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Abstract

In a typical high-power inductive wireless power transfer (WPT) system, AC
signal, which drives the coupled resonant inductors (couplers), is produced
by a half- or full-bridge inverter. However, the output voltage of an inverter
is not a pure sinusoidal but a square wave with quite a few harmonics. Har-
monics are expected to reduce active power transfer efficiency (APTE) due
to high reactive power accumulation at the input to the resonant couplers. In
this paper, WPT system efficiency is analyzed by introducing the harmonics
of the voltage waveform of a typical inverter circuit in to an analytical model
of the WPT system for the first time. In this regard, total harmonic dis-
tortion (THD) and harmonic content of the waveform, as well as the APTE
of the system are all simulated as a function of duty cycle using an analytic
model. Simulation results show that the THD of the source voltage wave-
form can be minimized with a duty cycle of 75%. Hence the reactive power
at the input of the system is also minimized, increasing the APTE of the
system in this duty cycle. An experimental wireless power transfer system is
implemented to verify the aforementioned simulation based observation. The
measured APTE is increased to a maximum of 94.5% from approximately
88.5% by simply reducing the duty cycle from 100% to 75%. The output
power delivered to the load, on the other hand, decreases with this reduction
in the duty cycle, if DC bus voltage stays constant. This trade of between
efficiency and the delivered power to the load is analyzed in two wireless
charging scenarios with different power and efficiency levels. We believe that
the findings reported in this work would potentially lead researchers develop
novel inverter structures to not only use for increasing power but also the
efficiency of WPT systems.
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transfer efficiency; total harmonic distortion.

1. Introduction

Recent developments in magnetic coupling based wireless power transfer
(WPT) systems are quite appealing to many industrial, consumer and mili-
tary applications. Eliminating power cords reduces the risk of electric shock
and makes power transfer more practical than wired chargers. Static and
possibly dynamic wireless charging of electric vehicles (EVs) will potentially
accelerate the use of EVs, which is essential for reducing carbon emission
[1, 2, 3, 4]. Wirelessly powering industrial machines and robots, charging
mobile electronic devices and other consumer electronics have similar ad-
vantages of being more practical and less risky for occupational and home
accidents. Such a large number of potential applications pave the way for
WPT systems with different power levels and operation frequencies. For ex-
ample, low power WPT systems, specifically the ones adopting Alliance for
Wireless Power (A for WP) standard, operates at high frequency (HF) band
(e.g 6.78 MHz) [5]. The HF power is produced from an RF power source,
usually a high efficiency Class-E RF power amplifier [6, 7, 8, 9]. RF power
sources exhibit a 50Ω or 75Ω source resistance and provides a pure sinu-
soidal signal to the system. From an RF engineer’s point of view, efficiency
is defined as the power delivered to the load to the power available from the
source [10, 11, 12, 13]. One can obtain efficiency response, extract all the
resonance frequencies and observe so called frequency-splitting phenomenon
by simply measuring the 2-port network parameters (e.g. S-parameters) of
the coupled resonance coils [10, 14].

On the other hand, for high power WPT systems (e.g EV chargers),
bridge type inverters are the most practical and cost efficient solution to
produce required power levels (e.g Pout> 1 kW). Switching frequency of
these inverters is limited to several hundred kHz, restricting the maximum
operation frequencies of high power WPT systems up to 150 kHz [15, 16, 17,
18]. For these type of inverter-driven WPT systems, APTE can be defined
as the power delivered to the load to the apparent power at the output of
the inverter [19, 20]. Fig. 1 shows a general circuit model for an inverter
driven WPT system with a series-series (SS) compensation topology. Unlike
RF power sources, inverters produce a periodic square wave with quite a few
harmonics.
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Figure 1: A circuit model for an inverter-driven WPT system with a series-series (SS)
compensation topology.

If we consider the efficiency response for a WPT system as a band-pass
filter response, harmonics’ frequencies of the input voltage waveform are
beyond this pass band. The input impedance at the harmonics’ frequencies,
therefore, is predominantly reactive and reduces the APTE.

Several works, related to analysis of harmonics content of the inverter sig-
nal in WPT systems, are reported in the literature [21, 22, 23, 24, 25]. In [21],
authors aimed at eliminating the harmonics at the current waveform using
an LC low-pass filter, but system efficiency is not investigated in detail. In
[22], a class-E rectifier is proposed for use in a MHz range WPT system. The
authors report that the input voltage THD of the Class E full-wave rectifier
is reduced to one fourth of the THD of a conventional full-bridge rectifier
[22]. However, this analysis is limited to the rectifier only. Reactive power
levels are compared in WPT systems with different compensation schemes in
[23]. A simple conclusion comes out that the LCC compensation circuit has
the minimum reactive power among different various compared schemes [23].
Cascaded multi-level inverter is proposed for high power WPT systems in
[24, 25]. The authors utilize the multi-level inverter primarily for increasing
the power level of the inverter and partially discuss about selective harmonic
elimination. However; relationship between system efficiency and harmonic
content of the inverter voltage is not analyzed in these publications [24, 25].

1.1. Contribution

In this work, we analyze an inverter-driven WPT system with the aim of
understanding the effect of harmonic content on the APTE. Harmonic con-
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tent and total harmonic distortion (THD) of a symmetric square waveform,
which is what an inverter produces, are calculated as a function of duty cycle.
At the same time, the input and the output power, and the APTE of the
system are simulated as a function of duty cycle. Simulation results show
that the THD of the input voltage is minimum with an optimal duty cycle
of approximately 75%. Therefore, the reactive power accumulation at the
input to the primary side coupler is also minimum at this duty cycle. Using
analytic expressions derived from a WPT circuit model, the APTE, which is
defined as the ratio of power delivered to the load to the apparent power at
the input to the coupled inductors (couplers), is shown to be maximized by
simply operating the inverter with an approximately 75% duty cycle. These
simulation based results are finally verified in an experimental WPT system.

Increasing the APTE to near 100% is one of the major goals for re-
searchers working on WPT systems. Most of the works so far have been on
designing novel coil structures with low power loss and high coupling coeffi-
cients [26, 27, 28, 29, 30, 31, 32, 33]. The findings in this piece of work, on
the other hand, recommend one to operate the inverter at an optimal duty
cycle of 75% if maximum efficiency is targeted. The originality of this paper
comes from the fact that the relationship between inverter signal’s harmonic
content and WPT system efficiency is reported and experimentally verified
in such detail for the first time. We believe that the findings reported in this
work would potentially lead researchers to develop novel inverter structures
to not only use for increasing power but also the efficiency of WPT systems
by considering the effect of harmonics on the power transfer efficiency.

2. Modeling and Efficiency Response For An Inverter-Driven WPT
System

The circuit model shown in Fig.1 utilize a full-bridge inverter consisting
of four MOSFET switches, represented by S1, S2, S3 and S4. This inverter is
controlled by a phase shifted pulse width modulation (PSPWM) algorithm
of which signal diagram is shown in Fig.2. The signals at the gates of the
S1, S2, S3 and S4 switches are symbolized with GS1, GS2, GS3 and GS4,
respectively. The S1-S2 and S3-S4 switches are driven with complementary
gate signals. As seen in the signal diagram, duty cycle variation is realized
by providing time delays between driving signals of S1 and S4 as well as S2

and S3. The output voltage signal of an inverter is shown as VAB in this
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figure. The total pulse width and the period of the signal are represented
with τ and T , respectively.

Figure 2: Signal diagram for PSPWM.

The switches are fed from a DC bus and each switch has an on state
resistance (Rdson) between drain-source terminals. Since two pair of transis-
tors ( S1-S3 and S2-S4), are switched on/off successively, and at any instant
of time only one pair is on while the other is off, the model in Fig.1 can be
simplified to the one as shown Fig.3. The DC bus voltage (Vbus), shown in
Fig.1, becomes the peak value of the square wave voltage source shown in
Fig.3.

In Fig.3, magnetically coupled primary and secondary side couplers are
represented with two inductors, L1 and L2, which are coupled through a
mutual inductance of M . The series connected compensation capacitors are
represented with C1 and C2. The losses of coils, mainly originated from
the AC resistance of wires, is modeled via R1 and R2. The load resistance
is modeled with RL in this circuit model. The input voltage is a symmetric
square waveform (see Fig.2) of which amplitude is ideally equal to the DC bus
voltage, hence is represented by Vbus. In the following sub-section (section

5



Figure 3: A more simplified circuit model for an inverter-driven WPT system.

2.1), we analyze the inverter’s output voltage which is essentially a non-
sinusoidal waveform.

2.1. Harmonic Analysis of Source Voltage

The symmetric square wave can be expressed with fourier series expansion
as follows:

Vbus(t) = a0 +
∞∑
k=0

ak cos (kω0t) (1)

where ω0(2π/T0) and k are the fundamental radial frequency of the signal and
harmonic indice, respectively. The zeroth harmonic, a0, is the DC component
and is equal to zero for a square wave with a symmetry along time axis (see
Fig. 2). Amplitudes of higher harmonics, ak, for a symmetric square wave can
be expressed as a function of duty cycle (d=τ/T ) and peak-to-peak voltage
(Vbuspk−pk

) as follows:

ak =
2Vbuspk−pk

kπ
sin

(
kπd

2

)
(2)

Using the amplitude of each harmonic in (2), the total harmonic distortion
(THD) for a symmetric square wave signal can be calculated as follows [34]:

THD =

√
a23 + a25 + . . .+ a2n

a1
. (3)

The normalized peak values for each harmonic of a symmetric square
wave is calculated as a function of duty cycle using (2) and shown in Fig.4.
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As seen in Fig.4, the first harmonic (fundamental) is the dominant one and
its amplitude constantly increases with the duty cycle. The THD is mainly
increased by the third and the fifth harmonics; however, up to ninth har-
monics are calculated using (3) and utilized in the calculation of the THD.
It should be noted that all the even harmonics are zero for this symmetric
square waveform.
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Figure 4: The normalized peak values, as a function of duty cycle.

Fig.5 shows calculated THD as a function of duty cycle for a symmetric
square wave. The THD exhibits its minimum value of approximately 27%
when the duty cycle 75%. That is, the overall harmonic content of a sym-
metric square wave is minimum with this duty cycle. If we consider the
efficiency response of a WPT system as a band-pass filter response, harmon-
ics’ frequencies are beyond this pass band and the input impedance at these
harmonic frequencies is predominantly reactive. Minimum THD means min-
imum harmonic-related reactive power; therefore, the apparent power level
becomes closer to the active power level at the input to the couplers. It
is for this reason that one can expect maximum active power transfer effi-
ciency (APTE) at the 75% duty cycle. A mathematical expression for the
efficiency can be obtained from the current and voltage expressions at the in-
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Figure 5: THD vs duty cycle for the symmetric square wave.

put and output of the system. The simplified lumped element model, shown
in Fig.3 can be utilized for this purpose as will be discussed in the following
sub-section.

2.2. Efficiency Response

The WPT system, as modeled in Fig.3, can be assumed to be linear and
the response of a linear time-invariant (LTI) system to any input consisting
of a linear combination of sinusoidal signals is the same linear combination
of the individual responses to each of the sinusoidal signal [35]. Therefore,
by analyzing the model in Fig.3, one can express the current flowing through
the load resistance (I2k) due to each harmonic of the input voltage, ak as
shown in (4).

I2k =
jkωak(

R1 + 2Rdson + jkωL1 − j
kωC1

)(
RL + kωL2 − j

kωC2

)
+ (kωM)2

. (4)
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The root mean square (rms) of the load current (I2rms) is calculated using
its components at each harmonic (I2k) as;

I2rms =

√
I221 + I223 + . . .+ I22n

2
. (5)

The power delivered to the load (PL) is calculated using the load current and
the load resistance as follows:

PL = |I2rms |
2RL. (6)

At the primary side, the input impedance seen towards the resonant pri-
mary side coil at kth harmonic, Zink

, can be extracted from the circuit model
as follows:

Zink
= R1 + j

(
kωL1 −

1

kωC

)
+

(kωM)2

R2 +RL + j
(
kωL2 − 1

kωC2

) . (7)

Subsequently, at each harmonic, the input current flowing through primary
side resonant coil can be expressed as:

I1k =
ak
Zink

. (8)

The rms of the input current is then calculated using its harmonic content
from (8) as folllows:

I1rms =

√
I211 + I213 + . . .+ I21n

2
. (9)

The input voltage seen at the input of the resonant primary side coupler, for
each harmonic, can be calculated by subtracting the voltage drop across the
two series Rdson resistances (see Fig.3) from the harmonics of Vbus as given
below.

V1k = ak − 2I1kRdson. (10)

The rms of input voltage is then calculated as follows:

V1rms =

√
V 2
11

+ V 2
13

+ . . .+ V 2
1n

2
. (11)
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By using the RMS values of voltage and current at the input to the pri-
mary side coupler, V1 and I1, the apparent power at the input (Sin) can be
calculated as follows:

Sin = V1rmsI1rms . (12)

Finally, the APTE of the WPT system can be calculated by using the (PL)
and (Sin) in (6) and (12) as follows:

APTE =
PL

Sin

. (13)

Using the analytic model given in (4)-(13), the efficiency of the WPT
system is simulated as a function of frequency for various duty cycles. In
these simulations, inductance and resistance values (L1, L2, M and R) are
obtained from the LCR meter measurements of fabricated coils utilized in
the experiments. All the component values utilized in simulations are listed
in Table 1. Fig.6 shows simulated APTE as a function of frequency for duty
cycles of 55%, 75%, 90% and 100%. As seen in this figure, for all duty cycles,
WPT system exhibits three peaks at approximately 25 kHz, 28 kHz and 33
kHz, respectively. These frequencies are the resonance frequencies of the
coupled resonator system. Fig. 6 shows that the APTE exhibits its highest
response when duty cycle is 75%. This is attributed to the fact that if the
THD of the source voltage is minimum, harmonic-related reactive power is
also minimum, making apparent power level closer to the active power level.
To better observe the effect of duty cycle, the APTE is also simulated as a
function of duty cycle at the resonance frequencies, 25 kHz, 28 kHz and 33
kHz. Fig.7 shows simulated peak APTE values as a function of duty cycle
at these resonance frequencies. This figure agrees with Fig. 6 such that
maximum efficiency for all the resonance frequencies are observed at 75%
duty cycle as well. Next section presents an experimental WPT system that
verifies the simulation results discussed so far and elaborate the trade off
between efficiency and power delivered to the load.

3. Experimental Setup and Measurement Results

An experimental WPT system is set up as shown in Fig. 8a. The ex-
perimental setup employs a full-bridge inverter, coupled inductors (couplers)
with series-series (SS) compensation capacitors and a load resistance (RL) of
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Table 1: Characteristic values of the simulated WPT system

Components L1, L2 M C1, C2 R1, R2

Values 182µH 57µH 176nF 29mΩ
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Figure 6: Simulated APTE response for duty cycles of 55%, 75%, 90% and 100%.

5Ω. The inverter consists of four FQA30N40 MOSFET switches which are
driven through their gates using TMDSDOCK28335 digital signal controller
(DSC). The voltage and current data at the input and the output of the
system is collected with an NI6356 data acquisition (DAQ) card. The input
and the output voltages of the WPT system is measured by connecting the
input and output nodes to this DAQ card. The currents, on the other hand,
are measured through Textronix current probe and amplifier (TCP305). The
DAQ card’s sampling time is 1µs and the power calculations are performed
instantaneously during the measurement. The couplers are fabricated based
on compact flux-pipe structure exhibiting high coupling coefficient [27]. Flux-
pipe couplers in this work employ three sub-coils which are wound around a
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Figure 7: Peak efficiency vs duty cycle for all resonance frequencies.

common ferrite structure as seen in Fig.8b. The geometry of the couplers is
designed for achieving maximum coupling coefficient (kc) between them. The
design details and simulation results for the couplers are beyond the scope
of this paper and can be found elsewhere [36].

In experiments, first, efficiency response is measured and compared to
that of simulation results for 75% duty cycle. As seen in Fig.9, simulation
and measurement results agree very well, verifying the accuracy of the cir-
cuit model utilized in simulations. Subsequently, the efficiency response is
measured for duty cycles of 55%, 90% and 100% ,as well, and compared to
that of 75% duty cycle as shown in Fig.10. As seen in these measured data,
maximum APTE is observed for the duty cycle of 75%, agreeing with the
simulation results in Fig.6.

Measured peak efficiency values at approximately 25 kHz, 28 kHz and
33 kHz resonance frequencies, are plotted as a function of duty cycle as
seen in Fig.11a. Again in this figure, maximum efficiency for all the reso-
nance frequencies is observed at 75% duty cycle. The pictures in Fig.11b
and Fig.11c are the oscilloscope screenshots and show the input and output
voltage and current waveforms for 100% and 75% duty cycles, respectively.
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(a)

(b)

Figure 8: (a) Schematic and (b) photograph for an experimental WPT system.

In both Fig.11b and c, the input current and voltage waveforms are shown
at the upper half of the oscilloscope screen, while the output voltage and
current waveforms are shown at the bottom half of the screen. At 33 kHz,
the voltages and currents are in-phase and in good shape verifying that 33
kHz is one of the resonance frequencies of the coupled system.

Both simulation and the experimental results show that one needs to
operate the inverter with a 75% duty cycle for boosting active power transfer
efficiency to its maximum level. This efficiency improvement, however, comes
with the cost of a reduction in the power delivered to the load (PL). To better
visualize the trade off between the efficiency and the power delivered to the
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Figure 9: Simulated and measured frequency response of efficiency for 75% duty cycle.

load, both of them is plotted as a function of duty cycle on the same graph
as seen in Fig. 12. The normalized PL is increasing with the duty cycle
persistently and reaches its maximum at a duty cycle of 100% (Fig. 12). At
75% duty cycle, where efficiency is maximum, the PL is nearly 15% less than
its maximum value at 100% cycle. Therefore, this decrease at the output
power level would increase the charging time.

Table 2 shows a time-energy consumption analysis for a 3.3 kW charger
utilizing the above presented WPT system. The analysis is performed for
two different scenarios to charge a 16 kWh battery. In Scenario I, the WPT
system is driven with an 100% duty cycle waveform (maximum power mode),
and in Scenario II, the WPT system is driven with a 75% duty cycle waveform
(maximum efficiency mode). As seen in Table 2, the battery is fully charged
in 4.85 hours with a total energy consumption of 18.08 kWh in maximum
power mode. In the maximum efficiency mode, the exact same battery is fully
charged in 5.71 hours with less than 17 kWh energy consumption. Depending
on the preferences (cost or time), either mode can be selected by the user.

Finally, the findings presented in this work are summarized in Table 3
along with the findings from similar works related to harmonic analysis in
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Figure 10: Measured frequency response of efficiency for various duty cycles.

Table 2: Time-energy consumption analysis for an example 3.3 kW WPT system to charge
a 16 kWh battery. Two different charging scenarios are considered in the analysis

Duty
(%)

Pout
(kW )

Efficiency
(η)

Energy
(kWh)

Time
(h)

Scenario I
(Max Power)

100 3.3 88.5 18.08 4.85

Scenario II
(Max Eff.)

75 2.8 94.5 16.93 5.71

WPT systems reported in literature [21, 22, 23, 24, 25]. Each reported work
has a different approach, goal and even operating frequency; therefore, Table
3 is not meant to provide a very direct comparison of the performance of
reported WPT systems, but to clearly show the differences of this work in a
comparative manner.
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Figure 11: a) Peak efficiency values at resonance frequencies as a function duty cycle.
Oscilloscope screenshots for the measurements at the 33 kHz resonance frequency b) 100%
duty cycle c) 75% duty cycle

Table 3: Comparison of this work with similar works on the harmonic analysis in WPT
systems reported in the literature.

Ref Method
Control Side

(PrimerorSeconder)
THD
(V orI)

Efficiency
(η)

Frequency

[21]
Additional LC

Filter after Inverter
Primer

THDI<%5
Input current

>%90 20kHz

[22]
Class E rectifier

after
receiver coil

Seconder
THDV =%9.9
Input of the

Full wave rectifier
%80 6.78MHz

[23]
Reactive power

minimization with
LCC compensation

Both NA NA 85kHz

[24,25]
Utilization of cascaded
and multilevel inverters

Primer THDV =%16-75 %87.5 20kHz

This
Work

Duty-Cycle
control

Primer THDV =%25 %94
25kHz

or
33kHz

4. Conclusion

In this paper, WPT system’s efficiency is analyzed by introducing the har-
monics of the voltage waveform of a typical inverter circuit in to an analytical
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Figure 12: Active power transfer efficiency (APTE) and normalized power delivered to
the load (PL) as a function of duty cycle

model of the WPT system for the first time. We show that the efficiency
response of an inverter-driven wireless power transfer system can be maxi-
mized by minimizing the harmonic-related reactive power accumulation at
the input to the inductive couplers. The harmonic-related reactive power is
minimized through operating the inverter with an optimal 75% duty cycle
at which the THD of the source voltage becomes minimum. This efficiency
maximization is explained by utilizing the Fourier series expansion of the
voltage waveform and analytical model of the WPT system simultaneously.
These theoretical observations are verified in an experimental wireless power
transfer system with an excellent agreement. We believe that the findings
reported in this work would potentially lead researchers to develop novel in-
verter structures to not only use for increasing power but also the efficiency of
WPT systems by considering the effect of harmonics on the power transfer
efficiency. Therefore, an important future direction of this work is to im-
plement multistage inverter topologies to create waveforms with even lower
harmonic content and realize WPT systems with even higher efficiencies.
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