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Abstract. The fast and iterative simulation of a large number
of resonant power-electronics circuit cases is essential for
optimizing control variables or for the optimal sizing of passive
components in Wireless Power Transfer Systems. Commonly
used approximations, such as the first-harmonic approximation,
are useful for estimating certain electrical quantities, such as RMS
current, phase or power, but they incur in significant errors in
quantities that are more sensitive to distortion, such as switching
current or peak values.

To achieve a suitable compromise between the simulation time
required to analyse as many cases as possible and the accuracy of
the resulting values, this work investigates the performance of
three simulation methods: transient simulation, the first-harmonic
approximation, and the Fourier-based approximation. In addition,
the influence of simulation parameters, such as the transient
simulation time or the number of harmonics considered, will be
evaluated both in terms of computational cost and in the quality
of the obtained results.

Key words. Resonant converters, wireless power
transfer systems, EV wireless charging, steady-state
simulation, multi-variable controllers.

1. Introduction

Resonant circuits in Power Electronics conversion stages
offer significant advantages over traditional hard-switching
technology [1], becoming the preferred choice in
energy-conversion applications, as they enable:

1) Higher switching frequency: By allowing soft
switching (ZVS or ZCS), they significantly reduce
switching losses, which makes it possible to

increase the operating frequency without
incurring excessive losses associated with
switching processes.

2) More compact designs: As the switching

frequency increases, the amount of energy that
must be stored in passive components such as
inductors and capacitors decreases substantially.
This reduction allows for smaller and more
cost-effective equipment, as it also lowers the
demand for raw materials.
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3) Reduced EMI: Switching under ZVS or ZCS
conditions results in lower dV/dt or dI/dt,
respectively. This smooth transition of voltage or
current generates fewer voltage spikes on DC
buses and fewer abrupt variations in magnetic
flux. Consequently, soft switching inherently
eliminates EMC issues, avoiding the need for
costly filters and shielding, as well as the technical
risk of having to solve such problems at the end of
the development cycle, when the prototype is
already built and design flexibility is minimal.

In addition to offering these advantages, resonant circuits
have been an enabling technology for several applications
derived from high-frequency induction [2]. Clear examples
include induction cooking and wireless power transfer [3].
This work will focus on the latter, specifically on wireless
charging for Electric Vehicles.

Wireless charging for Electric Vehicles offers several
advantages over conductive charging. It eliminates
physical contact, avoiding mechanical wear and corrosion
issues associated with plugs and connectors. It also
enhances user convenience by enabling a fully automated
charging experience in which the vehicle begins charging
simply by being parked. In addition, it improves electrical
safety by removing exposed energized parts and reducing
the risk of sparks or moisture-related failures. Finally, it
supports seamless integration in urban environments and
enables advanced applications such as dynamic charging,
where cable-based solutions would be impractical.

Such systems exhibit several characteristics that make them
particularly complex:

1) High parametric variability of the resonant
electrical circuit. The electrical parameters of the
circuit depend on the type of vehicle coupled, its
state of charge, the misalignment relative to the
ground-side inductor, the vehicle’s height
depending on its load weight, and other factors.
This becomes especially critical in dynamic
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charging, where vehicle motion during charging
process generates rapid and significant
fluctuations in the self-inductance and mutual
inductance values of the coupling elements.

2) Advanced control requirements. Due to the large
parametric variation of the circuit, it is advisable
to fully exploit all available control variables
offered by the chosen Power Electronics topology.
In traditional resonant systems, such as LLC
converters, varying the switching frequency is
generally sufficient to regulate power across the
operating range. However, to operate optimally
under any parametric variation of an inductive
charging circuit, it is desirable to independently
adjust the frequency, duty cycle, and phase shift
of all half-bridges within the topology.
Furthermore, the presence of distributed control,
such as having part of the control system on the
ground side and another part onboard the vehicle,
without a shared low-latency interface, adds even
more complexity to the operation and control of
these topologies.

For all these reasons, the optimal design of resonant stages
for wireless charging requires studying a large number of
parametric variations within a very high-dimensional
control-variable  space, since many independent
components are involved. Consequently, to design both the
system components and the control strategy, it becomes
necessary to run thousands of simulations to evaluate how
the circuit operates under each combination of circuit
parameters and control variables.

It is therefore essential to have a method for simulating
resonant circuits that can compute their steady-state
behavior as quickly as possible, while maintaining a good
balance between computational cost and accuracy.
Traditionally, this task has relied on costly transient
simulations, to obtain highly accurate results for a limited
number of cases, combined with first-harmonic
approximations which, although fast enough to enable
parametric sweeps of circuit and control variables,
introduce significant errors in the voltage and current
waveforms by assuming a purely sinusoidal approximation.

While this approach is useful in most scenarios, it forces
designers to include large safety margins in ZVS and ZCS
conditions to ensure that the harmonic distortion, present in
reality but not captured in the model, does not momentarily
violate soft-switching requirements. Such violations would
generate very high-frequency transients, with their
associated impact on EMC and with extreme heating and
stress on components, which must internally dissipate the
energy stored in the snubbers. In severe cases, this could
even lead to irreversible damage to some electronic
components.

For this reason, this article examines several
fast-simulation approaches for resonant circuits, namely
time-domain simulation, the first-harmonic approximation,
and the Fourier-based approximation, evaluating the error
introduced by each method as a function of its
computational cost. The aim is to identify a suitable
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trade-off that enables control-scheme optimization without
compromising robustness under any operating condition of
the system.

2. Case Study

In order to analyze a case of sufficient complexity and
real-world relevance, the wireless electric-vehicle charging
system presented in [4] will be modeled.

The system consists of an LCC-S resonant circuit powered
by a high-frequency full-bridge inverter, and its load is a
diode rectifier bridge followed by a DC-DC converter
placed between the rectifier and the vehicle’s battery.
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Fig. 1. Electronic model of the WPT.
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Fig. 2. Simplified model.

To enable a fair comparison of the system’s operating point
across all methods, a single case will be analyzed, defined
by a specific relative positioning between the primary and
secondary inductors, the DC voltage levels, and the control
variables. These parameters are presented in Table 1.

Table I. — Circuit parameters.

PARAMETER VALUE
Cq 37.89 nF
C, 19.83 nF
Cs 70.57 nF
Ly 136.41 uH
L, 190.1 uH
Ly 49.56 uH
R4 177.96 Q
R, 323.050Q

My, 50.13 uH
Vee 800V
Viat 778,8V
fsw 85 kHz

The accuracy of the models and simulation methods can be
validated using the experimental tests conducted in Fig. 3.
These tests provide the actual voltage and current
waveforms, which are presented in [4].
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Fig. 3. Waveform obtained with the oscilloscope in Position 1 of
[4]: Vp (blue), Ip (gray), ILp (yellow) and Is (pink).

3. Steady-state Simulation

Due to the high switching frequency of resonant circuits,
the frequency separation between the fundamental
harmonic of the electrical circuit and the bandwidth of the
control feedback loop is sufficiently large to assume that no
interaction occurs between them. Consequently, the
transient evolution of the resonant circuit does not
influence the control mode, allowing the controlled plant to
be considered as a system without dynamics, whose
response is purely static and depends solely on its
steady-state operating conditions. Therefore, the objective
is to determine the circuit behaviour under these
steady-state conditions.

3.1 Transient simulation

To provide a reference for assessing the error introduced in
the various approximations, without considering the
modelling error relative to the experimental results, a full
simulation of the circuit will be carried out, encompassing
both its transient and steady-state regimes. The electrical
circuit must be expressed in the form shown in (1).

X = AX + BU (1)
From the differential equations that model the circuit, a
state-space representation can be derived, defined by the

state variables and inputs shown in (2), and characterized
by the matrices A and B presented in (3) and (4).

U 0= () @

Is
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Using the backward Euler method, the evolution of the state
variables can be computed from the inputs by iteratively
evaluating expression (6).

Xe=(U—-Ts- A X1+ (U —Ts- A1 Tg-B-Ug (6)

Consequently, it only remains to define the values of U
corresponding to the inverter and load-rectifier voltages.
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The inverter voltage is obtained from the inverter PWM
control parameters and the DC-bus voltage, whereas the
input voltage of the rectifier depends on the direction of the
secondary current, following law (7).

_ I > 0= Vgt
Vs = {15 <0= —V,, ™

By iteratively computing this model over the simulation
time domain, the transient current evolution in all elements
is obtained. Fig. 4 shows the inverter voltage and current at
the beginning of the transient simulation, which exhibit a
damped response, as illustrated in Fig. 5, eventually
reaching a periodic steady-state response such as that
shown in Fig. 6.
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Fig. 4. Voltage and current throught the inverter at the beginning
of simulation.
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Fig. 5. Transient evolution of the inverter current until the
steady-state is reached.
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End of simulation
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Fig. 6. Steady-state inverter current.
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As can be observed, the inverter current steady-state
response (Fig. 6) closely matches that obtained with the
actual system, as measured in the experimental tests shown
in Fig. 3. The output rectifier waveform is also consistent
with the expected behavior of a full-bridge rectifier (Fig.
7).
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Fig. 7. Steady-state rectifier voltage and current.

3.2 First-Harmonic Approximation

The most used approximation in circuit analysis and design,
due to its simplicity, is the first-harmonic approximation.
This approach relies on the fact that, in a resonant system
with a sufficiently high quality-factor, the electrical circuit
behaves as a highly selective filter around the resonant
frequency, making the influence of harmonics other than
the fundamental negligible. Consequently, only the
first-harmonic component of the inverter-injected voltage

is considered, as given by (8).

(V)rus = & cc ®)
I

On the other hand, the secondary-side rectifier can be
approximated as a linear resistance. This follows from the
fact that, if the current waveform is close to a pure sinusoid,
the first harmonic of the rectifier’s square-wave voltage
will be in phase with the current it rectifies. The value of
this equivalent resistance can be determined from the
desired output power, which is assumed to be regulated.
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Accordingly, its value may be imposed based on the power
delivered to the load, as expressed in equation (9).

o 8 [V
L~T[2 PD

With this approximation, the first-harmonic response of the
circuit in Fig. 2 can be computed using the phasor equations
corresponding to its sinusoidal steady-state model.

&)

The simulation results obtained with this approximation are
shown in Fig. 8 for the inverter current and in Fig. 9 for the
rectifier current. As can be observed, the approximation is
adequate for evaluating quantities such as power and RMS
current, but it is less accurate for assessing other converter
design parameters, such as the instantaneous current at the
switching instant, which is significantly underestimated, as

illustrated in Fig. 8.
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Fig. 8. First Harmonic approximation vs. transient simulation of
inverter current.
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Fig. 9. First harmonic approximation vs. transient simulation of
rectifier current.

3.3 Fourier Approximation

Any periodic function can be decomposed into a
superposition of sinusoidal waves whose frequencies are
integer multiples of the fundamental, which corresponds to
the excitation frequency. This allows the circuit’s
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behaviour to be analysed for all harmonics, since the
waveforms can be approximated as the sum of the
individual harmonic responses. In principle, this yields the
complete steady-state response, including distortion.

However, this approach presents a challenge in modeling
the rectifier bridge, since it is a nonlinear element. The
equivalent resistance model (9) is only valid for the
fundamental harmonic, and it is not possible to determine a
priori the equivalent resistance that the rectifier exhibits for
each harmonic.

To address this issue, the characteristics of resonant
circuits, and especially of the LCC-S topology, have been
considered. As shown in Fig. 9, the harmonic components
of the current do not significantly contribute to the
zero-crossing phase shift, since the current waveform is
largely dominated by the fundamental harmonic.
Moreover, given that the characteristic voltage waveform
at the rectifier is a square wave synchronized with the
zero-crossing, the phasor values of each harmonic of the
rectifier input voltage can be established, following the
decomposition expressed in (10).

_ 2V2
(Vz)h = ﬂ Vbca
h-(2I2)p=1

Knowing the phasor of the voltage (¥,),,~; obtained from
the first-harmonic approximation, the magnitude and phase
of each harmonic can be determined using (11), which
follows from (10).

Vedn = (—(Vszhﬂ)

Consequently, the response to the higher-order harmonics
can be computed by applying the Superposition Principle.
First, the contribution of the inverter-voltage harmonics
(Vp)p, which are known a priori, will be considered in the
circuit of Fig. 2, while setting (Vg),—o. Subsequently, by
considering the case in which (Vp), = 0 and using the
values of (Vi);, calculated according to expression (11), a
good approximation of the full harmonic response of the
circuit can be obtained, as shown in Fig. 10 and Fig. 11.
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Fig. 10. Fourier approximation of inverter current.
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Fig. 11. Fourier approximation of rectifier current.

4. Results

Using these approximations, a batch of tests of the
simulation methods described above has been carried out.
A sweep of different parameterizations has also been
performed, such as the number of harmonics (in log-spaced
sweep from h =3 to h = 1,000) in the Fourier-based
method or the simulation time (log-spaced from T =
100us to T = 100ms) in the transient method.

From the tests conducted, both the execution time required
to perform the simulation and the Relative Error of the
various design quantities of interest (such as the RMS
currents through the inductive components, the switching
currents, and the load power) have been compared.

As shown in Fig. 12, the approximate methods, even the
first-harmonic approach, provide a good estimation of the
RMS values in the ground-side circuit, although they
exhibit larger errors in determining the secondary RMS
current and the load power. The poorest results arise in the
low-order harmonic approximations of the switching
current, a critical quantity for the thermal design of the
inverter or for the development of more advanced control
strategies. Traditionally, this limitation has been addressed
by adopting generous safety margins, which penalize
efficiency.

All relative errors decrease as the number of harmonics
included in the model increases, except for the quantities
related to the secondary current and the rectifier power. In
these cases, the phase-approximation error of each
rectifier-voltage harmonic cannot be compensated.

It can also be concluded that there is no practical benefit in
performing a Fourier-based simulation with more than 50
to 100 harmonics, since the resulting error does not
improve, whereas the computational cost increases
proportionally with the number of harmonics.
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Fig. 12. Relative error of each design variable as a function of the simulation method and the execution time required.

On the other hand, the transient analysis exhibits excellent
accuracy, both in the ground-side and on-board circuits, but
at the cost of an execution time several orders of magnitude
higher than that of the approximate methods. When the
simulation time is reduced, the resulting values show no
meaningful correspondence with the expected behavior.
Altogether, this makes transient analysis unsuitable for
optimization procedures that require a massive number of
simulations, such as Pareto optimization methods.

5. Conclusion

The results obtained confirm that the only feasible method
for designing this type of system through parameter-sweep
techniques is to rely on approximate models, such as the
commonly wused first-harmonic approximation, while
reserving the more accurate methods for validation at a
limited number of operating points of particular interest,
carried out after the design process.

Furthermore, a gap of several orders of magnitude has been
observed between the execution time of the approximate
models and that of the transient simulation. Within this gap
lies the opportunity to develop new simulation methods that
strike a balance between execution time and model
accuracy. This represents a promising research direction
that could accelerate the optimal design of resonant systems
and enable the practical implementation of more complex
converters or more sophisticated control strategies.
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