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Wireless power transfer (WPT) can enable automated charging of heavy-duty
electric vehicles (HDEVs), where high power levels require high efficiency and
stable operation. This paper compares AC- and DC-based WPT architectures
for the TEMSA LD SB E bus using MATLAB/Simulink simulations. The anal-
ysis is conducted at three operating frequencies (80, 85, and 90 kHz) and for
coupling coefficients ranging from 0.10 to 0.90 with 0.10 increments. The AC
system uses an eight-switch resonant inverter, whereas the DC system employs
a direct DC/DC converter. Transient behavior is solved using a fourth-order
Runge—Kutta scheme, and electromagnetic interactions are verified via finite-
element analysis (FEM). Peak efficiencies of 96.10% (AC) and 97.44% (DC)
are achieved at 85 kHz and a coupling coefficient of 0.90. Normalized sensi-
tivity indices and linear regression identify coupling and frequency as dominant
factors, while the DC architecture exhibits reduced sensitivity. The results pro-
vide quantitative guidance for designing reliable high-power WPT chargers for
commercial fleets.
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1. INTRODUCTION

Wireless power transfer (WPT) has emerged as a promising technology for charging electric vehicles
(EVs), offering increased convenience and reduced reliance on plug-in systems [1], [2]. In particular, reso-
nant inductive coupling-based systems are preferred due to their higher efficiency at mid-range distances and
improved operational safety in practical applications [3]. Recent studies indicate that WPT can also support
the widespread adoption of heavy-duty electric commercial vehicles, including buses and trucks, by enabling
automated and efficient charging infrastructure [4], [5]. A typical wireless charging system consists of the
battery load, rectification and power conversion stages, transmitting and receiving coils, compensation net-
works, and a high-frequency (HF) inverter [6], [7]. The vehicle battery is charged by converting grid power
into high-frequency AC, which is then wirelessly transferred through magnetically coupled coils and rectified,

as illustrated in Figure 1.
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Figure 1. Block diagram of the WPT for EV

In this study, both AC (230 V) and DC (700 V) power-transfer circuits are modeled and analyzed to
evaluate performance under coupling coefficients (k) ranging from 0.10 to 0.90 and operating frequencies of 80,
85, and 90 kHz. System behavior is simulated in MATLAB/Simulink, and transient responses are obtained us-
ing the fourth-order Runge—Kutta method. Finite-element analysis (FEM) is utilized to verify electromagnetic
field interactions and their associated efficiency trends. The aim is to evaluate the AC and DC configurations
regarding power-transfer efficiency and stability for heavy-duty electric vehicle applications.

2. LITERATURE REVIEW

WPT has emerged as an essential technology for heavy-duty electric vehicles (HDEVs), as prolonged
charging durations and substantial battery capacities present significant challenges. Recent studies have inves-
tigated WPT design elements including coil misalignment tolerance, high-power compensation topologies, and
efficiency optimization in dynamic conditions. Onar et al. [8] developed and empirically validated a 20 kW
WPT system for an electric vehicle, showcasing dependable performance within practical limitations. Mou
et al. [9] examined advancements in magnetic-resonant WPT and emphasized significant circuit enhance-
ments for electric vehicle charging. Deng et al. [10] presented an extensive analysis of roadway-powered
dynamic wireless charging technologies and their incorporation into transportation infrastructure. Kim et al.
[11] similarly summarized advancements in power electronics that facilitate high-efficiency inductive charging
for electric vehicles. Brownt et al. [12] presented a high-power dynamic WPT system exhibiting enhanced tol-
erance to lateral coil misalignment, demonstrating substantial performance improvements at the vehicle level.
Li et al. [13] proposed an efficiency-focused control strategy for high-power WPT, optimizing power flow un-
der diverse coupling conditions. Sadar et al. [14] performed a comprehensive thermal and cooling analysis of
large-capacity battery packs, highlighting thermal stability during elevated charging currents. Notwithstanding
these advancements, numerous studies concentrate on discrete subsystems or theoretical conditions, and com-
prehensive comparisons between AC- and DC-fed WPT architectures, especially those integrating numerical
transient modeling with sensitivity analysis, are still scarce. This study offers a system-level comparison of
AC and DC WPT configurations through dynamic MATLAB/Simulink modeling and regression analyses to
emphasize power transfer efficiency and operational stability.

3.  SPECIFIC REQUIREMENTS FOR HEAVY-DUTY VEHICLES

HDEVs impose stringent operational requirements due to their markedly elevated energy demands,
prolonged driving ranges, and uninterrupted operational schedules [15]. These vehicles generally necessitate
high-capacity battery systems (between 250 kWh and 600 kWh) to guarantee sufficient range and performance
across diverse load conditions. Nonetheless, substantial battery capacities present challenges, specifically re-
garding charging duration, thermal regulation, and overall energy efficiency. These constraints necessitate the
development of sophisticated wireless charging solutions that can provide high power while ensuring system
stability and safety [15]. TEMSA LD SB E electric bus platform exemplifies these challenges and solutions by
integrating a high-capacity lithium-ion battery pack operating at a nominal system voltage of 650 V, optimized
for high-power static charging applications [16]. As illustrated in Figure 2, two distinct battery configurations
are supported:
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- 10-pack layout (2s5p): concentrates battery modules toward the rear axle to enhance traction and maintain
optimal load distribution for heavy-duty operation.

- 8-pack layout (2s4p): offers improved weight distribution by shifting a portion of the mass away from the
front axle, which enhances handling and vehicle stability under mixed operating conditions.

10-pack 8-pack

Figure 2. TEMSA LD SB E general layout battery [16]

The 8-pack configuration provides additional flexibility with reduced overall weight, featuring TEMSA
TECH battery modules (35 kWh each) with a nominal capacity of 107 Ah, 370 V system voltage, a mass of
255 kg, and 163 liters volume [16]. Thermal management strategies ensure safe operation between -25 °C and
60 °C, with an optimal charging range of 15 °C to 35 °C, power limitation beyond 42 °C, and charge termina-
tion at 60 °C. These specifications are vital for the integration of WPT systems in heavy-duty vehicles, where
high charging currents and continuous operation amplify the importance of efficient heat dissipation and safe
operational margins [16], [17].

4. MATHEMATICAL MODELING OF WIRELESS POWER TRANSFER

WPT system can be represented through an equivalent circuit model to describe energy transfer be-
tween the transmitting and receiving coils. This study adopts the series-series (SS) compensation topology,
which ensures high efficiency under resonance conditions by maintaining a constant current characteristic [18].
The AC-AC stage of the WPT system is illustrated in Figure 3, where the primary side consists of a voltage
source Vi, compensation capacitor C, coil inductance L,k 1 and loss resistance ?;,ss. The secondary side
includes a similar configuration with coil inductance Ljeqk,2 capacitor C, and load impedance Z7,. Magnetic
coupling is represented by the mutual inductance L,,, while nl:n2 indicates the turns ratio. Accurate evalua-
tion of leakage inductance and resonance frequency is essential for maximizing transfer efficiency. At higher
operating frequencies, magnetic coupling is enhanced and losses are reduced, while the coupling coefficient,
derived from coil and mutual inductances (M), serves as a key performance indicator:

M

ke
\/L1><L2

where:
- M: mutual inductance
- L4, Lo: self-inductances of the primary and secondary coils
- k: coupling coefficient 0 < k£ <'1

The coupling coefficient quantifies the fraction of magnetic flux from the primary coil that links with
the secondary coil during sinusoidal operation. It is important to note that this definition implicitly assumes
stationary, sinusoidal operating conditions, where both coils operate at the same resonant frequency. Under
non-sinusoidal or transient excitation, higher-order harmonics may distort the mutual coupling and affect the
accuracy of k as parameter [19], making it less representative of actual coupling behavior. The reliance on
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sinusoidal waveforms highlights the necessity of developing compensation and control circuits that ensure
resonance stability, especially in high-power WPT systems, where waveform distortion may impair coupling
and overall efficiency. The resonant frequency for the SS topology is given by:

1
2L x C

This condition ensures that the reactance of the compensation capacitors cancels out the inductive
reactance of the coils, minimizing reactive power and maximizing real power transfer. Under resonant operation
(where the series capacitor reactance cancels the coil reactance), applying Kirchhoff’s voltage law (KVL) to
the equivalent circuit results in the following differential equations:

Primary side:

Jo

) diq(t dia(t
Vl(t) = Rlll(t) + L1 Cll'lg ) -+ M 2§ )
Secondary side:
; dia(t diq (t
Va(t) = Raia(t) + Lo jli ) +M clhg ) + Vioad (t)

where:

- i1,19(t): primary and secondary coil currents

- Vload(t): load-side voltage

- Ry, Rs: coil resistance on each side

These equations define the dynamic behavior of the WPT system and form the basis for evaluating efficiency
and voltage/current characteristics under different operating conditions.

]1 IZ =0
—=> ny:ng <=
+ +
Rioss Licar,1 Lieak,2 Rioss
4 ¢ L, ¢ Vo

Figure 3. Circuit model of the AC-AC stage of SS WPT topology with the load

5. NUMERICAL ANALYSIS OF WIRELESS POWER TRANSFER SYSTEM

The differential equations presented in section 4 are nonlinear and mutually coupled due to the mag-
netic coupling between the primary and secondary coils. These equations do not yield closed-form analytical
solutions under practical conditions, such as variable coupling coefficients, switching frequencies, and load
variations. Therefore, a numerical integration technique is required to simulate system dynamics with high
accuracy. The fourth-order Runge-Kutta (RK4) method was chosen because it provides a good balance of
computational efficiency and accuracy when solving stiff differential equations in high-frequency power elec-
tronic systems [20]. Compared to lower-order methods like Euler or Heun, RK4 has a lower local truncation
error while maintaining numerical stability with relatively large step sizes.
The general RK4 algorithm for solving the first-order system:

1
Yn+1 = Yn + édt(lﬁ + 2ko + 2ks + k4)

with the intermediate slopes calculated as:

h h

k k
k'l :hf<tn7yn)_hf <tn+2ayn+21> _hf <tn+2ayn+22> _hf(tn+hayn+k3)
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In this case, h represents the step size.

The integration step size h was selected dynamically based on the operating frequency (80-90 kHz)
to maintain accurate waveform reconstruction for current and voltage while ensuring numerical stability and
precision; smaller step sizes were used for higher frequencies to balance computational efficiency and minimize
truncation error without exceeding a maximum error threshold of 0.01%.

To quantify the relationship between input and output power in WPT system, a linear regression
model was applied. This approach enables quantifying the predictability and consistency of power transfer
under varying operating conditions. The relationship between input power (F;,,) and output power (F,,;) can
be expressed as:

Pout = a“}Din +b

where a represents the slope (indicating power transfer efficiency) and b denotes the constant offset accounting
for system losses [21]. For the AC WPT system, the regression model yielded as shown in Figure 4, with:

Pyt = 0.985.F;, —1142.16

with a coefficient of determination R? = 0.9919. This indicates that approximately 99.19% of the variation in
output power can be explained by the input power, demonstrating strong linearity but with slightly higher loss
components compared to the DC system [22].

Linear Regression Modelling for AC System
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Figure 4. Linear regression modeling for AC system

In contrast, the DC WPT system results are presented in Figure 5, with:
Pour = 0.959.P;, — 2306.40

with R? = 0.9892, signifying robust correlation while suggesting marginally higher non-linearities or losses
under certain load conditions. The lower slope reflects the presence of additional energy conversion stages in
DC power conditioning, which contributes to minimal efficiency reduction. Overall, both systems demonstrate
near-linear power transfer behavior (R? >0.98) supporting the predictability of the WPT architectures under
the considered operating conditions. However, the AC system exhibited slightly better consistency, while the
DC system provided marginally improved robustness at higher power levels [23].
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Figure 5. Linear regression modeling for DC system

Residual-based error metrics, namely the root mean square error (RMSE) and mean absolute error
(MAE), were evaluated to complement the high R? values obtained from the linear regression models. The
AC regression yielded RMSE/MAE values of 0.441/0.354 kW with residuals within +0.934 kW, while the
DC regression yielded RMSE/MAE values of 1.689/1.397 kW with residuals within +3.413 kW. It should be
noted that these residual-based metrics quantify the fitting accuracy of the linear P;,—F,,; model rather than
the conversion loss; therefore, higher efficiency in the DC case does not necessarily imply smaller regression
residuals.

System efficiency in WPT systems is highly influenced by variations in coupling coefficient, and op-
erating frequencies. To quantify these effects, sensitivity metrics were computed using normalized derivatives,
as defined below:

on _f
Sr=— x>
T=ar "y
_On _k
Sk_akxn

The terms Sy and Sy, refer to how efficiency shifts when we tweak either the operating frequency or the coupling
coefficient. To figure these values out, we turned to MATLAB and applied the finite difference method, using
simulation data we gathered from different combinations of frequency and coupling. The sensitivity coefficients
were determined via finite difference approximation applied to simulation results for AC and DC systems.
Normalization ensures that computed values indicate the percentage change in efficiency for a unit percentage
change in each parameter. For instance, at 85 kHz, with efficiencies of 96.10% (k=0.90) and 93.22% (k=0.80),
the derivative with respect to k yields:

dy 9322 — 96.10

= T 08
dk = 080—090 o
0.85
=288 X ——— = 0.2
St = 28.8 x g = 0.2586

Indicating that a 1% increase in the coupling coefficient results in approximately a 0.26 percentage-point in-
crease in efficiency around the evaluated operating point. This highlights the critical role of coil alignment in
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maintaining high performance. The observed sensitivity differences can be explained by how coupling vari-
ations affect the power-conditioning stages. In the AC-based resonant architecture, changes in k£ modify the
reflected load and the effective impedance seen by the inverter, which can shift the operating point away from
the optimum resonance condition. This detuning increases reactive power circulation and RMS currents in the
resonant network, leading to higher copper and switching losses and a steeper efficiency response to coupling
variation, especially at low-k conditions. In contrast, the DC-based architecture benefits from the decoupling
provided by the rectification and DC/DC regulation stages, where closed-loop control can adjust the conversion
ratio and partially compensate power-transfer fluctuations caused by coupling changes.

As aresult, the DC system exhibits smoother trends and reduced sensitivity under the tested operating
range. To provide a first-order robustness indicator, Figure 6 includes variability bars for the representative
85 kHz case by assuming a coupling tolerance of Ak = £0.02 and propagating it to the corresponding vari-
ation in S;. From a design perspective, these results imply that AC-resonant WPT systems require tighter
resonance management (e.g., frequency tracking or adaptive tuning) to remain robust against misalignment
and k-variation, whereas DC-based solutions can tolerate wider coupling variations but must still account for
additional conversion-stage losses and control limits under weak coupling [24], [25].

Sensitivity of efficiency to coupling coefficient (k tolerance: + 0.02)
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Figure 6. Sensitivity of efficiency to coupling coefficient

6. SIMULATION FRAMEWORK FOR AC AND DC SYSTEMS

The simulation framework was developed in MATLAB/Simulink to compare AC and DC WPT con-
figurations for HDEV charging. Both systems were simulated over a coupling coefficient range of 0.10 < k <
0.90 and at resonant frequencies of 80, 85, and 90 kHz. The AC configuration assumes a 230 V RMS input and
employs an eight-switch inverter with sinusoidal PWM to generate the high-frequency excitation, followed by
an series—series (SS) compensation network [26]. The DC configuration operates with a regulated 700 V DC
bus at the input stage, eliminating the grid-side rectification stage present in the AC input case. At the receiver
side, the induced AC is rectified to supply the battery. Figure 7 shows the combined Simulink representations
of the AC and DC WPT systems.
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Figure 7. Simulink model of the AC and DC WPT system for LD SB E

Both systems implemented an eight-switch inverter topology (H1-H8), as shown in Figure 8, which
offers enhanced control flexibility compared to the conventional four-switch design [27]. Complementary
PWM signals were used to operate the switches in pairs, generating high-frequency AC with reduced harmonic
distortion. This design ensured precise waveform shaping and improved conversion efficiency.

Sawtooth
Generator1 g
] [T hs 'I>° Scope

Add Relay Logical
Sine Wave @ Operator

=
H3 —r% Ha _ﬁ%‘ H7 —1% H8 —ilf%

Figure 8. High-frequency inverter with 8 switching elements for AC and DC WPT system

At 85 kHz and coupling coefficient of 0.90, the eight-switch inverter achieved 96.10% efficiency ver-
sus 94.8% for the four-switch baseline, corresponding to a +1.30 percentage-point improvement. Equivalently,
the loss fraction decreased from 5.20% to 3.90%, which corresponds to an approximately 25% relative reduc-
tion at this operating point.

The PWM generation process for the inverter is further illustrated in Figure 9, which displays the
carrier and reference waveforms, the result of PWM pulses, and their logical complements. These signals
regulate the switching elements in pairs, ensuring efficient inverter operation with reduced harmonic content
[28].
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Logical (NOT)

Figure 9. Switching signal generation process in the HF inverter

Figure 10 depicts the full-bridge rectification of the AC signal generated in the secondary coil on the
receiver side. This circuit, engineered for compatibility with both AC and DC inputs, reduced voltage ripple
and stabilized the charging current. The rectifier, in conjunction with an output capacitor, established secure
charging parameters for the 652 V/280 kWh LD SB E battery pack [16].
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Figure 10. Vehicle rectifier for AC and DC WPT system

Simulations were conducted at 85 kHz with a coupling coefficient of 0.90 to validate the performance
of the AC-based WPT system, representing the highest recorded efficiency scenario. Figure 11 depicts the
input voltage and current waveforms, both demonstrating distinct sinusoidal patterns, thereby affirming stable
resonance and effective energy transfer from the grid.
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The corresponding active input power rapidly stabilizes after a short transient period, as shown in
Figure 12, indicating reliable operation under these optimal conditions.

Grid Voltage

738 74 742 742
Time (seconds)

7aa
Time (seconds)

738 74 742

Figure 11. Input voltage and current waveforms at 85 kHz and k = 0.90

Input Active Power

Power (W)

‘Time (seconds)

Figure 12. Input active power waveforms at 85 kHz and k = 0.90

Both the transmitter and receiver exhibit stable and sinusoidal characteristics in their winding voltage
and current waveforms, as depicted in Figure 13. The roadside coil’s waveforms display elevated amplitudes,
indicating effective magnetic induction and negligible energy losses in the resonant circuit. In contrast, the
vehicle-side winding exhibits diminished amplitudes owing to intrinsic coil-to-coil transfer properties, while
maintaining a distinct sinusoidal form. The symmetry and stability validate adequate energy coupling and
minimal distortion, guaranteeing that most transmitted energy is efficiently delivered to the load. The findings
further confirm the resilience of the SS compensation topology under optimal operating conditions, facilitating
efficient coil-to-coil power transmission and enhancing system performance [29], [30].

The battery response is presented in Figure 14, which shows battery voltage, current, and state of
charge (SoC). After a brief stabilization, the battery voltage and current remain steady, and SoC increases
continuously, confirming a robust and consistent charging process.
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Figure 13. Road and vehicleside winding voltage and current at 85 kHz and k = 0.90
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Figure 14. Battery voltage, current, and SoC at 85 kHz and k = 0.90

The associated battery power and cumulative energy are shown in Figure 15, demonstrating sustained
energy transfer over time.

Finally, Figure 16 shows the capacitor voltages and currents on the primary and secondary sides. A
distinct 90° phase shift between current and voltage is observed, which is the key characteristic of the SS
compensation topology, minimizes reactive power circulation and ensures maximum real power transfer. The
findings validate that the AC system attains over 96% efficiency, aligning with earlier published results [31],
[32] that illustrate the efficacy of resonant WPT topologies for high-power applications.
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Figure 15. Battery power and energy at 85 kHz and k = 0.90
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Figure 16. Primary and secondary capacitor currents and voltages at 85 kHz and k = 0.90
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Table 1 summarizes the AC WPT simulation results across the considered operating conditions, re-
porting input/output powers, transferred energy, and efficiency. The results show that AC efficiency is highly
sensitive to coupling: the maximum efficiency reaches 96.10% at 85 kHz and k£ = 0.90, whereas it drops to
30.82% at 80 kHz and k£ = 0.10. Overall, stronger coupling yields higher and more stable power transfer, while
weak coupling significantly degrades AC-system performance [33], [34].

Table 1. Summary of simulation results for AC WPT systems

No Grid (AC)  Frequency  Coupling Input Primary Secondary ~ Output Energy (J)  Efficiency
V) (kHz) coeffi- power power power power (%)
cient (W) (W) (W) (W)
1 230 80 0.90 10452.97 10427.97 10426.07 9839.35 98679.20 94.13
2 230 80 0.50 5213.45 4983.45 4953.45 3568.33 35326.47 68.44
3 230 80 0.10 1156.22 934.84 844.46 356.32 3767.19 30.82
4 230 85 0.90 19580.13 19490.18 19486.31 18815.80 210338.71  96.10
5 230 85 0.50 7512.45 6312.15 6254.15 5378.69 51904.36 71.60
6 230 85 0.10 1546.92 1523.11 1439.85 826.18 8647.58 53.41
7 230 90 0.90 8862.83 8841.67 8840.21 8296.64 80091.45 93.61
8 230 90 0.50 4625.66 4588.55 4537.90 3114.05 28960.67 67.32
9 230 90 0.10 1082.78 865.97 844.59 378.07 3436.50 34.92

Table 2 presents the DC WPT simulation results for 80-90 kHz and £ = 0.10-0.90, including in-
put/output powers, transferred energy, and efficiency. Compared with the AC case, the DC configuration main-
tains higher efficiency and better robustness, especially at strong coupling; the maximum efficiency reaches
97.44% at 85 kHz and k = 0.90. Overall, the DC architecture provides more stable performance across fre-
quency variations, supporting its suitability for high-power charging scenarios [35], [36].

Table 2. Summary of simulation results for DC WPT systems

No Grid (DC)  Frequency  Coupling Input Primary Secondary ~ Output Energy (J)  Efficiency
V) (kHz) coeffi- power power power power (%)
cient (W) (W) (W) (W)
1 700 80 0.90 33671.68 33498.09 33490.77 32511.66 324356.67  96.55
2 700 80 0.50 10876.44 10822.49 10743.19 7703.58 75649.16 70.83
3 700 80 0.10 1379.41 1316.52 1234.79 619.90 6884.11 44.94
4 700 85 0.90 56840.76 56418.51 56389.48 55386.71 513732.19  97.44
5 700 85 0.50 25457.66 25362.44 25271.90 18694.43 176101.53  73.43
6 700 85 0.10 1726.11 1699.51 1614.72 948.47 9143.50 54.95
7 700 90 0.90 45696.29 4545891 45447.80 43721.63 426285.89  95.68
8 700 90 0.50 15898.51 15818.21 15732.08 11085.10 108633.98  69.72
9 700 90 0.10 1163.45 1075.69 1031.61 553.95 5605.97 47.61

Table 3 presents first-order theoretical estimates of the charging time required to increase the battery
SoC from 20% to 80% for a 280 kWh battery under the constant average output power assumption (AE =
168 kWh). Based on the simulation results, the AC configuration yields estimated charging times ranging from
8.93 to 20.24 h across the 80-90 kHz frequency range due to frequency-dependent resonant behavior, whereas
the DC configuration reduces this duration to 3.03—-5.17 h under the same coupling coefficient, indicating a
significantly shorter charger occupancy for the DC case.

Table 3. Estimated charging time for 20-80% SoC (280 kWh battery), k = 0.90
No Grid Frequency (kHz)  Coupling coefficient =~ Charging time (h)

1 AC 80 0.90 17.07
2 AC 85 0.90 8.93
3 AC 90 0.90 20.24
4 DC 80 0.90 5.17
5 DC 85 0.90 3.03
6 DC 90 0.90 3.84
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7. CONCLUSION

This study compared AC- and DC-based WPT architectures for heavy-duty electric vehicle charging
using MATLAB/Simulink, supported by regression and sensitivity analyses. Peak efficiencies of 96.10% for
the AC configuration and 97.44% for the DC configuration were achieved at 85 kHz and a coupling coefficient
of £ = 0.90. Overall, the DC topology demonstrated more stable performance, lower sensitivity to param-
eter variations, and more consistent charging behavior, confirming its suitability for high-power applications.
However, the analysis was limited to simulation-based evaluation under idealized operating conditions without
detailed thermal modeling, electromagnetic field effects, or experimental validation. Future work will focus on
hardware implementation, investigation of coil misalignment and thermal effects, and optimization of converter
control strategies to further enhance system efficiency and robustness under practical operating conditions.
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