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In a typical high-power inductive wireless power transfer (WPT) system, AC signal, which drives the cou-
pled 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.
Harmonics 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

55_5' Wlords" ; by introducing the harmonics of the voltage waveform of a typical inverter circuit in to an analytical
ireless power transter model of the WPT system for the first time. In this regard, total harmonic distortion (THD) and harmonic

Duty cycle . .

Inverter 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 waveform can be
minimized with a duty cycle of 75%. Hence the reactive power at the input of the system is also mini-
mized, increasing the APTE of the system in this duty cycle. An experimental wireless power transfer sys-
tem 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.
© 2020 Elsevier GmbH. All rights reserved.

Active power transfer efficiency
Total harmonic distortion

1. Introduction tems, specifically the ones adopting Alliance for Wireless Power (A

for WP) standard, operates at high frequency (HF) band (e.g

Recent developments in magnetic coupling based wireless
power transfer (WPT) systems are quite appealing to many indus-
trial, consumer and military 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 [1-4].
Wirelessly powering industrial machines and robots, charging
mobile electronic devices and other consumer electronics have
similar advantages of being more practical and less risky for occu-
pational and home accidents. Such a large number of potential
applications pave the way for WPT systems with different power
levels and operation frequencies. For example, low power WPT sys-
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6.78 MHz) [5]. The HF power is produced from an RF power source,
usually a high efficiency Class-E RF power amplifier [6-9]. RF
power sources exhibit a 50Q or 75Q source resistance and provides
a pure sinusoidal signal to the system. From an RF engineers point
of view, efficiency is defined as the power delivered to the load to
the power available from the source [10-13]. One can obtain effi-
ciency 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 charg-
ers), 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 hun-
dred kHz, restricting the maximum operation frequencies of high
power WPT systems up to 150 kHz [15-18]. For these type of
inverter-driven WPT systems, APTE can be defined as the power
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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 topol-
ogy. Unlike RF power sources, inverters produce a periodic square
wave with quite a few harmonics.

If we consider the efficiency response for a WPT system as a
band-pass filter response, harmonics’ frequencies of the input volt-
age 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 signal in WPT systems, are reported in the literature
[21-25]. In [21], authors aimed at eliminating the harmonics at
the current waveform using an LC low-pass filter, but system effi-
ciency is not investigated in detail. In [22], a class-E rectifier is pro-
posed 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 compen-
sation schemes in [23]. A simple conclusion comes out that the LCC
compensation circuit has the minimum reactive power among dif-
ferent various compared schemes [23]. Cascaded multi-level inver-
ter 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 content 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 simu-
lated 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 operat-
ing the inverter with an approximately 75% duty cycle. These sim-
ulation based results are finally verified in an experimental WPT
system.

Increasing the APTE to near 100% is one of the major goals for
researchers working on WPT systems. Most of the works so far
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have been on designing novel coil structures with low power loss
and high coupling coefficients [26-33]. 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 relation-
ship 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 struc-
tures 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 Si, S, S3 and
S4. This inverter is controlled by a phase shifted pulse width mod-
ulation (PSPWM) algorithm of which signal diagram is shown in
Fig. 2. The signals at the gates of the S, S, S3 and S; switches are
symbolized with Gs;, Gs;, Gs3 and Gy, respectively. The S;-S, and
S3-S4 switches are driven with complementary gate signals. As
seen in the signal diagram, duty cycle variation is realized by pro-
viding time delays between driving signals of S; and S, as well as S,
and Ss. The output voltage signal of an inverter is shown as Vg in
this figure. The total pulse width and the period of the signal are
represented with 7 and T, respectively.

The switches are fed from a DC bus and each switch has an on
state resistance (Rysn) between drain-source terminals. Since two
pair of transistors (S;-S; and S,-S;), are switched on/off succes-
sively, 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 (V},s), 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 cou-
plers are represented with two inductors, L; and L,, which are cou-
pled through a mutual inductance of M. The series connected
compensation capacitors are represented with C; and C,. The
losses of coils, mainly originated from the AC resistance of wires,
is modeled via R; and R,. The load resistance is modeled with R,
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 V.. In the following
sub-section (Section 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 ser-
ies expansion as follows:

Vbus

—> o
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Fig. 1. A circuit model for an inverter-driven WPT system with a series-series (SS) compensation topology.



S.A. Sis, H. Akca/Int. . Electron. Commun. (AEU) 116 (2020) 153081 3

A
G
sl >t
G
s4 >t
GsZ
>t
Gs3
>t
- T
<t - 2 =>
VAB
>t
v D /2 =
Fig. 2. Signal diagram for PSPWM.
Rason 11 A C1 R1 M R G Do
VVV >—o | / | >
Vbus
Rdson
MV ®
Blz

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

Vius(t) = a0+, akcos(kaot) (1)

where wo(27/Ty) and k are the fundamental radial frequency of the
signal and harmonic indice, respectively. The zeroth harmonic, ay, 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 har-
monics, ay, for a symmetric square wave can be expressed as a func-
tion of duty cycle (d=7/T) and peak-to-peak voltage (Vhus, ,) as
follows:

zvbuspk,pk . (knd
O = TS‘“(T> @)

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

Bd+ai+-+a
THD = - . (3)
1

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. As seen in Fig. 4, the first harmonic (funda-
mental) 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 harmonics

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 sym-
metric square waveform.

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 symmetric square wave is minimum with
this duty cycle. If we consider the efficiency response of a WPT sys-
tem as a band-pass filter response, harmonics’ 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 efficiency (APTE) at the 75% duty cycle. A
mathematical expression for the efficiency can be obtained from
the current and voltage expressions at the input 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 fol-
lowing sub-section.

2.2. Efficiency response

The WPT system, as modeled in Fig. 3, can be assumed to be lin-
ear 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
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Fig. 5. THD vs duty cycle for the symmetric square wave.

sinusoidal signal [35]. Therefore, by analyzing the model in Fig. 3,
one can express the current flowing through the load resistance
(I,) due to each harmonic of the input voltage, a, as shown in (4).

jka,
Izk — Jkeway

)+(kwM)2 ' 4)

The root mean square (rms) of the load current (I, ) is calcu-
lated using its components at each harmonic (I,) as;

I+, ++1,
Izrms - f (5)

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

(R1 +2Rgson +ikwLy 7ﬁ Ry +keoly — kﬂ{Cz

Py = |l2,.Re. (6)

At the primary side, the input impedance seen towards the res-
onant primary side coil at kth harmonic, Z,,, can be extracted from
the circuit model as follows:

. 1
Zin, =Ry +]<kwL1 - W) +

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

(koM
Ro+ Ry +j(kools - k)

(7)

I, = k. 8)
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Table 1

Characteristic values of the simulated WPT system.
Components L,L; M C1,C Ri,R,
Values 182 uH 57 uH 176 nF 29 mQ

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

L B +5 + - +6
Trms 2 —

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 Rys,, resistances (see Fig. 3) from
the harmonics of Vs as given below.

9)

Vlk =0k — 211,<Rdson~ (]0)
The rms of input voltage is then calculated as follows:
VZ + V2 4o V2
Vin, ¢ et (1

By using the RMS values of voltage and current at the input to
the primary side coupler, V; and I;, the apparent power at the
input (S;;) can be calculated as follows:

Sin = V]rmsllrms' (12)
Finally, the APTE of the WPT system can be calculated by using
the (P;) and (S;;) in (6) and (12) as follows:
Py
APTE = 5

in

(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, L, M and R) are obtained from the LCR meter measurements of
fabricated coils utilized in the experiments. All the component val-
ues utilized in simulations are listed in Table 1. Fig. 6 shows simu-
lated 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 sys-

tem exhibits three peaks at approximately 25 kHz, 28 kHz and
33 kHz, respectively. These frequencies are the resonance frequen-
cies of the coupled resonator system. Fig. 6 shows that the APTE
exhibits its highest response when duty cycle is 75%. This is attrib-
uted to the fact that if the THD of the source voltage is minimum,
harmonic-related reactive power is also minimum, making appar-
ent 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 frequen-
cies 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
experimental setup employs a full-bridge inverter, coupled induc-
tors (couplers) with series-series (SS) compensation capacitors and
a load resistance (R;) of 5 Q. 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 col-
lected with an NI6356 data acquisition (DAQ) card. The input
and the output voltages of the WPT system is measured by con-
necting 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 cards sampling time is 1 ps 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 common ferrite structure as seen in Fig. 8b. The
geometry of the couplers is designed for achieving maximum cou-
pling coefficient (k.) between them. The design details and simula-
tion results for the couplers are beyond the scope of this paper and
can be found elsewhere [36].
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Fig. 6. Simulated APTE response for duty cycles of 55%, 75%, 90% and 100%.
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Fig. 8. (a) Schematic and (b) photograph for an experimental WPT system.
In experiments, first, efficiency response is measured and com- ing the accuracy of the circuit model utilized in simulations. Subse-

pared to that of simulation results for 75% duty cycle. As seen in quently, the efficiency response is measured for duty cycles of 55%,
Fig. 9, simulation and measurement results agree very well, verify- 90% and 100%, as well, and compared to that of 75% duty cycle as
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Simulated and measured frequency response of efficiency for 75% duty cycle.

100

Q0 r

80 r

70 -

60

50

APTE [%]

40 r

301

20 -

1 O v Il Il Il
22 24 26 28

30

32 34 36 40

Frequency [kHz]

Fig. 10. Measured frequency response of efficiency for various duty cycles.

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 resonance frequencies is observed at 75% duty
cycle. The pictures in Fig. 11b and c are the oscilloscope screen-
shots and show the input and output voltage and current wave-
forms for 100% and 75% duty cycles, respectively. 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 volt-
age 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 frequen-
cies 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 reduc-
tion in the power delivered to the load (P;). To better visualize the
trade off between the efficiency and the power delivered to the
load, both of them is plotted as a function of duty cycle on the same
graph as seen in Fig. 12. The normalized P; 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,
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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 (1) 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.

the P, 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 effi-
ciency mode). As seen in Table 2, the battery is fully charged in

4.85 h with a total energy consumption of 18.08 kWh in maximum
power mode. In the maximum efficiency mode, the exact same bat-
tery is fully charged in 5.71 h with less than 17 kWh energy con-
sumption. 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 har-
monic analysis in WPT systems reported in literature [21-25]. Each
reported work has a different approach, goal and even operating
frequency; therefore, Table 3 is not meant to provide a very direct
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Table 3
Comparison of this work with similar works on the harmonic analysis in WPT systems reported in the literature.
Ref. Method Control Side (Primer or THD (V or I) Efficiency Frequency
Seconder) n)
[21] Additional LC Filter after Inverter Primer THD; < %5 Input current >%90 20 kHz
[22] Class E rectifier after receiver coil Seconder THDy = %9.9 Input of the Full wave %80 6.78 MHz
rectifier
[23] Reactive power minimization with LCC Both NA NA 85 kHz
compensation
[24,25] Utilization of cascaded and multilevel Primer THDy = %16-75 %87.5 20 kHz
inverters
This Work Duty-Cycle control Primer THDy = %25 %94 25 kHz or
33 kHz

comparison of the performance of reported WPT systems, but to
clearly show the differences of this work in a comparative manner.

4. Conclusion

In this paper, WPT systems 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. We
show that the efficiency response of an inverter-driven wireless
power transfer system can be maximized 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 mini-
mum. 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 obser-
vations 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 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. Therefore,
an important future direction of this work is to implement multi-
stage inverter topologies to create waveforms with even lower
harmonic content and realize WPT systems with even higher
efficiencies.
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