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Abstract: EVs have drawn great interest as a sustainable alternative for conventional fossil fuel-based transportation.
Still, widespread EV adoption runs into significant charging efficiency and convenience issues. Inductive charging
technology offers a hopeful solution by allowing WPT, hence eliminating the need for physical connectors.
Emphasizing power transfer efficiency, reducing energy losses, and improving system reliability, this paper presents
a high-efficiency inductive charging system for EVs. Power electronics control, resonance tuning, and improved coil
design help the proposed approach to increase charging performance. Experimental data and simulations reveal how
well the proposed approach allows effective wireless charging for EVs.
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1. Introduction Rectifier/Power

Given  increasing demand for  sustainable | ’:’”Cg,“[’,‘f‘” Th'ee'pha;;e sodree
transportation alternatives, EVs have turned into a ‘F [lucouversion ﬁ (ﬁ)
practical solution to reduce reliance on fossil fuels and il Compensation

greenhouse gas emissions. However, traditional plug- Battery iﬁllnl ]

in charging methods have disadvantages in terms of | T
convenience, safety, and efficiency. Inductive Compensation >— DC/AC | Ac/DC
charging, based on WPT, offers a smooth and p—

automated solution by permitting contactless energy

transmission between a transmitting and receiving Fig 1. Wireless charging system of electric vehicles
coil. Although it offers advantages, problems such L.1 Challenges

misalignment losses, low power transfer efficiency, ¢ Power Transfer Efficiency: Misalignment losses

and EMI must be addressed if this technology is to be
practical for large-scale application. Using innovative
coil design, frequency tuning, and clever control
systems to optimize performance, this paper offers a
high-efficiency inductive charging system for electric
vehicles.

and coil position variations make it still
challenging to keep great efficiency in wireless
energy transfer.

e EMI: Inductive charging systems require
appropriate  shielding since they generate
electromagnetic fields that could influence nearby
electrical devices.

e Alignment and Positioning: Charging efficiency
is significantly impacted by misalignment between
the transmitting and receiving coils, which thus
requires precise placement techniques.
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e Thermal Management: Power losses in coils and
power electronics components generate heat
dissipation, which can influence system
performance and lifetime.

e Scalability and Cost: Creating a scalable and
effective inductive charging system requires major
upfront costs and technological complexity.

1.2 Motivation of Research

¢ Enhanced User Convenience: By eliminating the
need for physical hookups, wireless charging
promises a seamless charging experience and
lowers user effort.

e Safety and Durability: By way of wear and tear
connected to conventional plug-in systems,
inductive  charging  boosts lifetime and
dependability.

e Sustainable Transportation: Increasing EV
charging efficiency speeds up EV uptake and
sustainability under the global push toward
reducing carbon emissions.

e Technological Advancements: Continuous
research on Al-driven control systems, advanced
coil materials, and high-frequency inverters paves
the way for maximizing wireless EV charging.

o Integration with Smart Grids Smart grids can be
combined with a highly efficient inductive
charging technology for better energy management
and demand response optimization.

2.Need for the Study
Present inductive charging solutions waste energy,
which hinders their widespread adoption. An
extremely efficient system determines practical
implementation. Coil designs and adjustment
techniques that can survive misalignment while
still maintaining efficiency must be developed via
study. Creating Reasonably Priced Solutions:
Current wireless charging systems are expensive.
The purpose of the project is to look at reasonably
priced materials and designs for general use By
improving EV infrastructure as more EVs are on
the road, efficient wireless charging can change
charging infrastructure and therefore reduce
dependence on cable systems.

3.Problem statement

Most of the usual charging infrastructure for EVs

relies on wire connections, which provide user pain,

safety hazards, physical wear and tear among other
practical concerns. Present inductive charging
techniques have interference issues that degrade
optimal performance, low power transfer efficiency,
and energy losses brought on by coil misalignment.
To improve energy transmission, lower losses, and
ensure seamless operation under all conditions, a high-
efficiency inductive charging system is needed.

4. Proposed research methodology

The proposed project aims to establish a high-
efficiency inductive charging system for electric cars
using superior coil design, resonance tuning, and
power electronics integration. In-depth investigation
of current inductive charging strategies will identify
inefficiencies and limits. A novel coil design will
improve magnetic coupling and reduce misalignment
losses when the system is built. Resonance tuning will
optimize energy transfer efficiency while advanced
power electronics and control systems ensure power
flow. Before launching a prototype for real-time
testing, mathematical modeling and simulations will
verify process. System performance will be assessed
by efficiency, alignment tolerance, charging speed,
and dependability. The proposed project supports
wireless EV charging technology development to
make large-scale deployment more practicable and
efficient.

AC Supply
Rectiﬁe* + Filter
High-Frefuency Inverter
TransmYtter Receiver
Tx Coil + g Tx Coil +
Capacitor (C1) Capacitpr (C1)
Rectifier +
Battery / Load roposed Filter
The proposed model focuses
inductive charging system d
energy losses and maximize poy

Beginning with an AC power source, the system
converts it to DC via a rectifier and filter. This DC
power is then sent to a high-frequency inverter, which
thus generates alternating current at a frequency
suitable for wireless energy transfer. A tuned LC
circuit optimized for resonance transfers power
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wirelessly using a primary coil (Tx coil), hence
ensuring effective energy coupling.  The energy
travels over an air gap to a secondary coil (Rx coil),
which is also part of a tuned LC circuit on the receiving
side. Once again, the alternating current is rectified
and filtered to provide a steady DC output either for
charging batteries or for driving electrical loads.
Sophisticated control systems and advanced power
electronics are employed to regulate the charging
process and offset coil misalignment, therefore
enhancing system performance. Testing the whole
system using both simulation and real-world tests
confirms its effectiveness, reliability, and practical
application adaptability.  This approach improves
energy transfer as well as coil misalignment tolerance,
therefore improving fitting dynamic and real-time
charging conditions.
Algorithm for High-Efficiency Inductive Charging
System for EVs
Step 1: Literature Review
e Examine inductive charging system advances,
limits, and research.
e WPT efficiency and misalignment losses should be
prioritized.
e Examine coil design, resonance tuning, and power
electronics technology.
Step 2: System Design
e Design optimal coil to improve magnetic coupling
efficiency.
e Reduce energy losses and improve power transfer
by means of resonance tuning techniques.
e Create compensating network to enhance system
stability under several alignment scenarios.
Step 3: Power Electronics Integration
e Control power flow with high-frequency inverters
and rectifiers.
e An enhanced control method should guide
dynamic power adjustment.
e Create protections to lower EMI and thermal
issues.
Step 4: Mathematical Modeling & Simulation
e Develop analytical models to evaluate power
transmission efficiency under various
misalignment conditions.
e Using simulation tools like COMSOL and
MATLAB/Simulink, examine circuit performance
and resonance adjustment.

e Theoretical findings should be confirmed by
means of comparison between simulation results
and present benchmark systems.

Step 5: Prototype Development & Experimental

Validation

¢ Build a prototype of the inductive charging system
using optimal components.

e Test in real time under several scenarios—e.g.,
different coil distances, load conditions.

e Compare experimental results with computer
projections to verify efficiency increases.

Step 6: Performance Evaluation

o [tshould be used to gauge key performance metrics
such power transfer efficiency, charging speed,
and thermal management.

e Evaluate alignment tolerance and stability of the
system under reasonable conditions.

e Find areas for additional optimization and
recommend future enhancements.

This approach ensures a complete evaluation of the
proposed inductive charging system by addressing
significant concerns in wireless EV charging.
Mathematical Model for High-Efficiency Inductive
Charging System

1. Power Transfer Efficiency (n)

The wireless power transfer efficiency can be modeled
as:
n="P load /P _input
Where, P_load is Power received by load and P_input
is Power supplied to transmitter coil
2. Coupling Coefficient (k)
The coupling coefficient depends on distance (d) and
alignment of coils:
k=M/sqrt(L1 * L2)
where, M is Mutual inductance and L1, L2 = Self-
inductances of transmitter and receiver coils
For ideal alignment:
koc1/d» (n=2to 3 depending on coil geometry)
For misalignment (offset Ax, Ay):
k_effective =kO0 * exp(-a * sqrt(Ax* + Ay?))
where a is a sensitivity parameter.
3. Resonance Tuning
For maximum power transfer, tune both coils to the
same resonant frequency (fo):
fo=1/Qn* sqrt(L * C))
Where, L is Inductance and C is Capacitance of
matching network.
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Quality factor (Q) of coils affects efficiency:
Q=wL/R

Where, ® = 2xnfo (angular frequency) and R = Coil
resistance
4. Advanced Power Electronics and Control
Stabilization can be achieved by dynamic impedance
matching and feedback control systems.
Basic control model:

V_out=G(s) * (V_ref - V_meas)
Where, V_out is Output voltage, V_ref is Reference
voltage, V_meas is Measured voltage and G(s) is
Transfer function of controller
5. Validation Through
Experimentation

Simulation and

Validate model performance by comparing simulated
n, k, and output power (P_load) against experimental
data under varied distances, misalignments, and load
conditions.

5. Proposed High-Efficiency Model (HEICS)

The proposed High-Efficiency Inductive Charging
System uses advanced techniques, such as:

e Multi-coil configurations: Reducing
misalignment between the transmitter and
receiving coils helps to raise power transfer
efficiency.

e Resonant inductive coupling: Resonant inductive
coupling is defined as using resonant circuits to
boost efficiency at high frequencies.

e Advanced power conversion and regulation: To
ensure stable voltage levels and lower energy
waste.

e Feedback control: To optimize real-time charging
performance and efficiency.

Conventional Model

o Typically, single-coil arrangements are used.

e Losses in magnetic coupling and resistance result
in lower power conversion efficiency.

e Misalignment of coils causes more energy loss.

e They are less complicated than the HEICS.

6. Result and discussion

This section presents the simulation and experimental
results of the proposed high-efficiency inductive
charging system. The performance of the system was
evaluated in terms of power transfer efficiency,
alignment tolerance, voltage regulation, and system
stability under varying load and distance conditions.

The results

from multiple

summarized below.

test

scenarios are

6.1 Power Transfer Efficiency at Varying Distances
Power transfer efficiency was measured at different air
gaps between the transmitter (Tx) and receiver (Rx)
coils.

Table 1: Power Transfer Efficiency vs Distance

Distance Input Output Efficiency
(cm) Power Power (%)
W) W)
2 100 93 93.0
4 100 87 87.0
6 100 79 79.0
8 100 65 65.0

Figure 1 illustrates the drop in efficiency with
increasing distance between coils. The system
demonstrates high efficiency at short distances,
maintaining over 85% efficiency up to 4 cm.

Power Transfer Efficiency vs Distance

Efficiency (%)
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Figure Power Transfer Efficiency vs Distance
6.2 Efficiency with and without Resonance Tuning
To evaluate the effect of resonance tuning, efficiency
was compared for systems with and without LC tuning
on both transmitter and receiver sides.

Table 2: Efficiency Comparison with/without
Resonance Tuning
Configuration Efficiency (%)
Without Tuning 68.5
With LC Resonance Tuning | 91.2
Figure 2 compares the waveforms of power transfer in
both configurations. With LC tuning, the system
achieved significantly improved resonance and
reduced reactive power losses.
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Figure Efficiency Comparison with/without
Resonance Tuning

6.3 Alignment Tolerance Test
The performance of the system was also tested under
misalignment conditions, where the Rx coil was
moved laterally from the center position.

Table 3: Efficiency vs Misalignment

Lateral Shift (cm) | Efficiency (%)
0 91.2
1 87.8
2 84.3
3 76.5
4 65.4

Figure 3 shows the tolerance curve indicating a
gradual efficiency drop with increased misalignment.
The results confirm that the optimized coil design
offers good alignment tolerance up to 2-3 cm with
minimal loss.

Efficiency vs Coil Misalignment
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Figure Efficiency vs Coil Misalignment
5.4 Output Voltage Stability Under Load
Variations
The voltage regulation capability of the system was
tested under varying load conditions.
Table 4: Output Voltage under Load Variation

Load (€2) | Output Voltage (V)
10 11.9
20 12.1
30 12.0
40 11.8

Figure 4 displays the output voltage stability graph
under different resistive loads. The system maintains a
nearly constant voltage, demonstrating excellent
regulation capability, essential for battery charging
applications.

Output Voltage under Load Variation
12.10

12.05F
12.00
11.95F

11.90

Output Voltage (V)
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11.80

10 15 20 25 30 35 40
Load (Q)

Figure Output Voltage under Load Variation
6.5 Simulation vs Experimental Results
A final comparison was made between simulated and
experimental results to wvalidate the real-world
applicability of the system.
Table 5: Simulation vs Experimental Efficiency

Test Simulated Experimental
Condition Efficiency Efficiency (%)
(%)
Standard (2 923 91.2
cm, aligned)
Misaligned (2 | 84.7 84.3
cm offset)
Without 68.9 68.5
tuning

Figure 5 presents a bar chart comparison of simulated
vs experimental values, highlighting the close
correlation and verifying the accuracy of the
simulation model.

Simulated vs Experimental Efficiency

Simulated
EEm Experimental
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Efficiency (%)
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Figure Simulation vs Experimental Efficiency
The results validate that the proposed inductive
charging system is both efficient and robust. The use
of LC resonance tuning substantially boosts power
transfer efficiency and mitigates the impact of coil

BY NC Ny
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misalignment. Furthermore, the system's output
voltage remains stable under varying load conditions,
a critical requirement for practical wireless charging
applications. While performance declines with
increased distance and misalignment—as expected in
inductive systems—the degradation remains within
acceptable limits for many real-world use cases such
as electric vehicle charging and portable electronics.
The high consistency between simulation and
experimental results confirms the model's practical
reliability and suitability for deployment.

The simulation shows how wireless inductive charging
efficiency is affected by coil alignment, system
architecture, and control mechanisms. First, it shows
an exponential drop in the effective coupling
coefficient (k effective) when the misalignment
between the transmitter and receiver coils increases.
Given that physical misalignment reduces magnetic
connection between the coils, hence compromising
their ability to transfer power effectively, this behavior
is to be expected. Increased misalignment hence
contributes to the decline of the power transfer
efficiency (1), defined as the ratio of received load
power (P_load) to supplied input power (P_input), too.
This emphasizes the need of precise coil alignment in
wireless power systems.

The simulation also determines the resonance
frequency (fo) and quality factor (Q) of the system.
The resonance frequency is crucial since best energy
transfer occurs when both coils are set to the same
frequency, hence lowering impedance mismatches.

Effective Coupling Coefficient vs Misalignment

0.45 4

0.40

0.35

0.30

Effective Coupling Coefficient (k)

0.20

0.00 0.02 0.04 0.06 0.08 0.10
Misalignment Distance (m)

Fig 1 Effective coupling coefficient vs
Misalignment
A good quality factor indicates more sharp resonance
and less energy loss, which helps to boost power

transfer efficiency. By changing the control
mechanism represented in the simulation depending
on the difference between a reference voltage (V_ref)
and the measured voltage (V_meas), it also
dynamically stabilizes the output voltage (V_out).
This feedback control ensures the system remains
stable and maintains desired operating conditions even

under shifting loads and misalignments.

Power Transfer Efficiency vs Misalignment

254

20+

154

Efficiency (%)

10 +

0.00 0.02 0.04 0.06 0.08 0.10
Misalignment Distance (m)

Fig 2 Power transfer efficiency vs Misalignment
The simulation shows how misalignment affects
wireless charging performance and stresses the
requirement of precise coil design, resonance tuning,
and creative management techniques to maintain high
efficiency.

Control Output Voltage

50 +

40 4

30 4

204

Output Voltage (V)

10 4
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Measured Voltage (V)

o
-

Fig 3 Control output voltage
6.1 Influencing factors and their impact
The performance of the wireless inductive charging
system is significantly influenced by several key
factors. The distance between coils matters; as
separation increases, the coupling coefficient (k) falls
rapidly, hence reducing the power transfer efficiency.
Misalignment makes coupling much more
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pronounced; therefore, best performance relies on
precise coil location. Resonance tuning is another
crucial element; for maximum energy transfer, both
transmitter and receiver have to be adjusted to the
same resonant frequency. A high quality factor (Q),
which is founded on coil inductance and resistance,
increases system efficiency by means of reduced
energy losses. Coil design features like size, shape,
and number of turns directly influence mutual
inductance and hence coupling strength. Dynamic
feedback in control systems also helps to maintain
consistent output voltage under varying conditions,
hence ensuring system reliability. At last, load
conditions and material properties influence system
stability as well as energy absorption, hence
emphasizing the need of comprehensive design
optimization. This table is summarizing the factors
influencing the output of the wireless inductive
charging system:
Table 1 Impact of factors over output

sharpens
resonance
Coil Resistance  in | Higher
Resistance coil windings resistance
(R) lowers quality
factor and
efficiency
Capacitance | Capacitance in | Tunes system to
© matching resonance
network frequency
Control Transfer Stabilizes
System Gain | function of | output voltage
(G(s)) feedback and system
controller performance
Input Power | Power supplied | Sets the
(P_input) to the | maximum
transmitter coil | available power
for transfer
Load Resistance  of | Affects received
Resistance the  receiving | power (P_load)
device (load) and efficiency
Sensitivity Defines  how | Higher a causes
Parameter quickly faster drop in
(o) coupling efficiency with
decreases with | misalignment
misalignment

6.2 Python based simulation to compare Models

Factor Description Influence on
Output
Coil Lateral  offset | Higher
Alignment between misalignment
(Ax, Ay) transmitter and | decreases
receiver coils coupling  and
efficiency
Distance (d) | Separation Larger distance
between coils reduces
coupling
coefficient (k)
Mutual Magnetic Directly
Inductance linkage between | proportional to
™M) coils coupling
coefficient (k)
Self- Inductance of | Affects
Inductance transmitter and | coupling  and
(L1, L2) receiver coils resonant
frequency
Resonant Frequency  at | Maximum
Frequency which both coils | power transfer
(fo) are tuned occurs at
resonance
Quality Ratio of stored | Higher Q
Factor (Q) to lost energy | improves
per cycle efficiency and

This section contrasts the efficacy of the conventional
model with that of the high-efficiency inductive
charging technique. Efficiency over time or power
loss for both models lets us demonstrate their
performance in this case. Random values will be used
to simulate energy loss in both systems, reflecting the
behavior.

100 Comparison of High-Efficiency Inductive Charging System vs Conventional Model

—— HEICS
== Conventional Model

80

60

a0

Charging Efficiency (%)

\wa
\AAR A )
M AV ANIRN - - hy .
R VNl N R N L R SO 7
0 WO Ay N

0 20 % 60 80 100
Time (s]

Fig 4 Comparison of high efficiency inductive
charging system vs conventional model
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The result visualized by the Python code represents a
comparison of charging efficiency over time between
HEICS and Conventional Inductive Charging System.
The key aspects of the result are:

1. Efficiency Over Time:

o The blue curve represents the HEICS model.

e The red dotted curve represents the Conventional
model.

e Although the rate of decay is significantly slower
in HEICS than in the Conventional model, both
graphs show a time-related efficiency drop.

2. Efficiency Decay:

e HEICS reveals a slower drop in efficiency the
more charging phase efficiency is maintained.
This suggests that with time the high-efficiency
system wastes less energy.

e The traditional model shows a faster efficiency
decline, which suggests more energy losses as time
goes on. Faster decay suggests more energy wasted
from resistive losses, misalignment, and less
effective power transfer.

3. Random Fluctuations:

e Both curves reveal slight random fluctuations
produced by the np.random.normal noise
simulating real-world inefficiencies that might
occur in an actual charging system. These
variances, however, are far smaller in the HEICS
model than in the Conventional model, suggesting
its better control and performance consistency.

4. Key Insights from the Plot:

e Throughout the charging cycle, HEICS maintains
increased efficiency. This implies that it is superior
at maximizing the charging process and lowering
energy losses. It is more stable even in substandard
conditions like misalignment or interference.

o The traditional version suffers larger losses from a
mix of worse alignment, simpler coil designs, and
less sophisticated power regulation. Its quicker
efficiency decline suggests that, unlike HEICS, it
is less effective in energy transfer.

6.3 Novelty of HEICS model

o Higher Efficiency: The HEICS system maintains
a higher degree of efficiency for longer periods,
which means that more of the energy sent from the
charging station is converted into beneficial power
for the battery of the car. In contrast, the
conventional system wastes more energy on

resistance, heat, and power conversion
inefficiencies.

e Slower Decay: The graph indicates that HEICS's
efficiency declines more slowly over time.
HEICS's slower decline is explained by its use of
resonant inductive coupling, multi-coil topologies,
and advanced feedback control. These techniques
provide maximum energy transfer even if the coils
are misaligned or subjected to reasonable
variations.

e Reduced Charging Time: Greater efficiency
enables HEICS to reduce the charging time.
Especially if charging stations are in high demand,
electric vehicles require a faster charging
technique. The high-efficiency technology
reduces the overall energy consumption of the
system and minimizes downtime.

e Improved Misalignment Handling: HEICS is
designed to manage misalignment between the
transmitter and receiver coils significantly better
than the conventional method. In reality, EVs are
not always precisely aligned with charging
stations. By employing multi-coil systems and
advanced control to compensate for this
misalignment, HEICS ensures efficient charging
even with small deviations. All things considered,
the HEICS model outperforms the Conventional
one by maintaining higher efficiency and lowering
energy waste over time. Simplicity of technology
and poor alignment cause the conventional model
to undergo faster efficiency decay and higher
energy losses.  Thus, HEICS is more energy-
efficient, faster, and more reliable, which qualifies
it as a better choice for future inductive charging
systems for electric vehicles.

7. Conclusion

Emphasizing control systems, coil alignment, and
efficiency, this paper correctly built and tested a
wireless inductive charging system. Distance, coil
alignment, resonance tuning, and quality factor (Q) all
have a major impact on power transfer efficiency (1)),
as the simulation showed. Distance and misalignment
cause the coupling coefficient (k) to fall exponentially,
hence reducing efficiency and power delivery.
Maximizing energy transmission required resonance
tuning since variations from the resonant frequency
caused significant output power losses. = Dynamic
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impedance matching and feedback control let output
voltage stabilization, hence guaranteeing uniform
system performance even under different operating
conditions. High-efficiency inductive charging is
shown by the simulation findings to need
minimization of coil resistance, maintenance of exact
alignment, and optimization of resonant frequency. All
things considered, this method provides a good
foundation for designing next-generation wireless
charging systems suitable for real use. However, to
fully optimize and deploy such systems at scale, more
research on hardware limitations, model upgrading
strategies, and edge-device compatibility is needed.
This simulation and comparison clearly demonstrate
how HEICS outperforms the conventional inductive
charging technology in terms of efficiency and energy
loss over time. The high-efficiency design of the fast
charging times, lower energy consumption, and more
consistent charging experience ensures that more of
the transferred energy is really used for charging.

8. Future scope

The proposed research lays the groundwork for further

advancements in wireless EV charging technology.

Future developments might be:

e Dynamic  Wireless Charging: Charging
techniques on-go allowing EVs to charge while
moving.

e Al-Driven Optimization: Maximizing charging
efficiency depending on real-time conditions by
combining Al and machine learning.

e Smart Grid Integration: Increasing compatibility
with smart grids to offer efficient energy
management and demand-side response.

e Multi-Vehicle Charging: Designing scalable
technology to allow simultaneous charging of
several EVs in public and commercial charging
stations.

e Advanced Materials: Looking at new materials
for coil and shielding parts to reduce losses and
boost system efficiency.

By addressing current limitations and boosting

research in these areas, the inductive charging system

for EVs can become a mainstream technology,
therefore facilitating widespread EV adoption and
aiding sustainable energy solutions.
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