), prior studies have examined the mathematical characterization
of energy conversion efficiency and maximum extractable power in energy-harvesting circuits. RF and
microwave energy may be radiated isotropically or directed using beamforming techniques [54]. While
isotropic transmission is better suited for broadcast-type applications, point-to-point wireless power delivery
benefits significantly from energy beamforming, which enhances transmission efficiency. Beamforming
concentrates the emitted signal using an antenna array (or aperture), and the directivity—or sharpness—of the
energy beam improves as the number of transmitting antennas increases [55]. Utilizing larger antenna arrays
further enhances this directivity. Recent technological advancements have also enabled the commercialization
of such systems. Examples include the Powercaster transmitter and Powerharvester receiver modules, which
support isotropic wireless power delivery at power levels of 1 W and 3 W.

2.2.4. Wireless Charging System Design

In this section, we outline wireless charging systems in terms of architecture, design, and hardware
implementation (Figure 4). On the transmitter side, the system typically comprises three key components: an
AC/DC rectifier that converts alternating current (AC) to direct current (DC); a DC/DC converter that regulates
and adjusts the DC voltage level; and a DC/AC inverter that converts the conditioned DC back into high-
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frequency AC. The receiver side also consists of three main elements: an AC/DC rectifier that converts the
received high-frequency AC into DC; a DC/DC converter that stabilizes and tunes the output voltage; and a
load, which is commonly a battery charging interface. The wireless charging process proceeds as follows: a
power source supplies the AC/DC rectifier [56]. Because commercial AC frequencies are too low to support
efficient wireless power transfer, the system first increases the AC frequency, then steps up the DC voltage,
and finally reconverts it to high-frequency AC. This high-frequency alternating current generates a magnetic
field as it flows through the transmitter’s coil. The receiver’s coil—separated from the transmitter by an air
gap—captures this magnetic field and induces an AC voltage, which is subsequently rectified into DC and used
to charge the device’s battery. Inductive coupling systems generally employ four fundamental compensation
topologies: series—series, series—parallel, parallel—series, and parallel-parallel. Among these, the series—series
and parallel-series configurations are most widely used due to their stable performance and lower
implementation cost. In magnetic resonance coupling systems, the primary input configurations are series and
parallel matching networks, selected according to the desired efficiency and operating characteristics. Recent
advancements have expanded magnetic resonance applications to include four-coil architectures, relay-
resonator structures, and domino-resonator networks. The four-coil arrangement—first introduced in 1998—
incorporates two additional coupling stages, offering greater flexibility in achieving mid-range power transfer,
though the overall efficiency typically remains below 50%. Relay-resonator systems insert an intermediate
resonator between the transmitter and receiver to extend the transfer range, whereas domino-resonator systems
employ multiple resonant relays to further increase transmission distance. The domino configuration can be
arranged in various geometries, enabling more adaptable and controllable power-transfer pathways.

Ac/DC DC/DC DC/AC AC/DC DC/DC

w - Load
Rectifier Caonverter Inverter Rectifier Converter

Figure 4. A block diagram of a common non-radiation wireless charging system

Table 1. Comparison of Different Wireless Charging Techniques

Wireless - :
Charging Advantage Disadvantage Effec]t;\i/:t a(i,lirgmg
Technique
Short charging distance, heating effect, From a few

Inductive not suitable for mobile applications,

Safe for human, simple implementation millimeters to a few

coupling needs tight alignment between chargers .
. . centimeters
and charging devices
Loose alignment between chargers and
Magnetic charging devices, charging multiple devices Not suitable for mobile applications, From a few
resonance simultaneously on different power, high limited charging distance, complex centimeters to a few
coupling charging efficiency, non-line-of-sight implementation meters

charging
Typically within
several tens of
meters, up to several
kilometers

Not safe when the RF density exposure
is high, low charging efficiency, line-
of-sight charging

Long effective charging distance, suitable for

RF radiation . -
mobile applications

3. METHODS
3.1. Network System Design

Based on the results of the study, a system design of a series of tools has been prepared to be tested in
accordance with expectations. System design includes the entire system and the interface of tools or
components, aiming to facilitate the implementation of the tools to be created. With the design of this system,
it is expected that the planned tools can operate optimally in accordance with the established design procedures.
Solar panels that have been prepared will produce voltage to charge the battery. If the voltage in the battery
runs out, the connected solar panel will provide additional voltage. The battery will be tested by measuring the
voltage and current contained in it.

3.2. Control Oscillating Frequencies with Wireless
This wireless charging system (Figure 5) requires AC voltage at a frequency of 90 kHz to produce
oscillations as it crosses the primary coil. The primary coil will produce a flux, that is, the electromotive value,
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which will be received by the secondary coil [56]. The flux received by the secondary coil is then flowed to
the rectifier (rectifier) to be converted into DC voltage, which will later be used as a charging source in the
battery.

-
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Solar Panel ————) Controller +0 .))) @-’

Primary Secondary
Coil Coil

Figure 5. Wireless charging system

3.3. Primary Winding with Secondary Winding

Wireless power transfer (WPT) systems (Figure 6) operate based on the interaction between two
inductively coupled coils, commonly referred to as the primary and secondary coils. In this mechanism,
electrical energy is first supplied to the primary coil, where it is converted into an alternating magnetic field
represented by magnetic flux lines. These flux lines propagate through the surrounding space and are
subsequently intercepted by the secondary coil. Upon receiving the magnetic flux, the secondary coil induces
an alternating voltage that is then rectified and regulated into a stable direct-current (DC) output. This DC
output serves as the charging source for the battery, enabling contactless and efficient energy transfer without
the need for physical electrical connectors.

Solar
Panel

Primary Coil Secondary Coil HF Rectifier

F 3

Battery |

Regulator

Figure 6. A Block Diagram of Wireless Power Transfer System

4. RESULT AND DISCUSSION

At this stage, the tool will be thoroughly tested by testers to evaluate its performance. Tests are performed
on the interface of the whole and each component to ascertain whether the tool operates according to the desired
results or according to the plan that has been made.

4.1. Solar Panel Testing

The testing of solar panels (Figure 7) is conducted to assess and validate their capability to charge batteries
efficiently under real operating conditions. In this system, the battery serves as an intermediate energy storage
unit, ensuring that the harvested electrical power can be reliably supplied to various loads, such as mobile
phones and other portable electronic devices. The portable charger operates by capturing solar irradiance and
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converting it into usable electrical energy through photovoltaic (PV) mechanisms. Consequently, systematic
measurements of the solar cell output are essential to determine overall performance and energy conversion
effectiveness.

\ ’bd

- et o i . /N R
Figure 7. Procedures for conducting solar panel performance testing

In this study, experimental evaluation was carried out in Malang City, Indonesia, during daytime
conditions to represent typical outdoor usage scenarios. The testing procedure involved positioning the solar
panel directly under natural sunlight and recording its electrical output over a defined observation period,
measured in minute-scale intervals. This approach enables accurate characterization of solar panel behavior
under fluctuating irradiance levels, which is critical for assessing the feasibility and reliability of portable solar-
powered charging systems.

The experimental results (Figure 8) were obtained through measurements conducted during daytime
conditions characterized by relatively high solar irradiance. The findings indicate that the electrical output,
particularly the voltage generated by the photovoltaic cells, is strongly influenced by the intensity of sunlight
present during the testing period. Under suboptimal weather conditions—such as reduced irradiance caused by
cloud cover or intermittent shading—the voltage produced by the solar cells decreases markedly.

The variations observed in the measured voltage values, as summarized in the preceding table,
demonstrate the inherent sensitivity of solar panels to fluctuations in solar irradiance. This sensitivity becomes
especially evident in environments with unstable or rapidly changing weather conditions, where inconsistent
heat and light exposure can significantly affect the performance and reliability of photovoltaic systems

6.8
6.6
6.4

6.2

VOLTAGE

5.8

5.6
12:00 12:10 12:20 12:30 12:40 12:50 13:00 13:10 13:20 13:30

TIME
Figure 8. Graphical representation of the solar panel testing results
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4.2. Power Transfer Testing

The purpose of this test is to verify the ability of the primary winding to transfer power to the secondary
winding with a predetermined frequency. Tests using function generators and oscilloscopes (Figure 9) at
several frequencies produce varying input and output signal waves. This testing process is carried out several
times to get the maximum frequency value. The experiment was conducted in a frequency range between 70
kHz to 140 kHz.

In the experimental data from several frequencies used for the wireless transfer system from the primary
coil to the secondary coil, the data produced is in Figure 10. Based on the observations illustrated in the
preceding graph, it is evident that the transmission efficiency attains its peak value at an operating oscillation
frequency of approximately 90 kHz. This frequency was intentionally selected to optimize the inductive
coupling process, ensuring that power transfer from the primary coil to the secondary coil occurs with
maximum effectiveness. At this resonant point, the magnetic coupling between the coils is strengthened,
resulting in higher voltage induction and superior overall system performance compared to other tested
frequencies.

When the operating frequency deviates either above or below the 90 kHz resonance, a noticeable decline
in power transfer efficiency is observed. This reduction is accompanied by a corresponding drop in the output
voltage received by the secondary coil, demonstrating the system’s sensitivity to frequency detuning.
Consequently, to maintain optimal performance and ensure that the wireless charging device operates at its
highest possible efficiency, the system is configured to operate at a nominal frequency of 90 kHz.

350

300 ) )
= : Primary Coil

N
[o2]
o

== : Secondary Coi

N
o
o

— : Efficiency (%)

Voltage (mV)
Z
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0
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Frequency (kHz)

Figure 10. The results of the voltage on the primary coil, secondary coil, and the efficiency of the power
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4.3. Efficiency Versus Distance

Subsequent experiments were conducted to assess the relationship between transmission efficiency and
the separation distance between the primary and secondary windings. Output power measurements were
performed across a range of coil-to-coil distances, starting from direct contact at 0 cm up to a maximum
separation of 5 cm. The data obtained from these measurements were systematically documented and later
presented in both tabular and graphical formats to provide a comprehensive and visually interpretable
representation of the system’s performance under varying spatial conditions.

Figure 11 presented shows a clear inverse relationship between power transfer efficiency and the
separation distance between the primary and secondary coil. As the distance between the coils increases, a
noticeable reduction in power efficiency is observed, indicating a weakening of the magnetic coupling that
facilitates energy transfer. Conversely, when the coils are positioned closer together, the coupling strength
improves, resulting in higher efficiency values. This trend confirms that the wireless charging system operates
most effectively when the separation distance approaches zero, where the windings are in direct contact or
positioned at a 0 cm gap. Under these conditions, the system achieves its maximum power transfer efficiency
due to optimal magnetic coupling and minimal energy loss.

200 190

180
160
140
120
100
80
60
40
20
0

VOLTAGE AND EFFICIENCY

0 1 2 3 4 5

DISTANCE (CM)
Figure 11. Graph Efficiency Versus Distance

5.  CONCLUSIONS

The findings obtained from the experimental investigation demonstrate that the performance of the solar
panel system is highly dependent on the intensity of the incident sunlight. Under optimal irradiance conditions,
the photovoltaic module operates efficiently; however, when subjected to reduced sunlight exposure—such as
during cloudy weather—the output voltage exhibits a significant decline. The power bank used in this study
was able to store energy generated by the solar panel effectively, requiring approximately 460 minutes of
charging to reach an output voltage of 4 volts. Furthermore, the mobile phone battery successfully received
power from the power bank, with an average charging rate of approximately 8.5 minutes for every 1% increase
in battery capacity. The wireless charging configuration employed in this research incorporated a 3 WP solar
panel, a sinusoidal signal generator operating at a frequency of 90 kHz, and a pair of inductive coils functioning
as the wireless energy transfer medium. Collectively, the system demonstrates the feasibility of integrating
solar energy harvesting with wireless power transmission for portable charging applications.
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