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Abstract—Wireless charging technology extends the battery and, in turn, the real power provided by the utility decrements.

autonomy by allowing more flexible and practical ways of This impact is modeled by the diminution of the power factor.
recharging it even when the electric vehicle is on move. The S
frequency conversion, which is required to generate a kHz- In order to overcome this limitation, PFCs (Power Factor

ranged magnetic field, also leads to considerable harmonics. As a Correctors) techniques need to be considered [3]. Power Factor
result, the power factor and the corresponding efficiency —Corrector schemes aims at generating an in-phase sinusoidal
decrement. This paper proposes a Power Factor Corrector which current in the source. When applied to a wireless charger, this
overcomes this drawback. The most relevant feature of the capability must be guaranteed even for different battery states,
designed Power Factor Corrector is that it does not need any thatis, for a range of load values.

electrical signal from the secondary side to adjust its operation = inale-oh irel h h b
properly. The simulation results show the ability of the proposed or single-phase wireless charger, two approaches may be

scheme to increment the system efficiency for different State-of- followed for using a PFC. They differ on the power converter
Charge in the Battery. that is altered to get a power factor similar to the unity. Firstly,

PFC can be included in the control algorithm belonging to the
Keywords—Electric Vehicle, Power Factor Corrector, Primary inverter so that the generated switching signals are able to
control, Wireless Charger. modify the power factor [4]. As a second option, PFC may be
integrated between the rectifier and the inverter in the primary
. INTRODUCTION side [5]. In both works, the PFC adjustment is achieved by
Wireless chargers provide the flexibility to charge the Evdorcing operating frequencies different to the resonant one. The
(Electric Vehicles) without the need for any physical contact ofain limitation of these proposals relies on the fact that they
even user’s intervention [1]. This is a quite relevant advantagéemand feedback signals from the secondary side to operate
that allows VE to be charged on move. As a consequenc#leir control structures. Obtaining these signals may not be
wireless chargers are able to extend vehicle’s autonomy.  straightforward. Being opposite to the ICPT paradigm, a wired
) ) ) connection is not recommended. Alternatively, a wireless
The behavior of a wireless charger or ICPT (Inductivelytransmission system could be included towards this goal. In
Coupled Power Transfer) relies on the generation of a magnetigis way, more error-prone components are in the wireless
field. Indeed, the main structure in a wireless charger igharger and a wireless protocol needs to be configured in a

composed of two coupled coils. The coil in the pavement (alsRyceptor in the primary side and in a transmitter in the
referred as the primary coil) is excited with an alternatingsecondary side.

current so that a voltage is induced in the coil placed in the ) )
vehicle (usually named as secondary coil). Aiming at reaching Our present work avoids feedback signals from the
a maximum power transfer, both coils are equipped witecondary side. The designed wireless charger is able to
adjacent reactive structures [2]. simultaneously control the power factor and the power
. ] ) ] ) delivered to the battery. Both controls are placed in the primary
Additionally, the current in the primary is set in the VLF gige. particularly, we have incorporated a PFC between the
(Very Large Frequencies) range so that conveniently sizegctifier and the inverter in the primary side as in [5]. The PFC
coils can be utilized. Thus, power converters are demanded @ nrols the current waveform in the utility by means of local
enable the frequency conversion from the grid to the one useghnals. In addition, the inverter adjusts the power delivered to
for the magnetic f|eld_. SpeC|f|c_aIIy, arect|f|er-|nvert_er _topolo_gythe load regarding the battery SOC (State-Of-Charge). The
is usually installed in the primary. However, this inclusionproposal has been included in a simulated wireless charger
Ieadjs to a degr_adauon of _the system efficiency. Parucularl;_bperatmg at 85 kHz, which corresponds to the operational
multiple harmonics appear in the current sourced from the griglequency recommended by SAE 2954 [6]. The simulations

https://doi.org/10.24084/repqj14.380 521 RE&PQJ, No.14, May 2016



results show the ability of the proposed wireless charger tadjusts the duty cycle of PFC switching signal by attending at
adapt to diverse battery states. two feedback loops: a slow-response voltage regulator and a

The remainder of the paper is structured as follows. SectiofrfilSter current regulator.

Il includes the details of the design of the proposed wireless To decide the duty cycle, the PFC control exclusively
charger, paying special attention to the PFC. Section llémploys electrical measurements derived in the same power
presents the results of evaluating the performance of the PF€nverter. Specifically, it requires the PFC output voltdge (
Finally, Section IV draws the main conclusions of our work.  the PFC input voltagelf), the current traversing the PFC coil
(ILf) and a voltage referenc&,((). The voltage reference is
set b 400 V. This voltage level is the maximum needed in
Il. POWER-FACTOR CORRECTORDESIGN order to reach the power requirements of the complete wireless
charger. In particular, a 3.7 kW wireless charger is considered.
A. Schemes In addition, a boost DC/DC converter stabilizes the inverter
The scheme of the proposed wireless charger is depictediiput voltage.
Fig. 1. In the primary side, the grid source is connected to an
AC/DC rectifier which includes a PFC. Then, a DC-DC
converter sets the voltage to the requirements imposed by the

full-bridge inverter. The inverter output is connected to a FULLBRIDOE |t

capacitor which is in series with the primary coil. On the other Grid U

hand, the secondary coil counts also with a series compensation gsme ' swis ’ o :

and a HF (High Frequency) rectifier. A DC-DC converter may v ’ TV"

be employed in the secondary side to adapt the rectifier output L - '

to the battery features. o o

DCIDC HF RECTIFIER L CONTROL [ Vg
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Fig. 2. PFC Scheme

B. PFC Control

Grid PRIMARY
Source ;J .
:> $ Jq :> %F The designed PFC corresponds to a boost converter
Companeation enhanced with a control system. The structure of the control
system is reflected in Fig. 3.
|
Kac‘ Ve
Fig. 1. Wireless charger scheme. PWM Current 2l Voltage
«— Regulator +<— x b Regulator — Vref
The designed wireless charger is equipped with two ol Vo
isolaed control algorithms: one placed in the PFC and another Mean

in the inverter. The goal of the inverter control is to maintain a

Value

fixed voltage in the battery for different SOC, that is, when its

equivalent model corresponds to a variable resistance. Towards Ri [ g
this goal, a square-wave control with dead times is used in the

inverter. The length of the dead intervals is tuned to properly

set the gating signals of the full-bridge inverter. This length igig. 3. Structure of the PFC control.

dependent of the load features so that the power delivered by

the source can be modified accordingly to the battery states. Inductor currentl(s) is sensed and amplifies by the g&in
More details about this adjustment may be found in [7].

Then,it is compared with the signal obtained from a multiplier.
This multiplier takes into account:

The PFC control does not require the execution of any

control in the inverter. Nevertheless, the switching strategy 1.
strongly impacts on the input harmonics so that inverter control

schemes clearly benefits from the inclusion of a PFC.

The proposed PFC is shown in Fig. 2.An ACC (Average

V, waveform amplified by the gaik,.
2.V, mean value.
3. Theexternal voltage regulator.

As a result of the comparison, the internal current is set up.

Current-Mode Control) strategy is used as it simplifies therhe internal loop is governed by the transfer func@(s).On

design of EMI (ElectroMagnetic Interference) filters and it alsathe other hand, the output voltagé,( and a voltage reference
reduces the impact of zero crossings. Basically, the control
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(Vi) are compared to feed the voltage regulator, with a transferaversing the transistorl,(). The current traversing the

function referred a&(s). transistor is expressed as follows:
As can be observed, there are two control loops. These P, 8vV2 - Vacy, 3
loops are: Iuerms) = r— 1— — (3)
» Current loop. The main goal is that the inductor current LE ©

is in phase with the rectified grid voltage. To do so,
Gi(s) is configured to work with a cutoff frequency _ )
greater than ten times the grid fundamental harmonic Conduction losses depend on the previously computed

(50 Hz). A value of 800 Hz is selected in our proposalcurrent and on the resistance drain-souRggy), so a low
but a higher frequency is also possible. value in this parameter is a must. Therefore, attending at

. . i output voltage and current, a MOSFET component
* Voltage loop. It is responsible for setting up the OUtpl.Jd'EKGOMHGO is chosen. The losses associated to this
voltage level. Its bandwidth must be lower than the gri omponent applied to our configuration are computed next in

frequency in order to reduce the harmonic distortion, . ; i
Conversely, it should be as high as possible to ensuPerder to determine the need for heatsink. Firstly, we model the

adequate system’s dynamics. Generally, 10 times lowdfOWer losses when the MOSFET is activaggX

than grid frequency is enough. P, = IAZ/[(RMS)  Ras(om) (4)

Finally, the signal provided by the current regulator is This active power is equal to 111.66 W. Nevertheless,
compared with a saw-tooth waveform at 65000 kHz. A Pulsemore phenomena need to be considered. Particularly,
Width Modulation technique is then used so that the dutgwitching losses also impact on the consumed power. One of
cycle varies according to the current regulator output. the most significant contributions on this metric is the

capacitive turn-on losses?(,). This member is computed
accading to the following Equation:

C. PFCdesign
In this Subsection, we de_scribe how t.he components of the P, = E CosSys .\25 . yLs. 5
PFC are selected. As previously mentioned, a single-phase 3 ()

wireless is considered so that the maximum output polygr ( )
is assumed to be 4000 kW. Firstly, we justify how the whereCoss,s corresponds to the output capacitance under the
appropriate coil’s inductance is chosen. following conditions specified in the datasheé; = 25V,

Ves =0V and frequencyf =1MHz. V,, is the output

The maximum peak inductor curreit,(;) occurs when the ; -
. . SO voltage. P, is equal to 10.67 W. The selected MOSFET is
inputis the lowest one, which is referredVasc, ;. For the DC- 8bleto cope with the computed power.

DC coverter employed, the relationship between these twi
magnitudes is expressed as follows: On the other hand, the diode is selected basing on the
power that it supports when it is operating in the active region
V2P (P,,,)- This power is computed as follows:

o
77 1 P,
n-Vacy @) Poy =1, Vp = 7"VF =23.90 W

o

(6)

Icoil,(max) =

beingn the system efficiency. For our particular configuration,where V; is the Forward voltage. For our application, the
the peak current is 64.93 A. In addition, it is recommended tdiode consumes 23.90 W. The diode LXA20T600 is able to
choose a current ripple between 25-45%. There is ndissipate this power and it also allows 600 V when it is not
inductance value equation for the Current-Control Mode PFG:onducting. This component is modeled withizaequal to 2.3
However, an approximation of the coil inductance can bg.

obtained with the following equation [8]:
Finally, when determining the capacitor to employ, the

Vac, V2Vacy, following parameters need to be taken into account: the
=2.CR Fow P '77[ - <T>] (2 voltage ripple G;ipie), the output capacitor current() and
swote ° the frold-up time ¢,,). These electrical magnitudes are

Lf

wheref,, is the switching frequency. For our particular case?ha'aCter'zed by the following equations:

the dotained autoinductance is 43.35 pH. v R (7
. . . TP T 2n f CVe
Concerning the switch, a MOSFET has been selected in
order to cope with the frequent switchings. To determine the
ICo(rms) =\]

2 (8)

specific MOSFET required by our application, we need to take
into account the PFC output voltage and the rms current

322 - P2 (Po)
9nVacy, -V, - n?
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£ = C(Voz B Vnzu'n) (9)
hu — ZPO
where P, and V, are output power and voltage, is the

converter efficiency and’ac;; is the lower input voltage

allowed.

A capacitor ofC = 2-5.6 mF leads t0/;ippiepp) = 2.95V,
Icotrms) = 25.75 A andty,iq_yp = 55.05ms. These results

are acceptable for the application under study as less than 1%
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output voltage ripple and a hold-up time higher than two

source periods are reached [8].

I1l. PERFORMANCEEVALUATION

time (s)

Fig. 4. Source Voltage and Source Current when the PFC is omitted.

By means of a Fourier analysis, we can derive the power

Thebenefits of incorporating a PFC are evaluated by mearfector (PF) perceived by the source. Particularly, for our
of a Simulink model of a wireless charger [9]. The mainexperiments when the load can be modeled as a resistance

features of the wireless charger are summarized in Table I.

TABLE 1. WIRELESS CHARGERS MAIN FEATURES
Wireless Charger’'s Main Features
Parameter — :
Description Value Unit

M Mutual inductance 40.8aL7 uH

C Primary compensation 12.1590 nE
capacitor

G Secorqiary compensation 12.9785 nE
capacitor

Ly Primay coil inductance 288.3390 uH

L, Secomlary coil inductance 270.1323 uH

R Prlmay coil equivalent 30.8950 ™
resistor

Re Segomﬂary coil equivalent 27,7839 ™
resistor

RL Battey resistor 24.3243 Q
Gain in the Primary DC-

Goc.oc DC converter 075

fo Operding frecuency 85 kHz

P Outpu power 3700 W

\A Outpu voltage 300 \

When a

https://doi.org/10.24084/repqj14.380

equivalent to 24.3243Q, the obtainedPF is 0.4429.
Alternatively, when the SOC of the battery varies and, as a
consequence, the load is approximated to 48.€48®en the

PF is 0.3860.

The evaluation concerning the PFC has been carried out with
two goals. Firstly, we wanted to analyze the capability of the
proposed scheme to improve the system efficiency, as it was
the main requirement. Nevertheless, we also study how the
PFC is able to operate for different battery states. Specifically,
an abrupt change is triggered at 1.75 s to modify the value
associated to the load resistance from 24.3243n its
nominal operation point to 48.6485 The mean value of the
PFC is shown in Fig. 5.

Power Factor

Power Factor

time (s)

_ PFC is not included in the system, currentig s Resulting PF when the proposed scheme is implemented.
provided by the utility presents severe harmonic distortion. In

fact, the frequent switchings occurred in the power converters Although the proposed PFC scheme needs about 0.25s to
are responsible for originating a non-senoidal current signastablize its behavior, the simulation results show that the PFC
These two magnitudes are depicted in Fig. 4.

control works properly as it adapts the current waveform in
order to increase the power factor. In turn, the system
efficiency is also improved. In particular, there is a significant
increment in the system efficiency from 0.4429 to 0.9996
when the load resistance corresponds to its nominal value.
When the battery’s features vary, the system efficiency is also
maintained to 0.9961, which is a clear benefit from the
scenario where the PFC is not incorporated and which leads to
an efficiency equal to 0.3860.
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V. CONCLUSIONS

Freqency conversion required by wireless chargers
imposes the generation of multiple current harmonics, whicki]
may noticeably deteriorate the system efficiency. In order to
overcome this significant limitation, PFC techniques need to be
incorporated. This paper has presented a PFC which does at
need any feedback signals from the secondary to operate even
when it adapts its behavior to different battery states. Ans]
average current control method is used. The simulation resul[ts
show how the power factor perceived by the utility is corrected
for different battery states. [4]

As a future work, the authors will physically implement the
proposed wireless charger and they will evaluate the potential
deviation of the obtained results from the theoretical ones.  [5]

(6]
(7]

8l
19
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